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Sectien 1: Purpese of the investigation.

The investigatien was concerned with those
physical and mechanical characteristics ef respiratery
droplet spray which determine the facility éf the spray
for transmitting infection. Information was sought
concerning: (1) the micrescopic appearance of droplets
and droplet-nuclei, (2) the numbers of droplets and
nuclei preduced by the different kinds eof expiratery
activity, (3) the piﬁportions of droplets and nuclei
Iwhich eriginate frem the different lecalities of the
respiratory tract, (4) the sizes and size-frequency
distributions of the droplets and nuclei, (5) the
propertiens of droplets and nuclei containing commensal
bacteria and the number of commensal bacteria in
dreplets and nuclei of each different size, (6) the
preportions ef dreplets and nuclei likely te centain
pathegenic bacteria, (7) the duration of air carriage
and the sedimentation rate of droplets and nuclei of
each different size, (8) the projection distance of
droplets and the travelling distance of nuclei, (9) the
time required for droplet evaperation and droeplet—
nucleus formatien, and (10) thé meximum size of dreplet

capable of becoming a droplet-nucleus.

Hést of these physical characteristics exert an
Iimportant influence on the concentratien of dreplets
and nuclei containing pathegenic erganisms which will
reach the environment of exposed persens. This

envirenmental/
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envirenmental concentratien of infected particles is
probably one of the main factors in determining the
incidence of clinical disease. It would seem that
the incidence of infective disease due to drbplet spray
will vary in direct linear prepertien te the
envirenmental concentration of infected droplets and
nuclei, and this in turn will vary in direct linear
propertion to the numbers of dreplets and nuclei
preduced, te-the-proportion of these containing
pathegenic organisms, te the duration of air carriage
of the droplets and nuclei, and to the prejection
distance of the dreplets and the travelling distance
of the nuclei. Obviously, the number of infected
droplets and nuclei present at a given distance frem
the source of the spray at a given time after its
emission, will depend en the number of infected
droplets and nuclei preduced, the distance which they
can travel and the time for which they can remain

airbome.

The size of droplets and nuclei exerts an
impertant influence on the environmental cencentratien
of infected particles; it does so in twe different
ways. In the first place, the prepertien eof dreplets
containing pathogenic organisms and the number of
pathegenic erganisms per dreplet varies in direct
propertion te the dreplet velume, that is te the cube
of the dreplet diameter. In the secend place, the

duration/
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duration of air carriage decreases with increasing
size. The duration of air carriage of a dréplet:
nucleus varies inversely with its sedimentation raste
and thus, according to Stokes' law, inversely with the
square of its diameter (fbr example, a 4-fold decrease
in diameter would give a 16-fold increase in duration
of air carriage). Droplet size exerts its greatest
influence on duration of air carriage in the range
where it determines whether or not a droplet can become
a droplet nucleus; as its diameter is about 1/5th
that of the parent dreplet, the nucleus can remain
airborne for about 25 times lenger (for example,
calculation frem figures given by Wells, 1934, shows
that a water droplet 0.2 millimeters in diameter would,
before evaperating, fall the height of a man, 2 meters,

in lé seconds, while a droplet of 0.05 millimeters in

diameter would within 3 second fall 0.3 meters and

evaporate to a 0.01 millimeter nucleus which would fall

the remainder of 2 meters in 500 seconds; thus, in this

size-range a 4-fold difference in diameter entails a
300-fold difference in duration of air carriage).
The size of droplets and nuclei has a further impertance
8ince it determines whether they are likely, when
inhaled, to be caught in the upper respiratery

passages or te penetrate to the lung alveoli.

The site of origin of the droplets is impertant.
The various localities of the respiratery tract differ

markedly in their microbial flera and thus the site of

atemisatioen/
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atomisation influences the propertien of the droplets

liable to contain pathogenic organisms.

There is still need for adequate infermation about
droplet numbers, sizes and air carriage times. The
observations so far recorded by ether investigaters
have not given a comﬁlete or proper account ef droplet
spray. The methods previously used for cellecting
and observing dreplets were capable of revealing enly
a small and unrepresentative propertien of the whele.
In comparisen with the numbers revealed by a new method
in the present investigatien, the previous methods

revealed only about 10% (see Table 7).

The concept of droplet nucleus formation was
elaborated by Wells (1934) on a purely theoreticel
basis. Subsequently, several investigators were able
te demonstrate bacterial coﬁtaminatien of air which
presumably was due te the presence of bacteria-carrying
| dreplet nuclei. Apart from this indirect evidence for
its existence, the droplet nucleus has remained a
hypethetical entity. Its direct demenstratien by a

micrescepical method is therefore of considerable

interest, and this has been achieved in the pfesent

investigatien. Furthermere; for confirmatien of the
values derived theoretically by Wells, an attempt has
been made to discever experimentally the maximum size
|of droplet capable of beceming a dreplet nucleus, and

the time required fer dreplet nucleus formation.
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Section 2: Metheds empleoyed for observation.
Difficulties of observation.

It must Be emphdsised that there is net any
entirely satisfactory methed for ebserving droplet
spray. This is a consequence of the heterogenous
compoesition and transient existence of the spray.
The droplets emitted during a single expiratory act
vary greatly in size, projection speed, projection
direction, evaporation rate and bacterial content;
the droplets 'disappear' by evaporation, dispersion and
sedimentation within a second after leaving the mouth.
The amount of spray varies very greatly between
separate expiratery ascts of the same kind, as between
one sneeze and another, making it impessible te obtain

constant amoeunts of spray in successive experiments.

The greatest difficulties in studying droplet
spray arise frem the extreme variation in size among
the dreplets, for instance from 1 te 2000 micrens in
diaﬁéter (see Table 15). This diversity of sizes
renders it impessible by any single methed te cellect
and observe all, or even a representative majority, eof
the droplets expelled during a single expiratery act.
The methods which-ure efficient for collectien of the
large and medium sized dreplets, fail te collecf the
small droplets (under 20 micrens in diameter), while
the metheds which are efficient for cellection of the
medium sized end small dreplets, fail te cellect the

large droplets (over 100 microns in diameter). Thus,

te/
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to ebtain a comprehensive account eof droplet spray, to
ascertain the tetal number and size-distributien of the
droplets, it is necessary te employ at least two
metheds of cellection, one efficient for the large
dreplets and anether for the small, and to combine the
two sets of results. This precedure has been
attempted for the first time in the present study.

l
[The calculations required for proper cellation of the

‘results allow the pessibility ef considerable error.
|Hewever, there is ne other way of obtaining a
comprehensive account of droplet spray, and for this

reasoen the procedure of collatien was undertaken.

A variety of methods are available for collection
and observation of droplets and nuclei. All of these
methods except one, the photegraphic methed of Jennison

and Edgerton (1940), have been employed in the present

investigation. The metheds fall into three groups:

(1) Observation of droplet spray by dark-ground

illuminatien. The droplets are not collected. They

are observed while tra;ellihg forwards through the air.
Either a) the.droplcts are observed directly with the
naked eye while illuminated obliquely by sunlight
|against a dark background, or b) the droplets are
photegraphed while illuminated obliquely by a flash ef
light (Jennison and Edgerton, 1940). The phetegraphic
methed is the better, but even it does not reveal

droplets smaller than about 10 microns in diameter.

(2)/
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(2) Collection of dreplets on culture plates eor

microscepe slides exposed in the path of the droplet

spray directly in front of the meuth and nese. The

large and medium sized droplets have a high momentum
which carries them oeut of the deflected air stream teo
impinge upon the epposed plate or slide, but the small
dreplets (under abeut 20 micrens ip diameter) have
insufficient momentum, are carried past the plate er
slide in the deflected air stream, and so are not

collected (see Table 16 and Graphs 3-5). (3) Allewing

the droplets to evaporate and become droplet-nuclei

while airborne in a closed chamber, and then ccllectiné
' |

the nuclei from the air on te a culture plate or

microscope slide either by allewing prolonged

gedimentation or by use of a sampling device. The

small and medium sized droplets are collected by this
methed, but the large droplets (over 100 microns in
diemeter) de not remain airborne as nuclei and so are

not collected.

After collection by the methods just described,
the droplets and nuclei are observed in one of twe

ways: a) By cultural demonstration; the droplets or

nuclei are collected on a plate of culture medium.
The colonies developing on this plate are counted and
their number is taken te represent the number eof
droplets or nuclei. The methed fails te reveal the
droplets and nuclei which de net contain commensal

bacteria/
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bacteria capable of grewing on the culture medium used.
This is & serious deficiency; it results in about 90%
of the droplets and nuclei being missed (see Table 19).
However, the majority ef previeus investigatiens have
been made by use of this methed because it is
technically easy and because the extent ef its
deficiencies was not appreciated. b) Micrescepical

demonstratien. 1In order that the droplets and nuclei

will be clearly visible, the mouth secretions are

colored by a dye taken inte the mouth prier te the
production of spray. The droplets or nuclel are
collected on a microscope slide and examined
micrescopically. ﬂicroscdpical demonstration is
preferable to cultural demonstratien since it does net |
depend on the presence of viable bacteria in the
droplets and nuclei; for this reason it gives higher
and mere accurate ceunts. Micrescopical demonstration
has the additional advantage that it makes possible

measurement of the dreplets and nuclei.

The method whereby dye-containing droplet-nuclei
are collected from the air and observed microscopically
was developed and used for the first time in the
present investigatien. It gave higher counts than any
other method and yielded much new infermatien about the

size-distribution of droplets and dreplet-nuclei.
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Section 3: Degree of accuracy attained and degree of
.accuracy required.

The investigation was concerned with the physical
characteristics of droplet spray and was carried out by
procedures of enumeration, measurement and computation.
It might be expected that results would be ebtained
with the high degree of accuracy usual in the
mensuration practice of modern physical science. In
fact, only a low degree of accuracy could be achieved.
However, a high degree of accuracy was considered
unnecessary for the present purpose of evaluating the

hygienic significance of droplet spray.

Reference has been made to the difficulties of
studying dreplet spray; these make necessary the
employment of methods of ebservation which are capable
of yielding only appreximate results. Becsuse the
number of droplets produced by an éxpiratery act is
often very large, it is usually necessary to count and’
measure only a small portion ef'the whole and teo
compute the whole by an appropriate multiplication;
this procedure entails the errors inherent in "randem
sampling". The available metheds of cellecting
droplets and nuclei, whether by sedimentatien,

-| impingement or use of a special sampling device, ére
of indeterminate efficiency for dreplets of certain
sizes. Furthermore, the best method available for
observatien of small dreplets and nuclei, the

micrescopical method, can not give infermation about

any droplets or nuclei which may be smaller than

3/
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4 micren in diasmeter, this being the limit eof
microscopical reselutien. The size of dreplets can
net be measured directly, but must be calculated from
measurements of droplet nuclei or from measurements of
droplet depesit maiks; the assumed raties between
these measurements and droplet size can be estimated
enly approximately. The amount of spray varies
greatly between separate expiratory acts of the same
kind; this renders uncertain the significance of the
average counts and size-distributions which were
calculated from a dozen or so experiments with each

kind of activity.

A detailed snalysis of the probable errers of each
method of observation was not attempted. A brief
consideration suggested that the errors of the initial
observations, counting and micrometrical measurement,
were probably of the order of 10%. The errors of
assumption involved in derivation of values by
calculation must have been much greater, but probably

were seldom more than 2-feld (i.e. plus 1004 er minus

505) .

It is considered that results liable to errers of
up te 2-feld are still sufficiently accurate te allow
proper and adequate evaluation of the sanitary
significance of dreoplet spray. Any errer in the
values obtained for numbers, sizes, sedimentation rates
or projectien distances, is unimpertant if it

represents/
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represents & variation in dreplet spray which would
entail only an insignificant variatien in the incidence

of clinical infection. The sporadic and epidemic

incidences of specific respiratery infectiens

frequently vary within shert periedsof time to the ;
extent of 2-fold, 10-fold, or even 100-fold. If it
is accepted that variatiens in infection rate are
important only if 2-fold or greater, it may be

concluded that variations in the number of droplets,

the proportion containing pathogenic organisms, the

duration of air carriage and the range of travel are
impertant only if 2-feld or greater, since infection
rate is presumably related to these factors in linear
proportion. Thus, if the true number of droplets
emitted is 100, an error giving counts of 99, 90 or
even 60, would be of trivial importance, while an error
giving counts of 20, 10 er 1, ﬁould_be'serious.
Greater accuracy is required in estimating droplet size
since the environmental contentration of infected
particles varies, not in linear proportion, but with
the square or cube of the droplet diameter; thus the
minimum significant variatien in droplet diameter

would be about 1l.3-feld instead of 2-fold.

In the Tables of Results, most of the derived
numerical values are given as corrected to twe
significant figures; this is not intended tol
represent the degree of accuracy of the methods of

derivatioen.




Part 2 Sectien 4 Page 18

Section 4: Expiratery activities examined.

The following expiratory activities were examined:

(1) nose breathing for ene- and five-minute perieds;

(2) mouth breathing fer a one-minute peried; (3) loud

simulated laughing for a ene-minute peried; (4) i

speaking loudly 100 "K's" in woerds such as "cake" and

"kick" which centain ne other different consonant;

(5) speaking softly 100 words by counting from "one" to

"s hundred"; (6) speaking loudly 100 words by counting

Jfrﬂm "one" to "a hundred"; (7) single 'throat-only

coughsg', voluntarily produced with the mouth well eopen

and the tongue depressed; (8) single 'lip coughs',

voluntarily produced with the mouth at first clesed by
approeximatien of the lips and the air blast then forced

suddenly out between these; (9) single 'tongue-teeth

coughs', veluntarily produced with the mouth at first
closed by appreximation of the tongue and upper teeth
and the air blast then suddenly released between these{

(10) single 'natural sneezes', induced by tickling the

nasal mucosa with a cotten wool swab; (11) single

'simulated sneezes', voluntarily produced by forming

explosively the sound "ttsch"; and (12) single strong

nasael expiratiens of the type made normally to clear
miner obstructien or irritatioen. On some eccasions
the coughs were tested in velleys of 5 to 50 at a time

and the average ceunt calculated.
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Section 5: Persons acting as test subjects for droplet
spray production.

Most of the experiments were carried out with the
same test subject, a male adult who was free from
respiratory infection (subject A). Certain kinds of
experiments were repeated with each of five other

healthy adults (subjects B,C,D,E,F).

Section 6: Air sampling devices.

Air was examined for droplet nuclei mainly by use

of a slit sampler constructed according te the design
of Bourdillon, Lidwell and Thomas (1941). This device
was chosen because it seemed to be the most efficient
and most convenient sampler available. Bourdillon and
his colleagues claim that the slit sampler recovers
more than 94% of the smallest bacteria-carrying
particles present in air, and an even greater
preportion of the larger particles. The slit sampler
was run so.as te take 1 cubic foot of air per minute.
The distance of the slit above the surface of the
culture medium or of the receiving slide was in all
cases 2 millimeters. A second slit with chamber for
hol@ing a micrescope slide was constructed for use when

two samples had to be taken in clese suceession.

In a few experiments when further samplers were
required, use was made of twe siéve plate samplers
constructed, with medification, from the design of

Du Buy and Crisp (1944).
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Section 7: Chambers used for air contamination -
experiments.

Four differently-sized chambers were used for the
experiments on air contaminatien. Their capacities

were, respectively, 1700 cu.ft. (8 ft. high x 15 ft. x

14 f£t.), 100 cu.ft. (8 ft. high x 3% ft. x 3% ft.),
70 eu.ft. (5 ft. high x 4 ft. x 3% ft.) and 2% eu.ft.

(1% f£t. high x 1 1/5 £t. x 1% ft.).

The 1700 cu.ft. chambeir was a small room with

ﬁinimal ventilation. Its window and ventilator were
sealed; 1its door‘was fitted with draught excluders.
The test subject, the oebserver and the slit sampler
were all present within the 1700 cu.ft. chamber during
experiments. The slit sampler inteke was 3 ft. 4 in.

above the floor.

The three smaller chambers were used within the
1700 cu.ft. chamber. They were large boxes of wood
Iand plaster board. They were clesed and airtight
except for a small vent through which air was withdrawn
te the slit sampler outside and a "door" through which
dreplet spray was intreduced. The test subject, the
observer and the slit sampler reméined outside these

smnaller chambers.

The 100 cu.ft. chamber was fitted in ene corner of
'the 1700 cu.,ft. roem. It had a full-sized, close-
fitting door; semetimes the test subject entered the

chamber, but usually he stood outside, opened the door

a/
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a little, introdﬁceﬁ droplet spray and immediately
clesed the door. Air was withdrawn to the slit
sampler through a vent in the chamber wall 3 ft. 4 in.
above the floor. Figure 10 shows the 100 cu.ft.
6hamber, its door, the slit sampler outside and the
curved glass tube joining the chamber vent to the

intake of the slit sampler.

The 70 cu.ft. chamber had a smell "door" which was

6 inches square and situated at the top of one side of
' the chamber, between 4% ft. and 5 ft. above the floor;
after introduction of droplet spray, the "door" was

closed and kept clesed. The vent for air sampling was
situated in the chamber wall at 3 ft. 4 in. above the

floor.

The 2% cu.ft. chamber also had a small "door"
situated at the top of one of its sides, between 1§ ft.
and 13 ft. above the chamber floor. The vent fer air

sampling was at the level of the chamber floor.

The inside surfaces, the walls, floor and roof, of
the test chambers were coated with spindle eil in order
to minimise air contamination by the liberation frem

these surfaces of bacteria—-carrying dust particles.

Wet and dry bulb temperature readings were taken

_in each experiment, and the relative humidity cemputed.

The ventilation rates in the test chambers were

not measured. In erdinary rooms there are usually

between/
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between 1 and 20 overturns of air per hour. As the
test chambers were closed and sealed to minimise

ventilation, their ventilatien rate was almost certainly

less than 1 everturn per hour and probably nearer 0.1

overturns per hour.

Air circulation times within the chambers were not
measured. In the larger chambers air circulatien

time was probably of the order of a minute as in

erdinary rooms.

One or more days was allowed to elapse between
successive experiments in the same chamber so that any
residual contamination of the air might be eliminated

completely by sedimentatien and ventilation.
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Section 8: Collection of droplets on cultur plates o;
microscope slides exposed directly in
front of mouth and nose

The position and distance from the mouth at which
plates and slides shoeuld be expesed so as to cateh the
greatest propertion of droplets, was decided after
careful consideration of the phoetoegraphs taken by
Jennisen (1942). These photographs show that in

speaking, coeughing and sneezing the droplets diverge

widely and scatter as they pass forward from the mouth,
|much as do the &rops in the spray from a watering can
rose. It seemed from the photegraphs that te aveid
missing any portien of the spray a 12 sg.in. culture
plate would have to be held very clese to the mouth,
certainly not more than 3 inches away. On the other
hand, the cleser a plate were held to the mouth the
greater would be the chance of confluent growth
resulting instead of separate countable colenies. A
distance of 3 inches waa'chosen for exposure of the
culture plates. The plate was held with thg surface
of the medium facing the mouth and lying parallel to
the plene joining the tip of the nose to the tip of
the chin. It was considered that the entire dreplet
spray would be caught on a culture plate held in this

way.

It was not practicable te catch the entire spray
on a single microscepe slide whatever the position and
distance from the mouth. The slide was exposed at 6

inches in front of the meuth, with its surface in the

vertical plane and facing the meuth.
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Sectien 9: Collection of droplet nuclei from sir of
chamber on to culture plates or micrescope
slides by use of a slit sampler.

The droplet nuclei were allowed to become evenly
distributed throughout the air of a closed chamber and
a known propertien of this air was sampled with the
slit sampler. The 1700 cu.ft, the 70 cu.ft. and the
2% cu.ft. chambers were used. In tests of sneezing
it was convenicnt to use the larger chambers and se
obtain a great dilution of the very numerous droplet
nuclei. In tests of coughing and speaking it was more
convenient to use the smaller chambers and thus
maintain a high conecentration of the less numerocus |
nuclei. In the larger chambers, of 1700 cu.ft. and
of 70 cu.ft., an electric fan was run at half speed to
ensure quick and thorough distribution of the nuclei;
the droplet spray was directed into the fan air-stream
from standing height, 5 feet above the fieor. In the
case of the 2% cu.ft. chamber, distribution of the
nuclei by an electric fan was considgred unnecessary;
the droplet spray was intreduced horizontally through |

the "door" at 14 feet above the chamber floor.
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Section 10: Cultural demonstration of droplets and
nuclei. Counting of colonies.

The culture medium ﬁsually employed was blood
:agar: 5% horse bleod, 1% meat extract, 1% peptone,

3% sodium chloride and 2% ager; this medium was
chesen as being suitable for growth of the majority of
;the bacteria resident as commensals in the secretions
of the respiratory tract. The medium was held in

Petri dishes of 3§ inches diameter, the exposed surface

iof the medium in each dish having an area of 12 square
inches. The culture plates were exposed directly to
thé dreplet spray or were exposed in the slit sampler
te the air of a chamber contaminated with spray.

The plates were then incubated aerobically at 37°C.
for 48 hours. The colonies were larger and easier to
distinguish after incubation for 48 héurs than after
incubation for only 24 hours; slightly larger counts
were obtained after the lenger peried. 'Spreading’
bacteria were not encountered in the respiratory tract
flora, so that it was unnecessary to curtail incubation
in order te prevent spoiling of the plates. Te
facilitate counting, the surface of the agar in each
dish was scored by about half a dozen parallel cuts
with a scalpel. The celenies were observed and
counted with a binocular plate microscope (magnificeation
of x 1000); the microscope was considered necessary
for sure recognitien of the smeller celonies, and

slightly greater counts were obtained by its use than

by counting with the neked eye.
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Sectien 11: Microscopical demonstration of droplets
and nuclei. Use of a dye to celour the mouth
secretions. Micrometrical measurement.

As an alternative to methods involving cultural
demonstration, droplets and nuclei were counted by
direct microscopical observation. The mouth secretioq
was colored with a dye to ensure that even the smallgsﬁ
droplets and nuclei would be readily visible and easilﬁ
distinguished from dust particles. The dye used in
the majority of experiments was Conge red. About
0.1 grams of Congo red powder was applied with a throa£
swab to the surfaces of the mouth and fauces.

Heaviest application was made t6 the tip of the tongue,
the front teeth and the lips, since droplet spray
originates mainly from the secretions of the anterior |
part of the mouth. Conge red was not introduced into:
the nose. Salivation was usually increased because |
of the bitter taste of the dye; excess saliva was
swallowed before spray production. Colerimetriec
observations of samples of saliva remeved from the
‘mouth showed that the concentration of Conge red varied

between 1% and 4%, and was usually about 2%.

In a few experiments eosin powder or ligquid India
ink was taken inte the mouth instead of Conge red.
Semetimes about 0.1 grams of eosin powder was used and
sometimes about 0.0l grams. The larger quantity ef
dye, 0.l grams, whether of eosin or of Congoe red, was
necessary so that the smallest droplet nuclei might be |

colored/
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colored intensely enough for ready recognitien. Use
of this larger quantity had the disadvantage that the
the solid content of the saliva was greatly increased
(e.g. from 1% to 3%) so that the droplet nuclei would
be unnaturally large (e.g. 1/3 or 1/4 instead of 1/5

of the parent droplet dismeter). ihen only 0.0l grams
of eosin was taken into the mouth, the solid coentent oﬁ
the saliva was little increased (e.g. from 1% te 1.2%):

so that the droplet nuclei would be nearly their :

Inatural size; 0.0l grams of eosin was sufficient to
colour all but the smallest nuclei intensely enough for

easy recognitien.

After about half a minute had been allowed fer

solution of the dye in the mouth secretions, the

sneezing, coughing er speaking was begun. The dye- _
|
|

containing droplets and nuclei were collected frem the
air en to a microscope slide and were observed under
the microscope with the lew pewer (2/3 in.), high |
power (1/6 in.) and oil-immersion (1/12 in.) objectiveé
The slide was manipulated with a mechanical stage, |

this being essential for its regular scanning in

paraliel strips. When the slide was observed under
the microscope, moisture from the observer's breath
condensed on all parts of its surface not covered withi
immersion eil. The droplet nuclei lest dye by |
solution into this condensation water; the

characteristic appesrance of the nuclei was destroyed

and large colored marks were produced which resembled

droplet/
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droplet deposit marks. Toe prevent this falsification%
of appearance, the droplet nuclei were protected by
covering the entire surface of the slide with immersion
0il prior to micrescopical observation of any king,
even with the “dryﬂ ebjectives. Direct application

of immersion o0il on to the droplet nuclei did not give
rise to any difficulty; it did net disturb the nuclei |

|
or alter their appearance.

Droplet deposit marks and dropiet nuclei were
measured by use of an eyepiece incorporating a
micrometer'scale. This scale was seen superimposed
on the microscope field (see figures 5 and 6). It
consisted of 10 major divisions and 100 minpr divisions
The field distance corresponding to a minor divisien
was determined by comparison with a standard slide
micremeter scale. For the microscope used, & minor

division of the eyepiece scale corresponded teo

|

[
17 microns in a field of the low power (2/3 in.)

objective, to 3.4 microns in a field of the high power
(1/6 in.) objective and to 1.7 microns in a field of

the oil-immersion (1/12 in.) objective. When, as w&s;
usual, the droplet mark or nucleus possessed a fairly

even and circular circumference, there.was no difficuﬂé
in measuring the diameter. When the circumference waé
oval or irregular, the maximum and minimum diameters |
were measured and the mean diameter calculated; the

results were recorded in terms of equivalent circular

diameters in the case of droplet marks and equivalent

spherical/
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épherical diameters in the case of droplet nuclei.
When large numbers of droplets or nuclei were measured
for compilation of a size-distribution series, the
actual measurement for each individual droplet or
nucleus ﬁas not recorded. A table of size-groups
was made and as each individual was measured its
presence was recorded in the appropriate size-group.
Thus, instead of a drdplet nucleus being recorded as
5.5 microns in diemeter, it was recorded as being in
the 4-6 microns diameter group. This procedure made
possible the very rapid meaéurement of large numbers

of droplets and nuclei.
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Sectioen 12: Naked-eye observation of droplet spray
in sunlight.

The test subject was stationed near a window
through which bright sunlight was shining; he expelled
droplet spray towards the window. The observer was
stationed so that he could watch the spray against a
dark background within the room. The expelled
droplets were easily and clearly visible to the

observer who could see whether they were numerous or

few, hew far and in what direction they travelled, and

whether they fell to the ground er remained airborne.

Almost certainly the smallest droplets and nuclei
were too small to be seen by the naked eye, so that a
considerable proportion must have been missed. It is
probable, however, that the minimum size visible to the
naked eye by sunlight dark-ground illumination was not

se very much greater than the minimum size revealed by
the photographic method of Jennisen (1942), ef about

5 to 10 microns diameter. In the present study by
observation with the naked eye, airborne droplet nuclei
were seen which did net show any tendency to settle
downwards and so could not have been larger than about
10 te 20 microns in diameter. According to the
calculations of Wells (1934) and according to
measurements made in the present investigatien (see
Tables 11 and 47), 25 microns diameter ig about the
upper size limit for dreplet nuclei. The nuclei seen

in sunlight with the naked eye must have been smaller

than/
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than this; their imperceptibly slow sedimentation
rate suggests that they were nearer 10 microns in

diameter.

Sneezing was seen to be much the most prolifiec
droplet producing activity; enormous numbers of
droplets were expelled both by simulated sneezes and
by 'natural sneezes', the larger numbers by the former.

Moderate numbers of droplets were expelled by coughs

made with the mouth initially closed, that is by 'lip
coughs' and 'tongue-teeth coughs'. In contrast,
coughs made-with the mouth kept well open, 'throat-only
coughs', were not seen to expel any droplets. Small
numbers of droplets were expelled in speaking. Very
few droplets, or none at all, were seen to be expelled
in speaking in a normal conversational tone with the
lips dry. A considerable number of droplets were
expelled only when ¢tertain consenants were spoken
forcefully and usually only when the lips were wet or
when there was abundant saliva about the front teeth.
Thus, according te forcefulness and "wetness", there
was great variation in the numbers of droplets emitted
in speaking. The majority of the expelled dreplets
were produced by the consenants "B, "“pnr, ugn,  nyn  apn
nfv and "g". The conseonants "B", "P%, "F" and "y®
usually gave a considerable number of droplets when
pronounced loudly with the lips wet and a few droplets
when pronounced quietly with the lips wet. When

pronounced loudly with the lips dry, "B" and "P" did

not/
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not give-any droplets, while "F" and "V" sometimes gave
a few. The consonants "T", "D" and "S", whether the
lips were wet or dry, usually gave a considerable
number of droplets when pronounced loudly and only
sometimes gave a few droplets when pronounced quietly.
The consonants "J", "K", "L" and "R" occasionally gave
a few droplets when pronounced loudly with the lips
either wet or dry. The consonants "G", "H", "M", "N",

nogn, nyn, nyn nyn gnd "zZ", and the vowels, all failed

|to give any visible droplets, whatever the manner of

pronunciation. -

The projection distance of the droplets was
observed. This was greatest for sneezes, less for
coughs and least for speaking. For a single
expiratery act of any kind, the expelled droplets
showed great variation in projection distance; the
majority were projected for distances ranging from a
few inches to aﬁout 3 feet. A few large droplets were
seen to travel further than the majority, passing
rapidly forwards and downwards to reach the floor at
about 1 second after leaving the mouth; this time of
1l second for falling through 5 feet to the floor was
measured with a stopwatch on several occasions. The
maximum observed projection distance of a large droplet
was 10 feet for simulated and 'natural' sneezes, 8 feet
for 'tongue-teeth coughs', 4 feet for 'lip coughs'

and 2-3 feet for speaking.

Droplet/
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Droplet nucleus formation was best seen in the
abundant spray produced by a simulated sneeze. Within
a fraction of a second after the sneeze, a dense cloud!
of droplets was seen extending from a few inches to
about 4 feet in front of the mouth. While in this
position, and within a second of sneezing, the cloud
was seen to "clear" by evaporation ef the great
majority of the droplets, presumably the small dr0p1eté

which became nuclei of subvisible size. This

]obscrvation that the majority of droplets become nuclei
within one second after leaving the mouth, confirms the
calculations of Wells (1934) and the photographic
observations of Jennison (1942). When at one second
after sneezing the large droplets had fallen to the

ground and the numerous small droplets had disappeared |

by evaperation, there still remained a considerable
number of droplets; presumably medium-sized, suspended
in the air within 4 feet in front of the mouth. Some
|of these "medium-sized" droplets fell slowly threugh

5 feet to reach the ground at times ranging from 1
second te between 5 and 20 seconds after sneezing; s
continuous rain of these dreplets fell upon the ground
usually until about the 12th second after the sneeze.
Other "medium-sized" droplets fell slewly through a
large, small or negligible part of the distance to thel
ground and then ceased to fall, presumably having

jevaporated to nuclei. These presumed nuclei were seen

floating in the air until they drifted out of the field

of observatioen; their aerial travel was often watched
|for over } minute. |
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Section 13: Measurement of droplet projection distance
by exposure of paper to dye-containing spray.

The true projection distance of droplet spray,
that of the large droplets which do not become nuclei,
must be distinguished from the travelling distance of |
nuclei by airborne drift. This distinction is
difficult if a cultural method is employed for _
demonstration of the droplets, since such a methed doe%
not distinguish between dreplets and nuclei. In the !
present investigation a method was used which did not |
involve culture. A long wide strip of white paper was
laid on the floor stretching forwards from the feet ofi
the test subject. The test subject took Congo red |
into his mouth and then discharged droplet spray. Theé
red marks of the droplets which fell.on the paper were
clearly visible. Probably even the largest droplet
nuclei were too small to be visible on the paper. 1In
any case, the larger marks could be identified with
certainty as produced by droplets and not by nuclei.
The distance on the floor between the feet of the test;

subject and the furthest droplet mark was measured.

The maximum projection distance observed was
10} feet for 'natural sneezes', 8 feet for 'lip coughsﬁ
8% feet for 'tongue-teeth coughs' and 5 feet for speecﬁ
Only a few droplets; the largest, were projected for |
distances approaching these maxima. The greatest
concentration of droplets, mainly of small size, was @

found on the floor in a region extending from the toes |

of the test subject to about 4 feet in frent. i
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Section 14: Microscopical observation of morphology |
of droplets and droplet nuclei. |

The morphology of droplets was studied by
microscopical observation of the deposit marks which |
were left on slides after impingement, flattening and
evaporation. It was important te know the relaﬁmnshié
between the morpholegy of the droplets and the St
appearance of their deposit marks. The process of
evaporation was watched under the low power objective

of the microscope. A slide was held in front of the

mouth, bespattered with droplets and at once put on the
microscope stége. A large droplet was located and
focussed. The droplet was seen always as a low convex
bead of hemilenticular shape; this was due to spread

and flattening which followed its impingement on the

slide. As it evaporated the perimeter of the liquid

bead retracted centrally until all liquid had

disappeared. The retracting edge of the liquid left
behind it on the slide surface a visible deposit of
particulate matter, crystals, bacteria, epithelial
cells and debris. In all cases, whether on a glass or
celluloid surface, the perimeter and area of this
deposit mark corresponded exactly with the perimeter

and area of the liguid bead before its evaporation.

Thus, diameter measurements of droplet depesit marks

can be assumed to be equivalent to the diameters of the

parent liquid beads at the instant after impingement.

Only in the case of large droplets was the

particulate/
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particulate matter in the deposit mark sufficiently
abundant te render its form and outline clearly visible
when unstained. The most effective method for
demonstrating droplet marks was to colour the mouth
secretions with a dye prior to spray production. When
0.1 grams of Congo red had been taken into the mouth,

even the smallest droplet marks were colored a deep

orange-red and showed sharply demarcated edges (see

Figure 1). This was the method of choice when the

droplet marks were to be counted or measured.

On the other hand, the internal morphelogy of
droplets was masked by a high concentration of Conge
red. For study of the contents of droplets, dye was |
not taken inte the mouth, buf instead the droplet marké
were stained by a routine bacterioclogical staining |
method. The droplet bespattered slide was dried, I
fixed by flaming and stained by the Grem method or the
Ziehl-Neelsen method. By these methods the bacteris
and tissue cells were darkly stained and the entire
ground substance of the deposit mark was lightly
stained; unfoertunately, the perimeter of the mark W&Sj
not always clearly distinguishable. The smaller
droplets expelled by healthy persons usually contained
nething more than a little stainable amorphous debris.
The larger droplets contained in addition a small er
large number of commensal bacteria and sometimes one or
more epithelial cells; the bacteria were mostly

Gram-negative diplocecci and Gram-positive diphtheroid
bacilli/
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bacilli and streptococci. Commonly the commensal
bacteria were concentrated on the surface of the
epithelial cells. Figure 2 is a photomicrograph of |
a normal droplet deposit mark containing one epithelia%
cell and numerous commensal bacteria. It is to be |
contrasted with Figure |4, a photemicrograph of the
deposit mark of a cough droplet from a tuberculous
patient; this latter deposit mazk contains tubercle

bacilli and-polymorph leucocytes.

The morphology of droplet nuclei was studied by

coloring the mouth secretions with a dye prior to spray
production, collecting the dye-containing nuclei from
the air on to a microscope slide, and examining these i
nuclei with the microscope. Figures 4,5 and 6 are
photomicrographs and Figures 7,8 and 9 are drawings of
dye-containing droplet nuclei as seen with the oil-

immersion objective. When the dye used was Congo red

or eosin, their bright red coleur distinguished clearly

the droplet nuclei from the black dust particles. When
India ink was used to colour the oral secretions, the
nuclei were black like the dust particles and could be ;
distinguished only by their shape and larger size (see
Figure 9). Most of the droplet nuclei were nearly
spherical, but some were oval, spindle-shaped or
disk-shaped. Usually the nucleus surface was

irregular, with rounded indentatioens,: ridges and

protuberances. These irregularities of the surface g

were/
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were proof of the solid nature of the nuclei. If theé
nuclei had been only semisolid, with part of their é
water still unevaporated, their contours would have |
been perfectly smooth and circular. Further proof of
the three-dimensional solidity of the nuclei was givenl
by their depth of focus. The nuclei obviously were
not flattened on the slide. When the edges of the

large nuclei were focussed sharply, the small nuclei,

dust particles and scratches on the slide surface were

out of focus and blurred; when the small nucleiy; dust
particles and scratches were sharply'fecussed, the
margins of the large nuclei were out of focus and
blurred. Figures 5 and 6 are photomicrographs of the
same field of nuclei taken at different depths of focué
to illustrate these indications of three-dimensional

solidity. |

When droplets and droplet nuclei were collected
together on the same slide, it was an easy matter to
distinguish the droplet nuclei from the depesit marks

left by the liquid droplets. The three-dimensional

selidity and high dye content of the nuclei
differentiated them from the flat circular droplet

deposit marks of lighter colour (see Frontispiece),
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Section 15: Estimation of droplet numbers by method if
counting colonies on blood agar plates exposed
directly to spray in front of mouth and nose.

A 12 sq.in. blood agar plate was held at 3 inches

from the mouth to receive the spray produced by the
expiratory activity being studied. The plate was
uncovered by removal of its 1id only long enough for
this purpese. After incubation the colonies were

counted.

When the culture plate was uncovered for only a
few seconds, as in the test of a cough or a sneeze,

there was little opportunity for accecidental

contamination by deposition en it of airborne dust
particles; 1in these cases it was assumed that all thel
colonies found on the plate originated from secrétion
droplets and the colony count was taken to represent
the number of droplets. When the culture plate was
uncovered for a longer period, as in tests of speaking
or breathing for one-minute periods, it was possible

that many of the colonies resulted from contamination

with airborme dust particles originating from the
clothing of the test subj;ct and from other sources.
In control tests, blood agar plates were exposed behind
the head of the test subject for one-minute periods;
frequently, these gave between 5 and 20 colenies,

mostly of Staph.albus, Sarcinae and diphtheroid bacilli

The control plates did not yield Neisseria or alpha

haemolytic colonies resembling Strept.viridans (it is

to be noted that microcecci giving alpha haemolytie

colonies/
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colonies resembling Strept.viridans colonies often

comprise 14 or 2% of the normal dust-borne bacterial

flora of air; see Part 3). In contrast, the colenies}
|

obtained on plates inoculated with moeuth-spray were

mainly Strept.viridans (50%-80%) and commensal

Neisseria. The colonies of Strept.viridars were

therefore taken as indicative of respiratory tract
origin. In the tests in which the culture plates were
uncovered for one minute or more, counts were made of

the Strept.viridans colonies alone and these counts

were taken to represent the numbers of secretion

droplets. This procedure must have resulted in the
droplet numbers being slightly underestimated, but it
obviated the more serious error of gross overestimation
by inclusion of the contaminant colonies. In tests of
nese breathing this proeéedure could not be employed,

since the nose-spray organisms, Staph.albus and

diphtherdid bacilli, were similar to the air organisms.

Table 1 shows the actual colony counts obtained
in meny experiments with each of 11 different kinds of |
expiratory activity and also the average (arithmetic

mean) count for each activity.

These colony counts underestimate the total
droplet numbe:s since the smaller droplets do not
impinge on the plate and meny droplets do not contain
bacteria capable of growth on blood sgar. The
proportion of droplets reveale& by this method probably

ranged from about 5% for sneezing to about 304 for
speaking (see Section 30 and Tables 16 and 18).
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Section 16: Estimation of droplet numbers by method ii:
i counting by microscepical observation the depesit |
marks of dye-containing droplets caught on celluloid
slides exposed directly to spray in front of mouth. |

A celluloid-surfaced slide was used in preference |

to a plain glass slide. as it was found that the

droplets spread less on celluloid and were less likely
to become confluent and uncountable. A square piece
of celluloid having an area of 1 sqg.in. was cut from a
cleaned photographic (X-ray) film. This was fixed
with balsam to the middle of & 3 in. x 1 in. glass

microscope slide. Only the celluloid-surfaced part |
!
was scanned for counting of the droplet marks. The |
celluloid was mounted on the glass slide merely for

|convenience of manipulation with the mechanical stage

of the microscope. About 0.1 grams of Congo red was

taken inte the mouth of the test subject. The
celluloid-surfaced slide was held vertically at 6 incl'nes!i

from the mouth with the celluleid surface directly in

ifront of and facing the mouth. The test subject
Iundertook the expiratory activity being studied and
discharged. spray at the slide. The droplets were
'allowed to dry on the slide; they dried rapidly
leaving circular and oval red-colored mérks.tlThb'
slide was-then observed with the low power of the
microscope and scanned methodically in parallel bands
by use of the mechanical stage; all droplet marks

on the 1 sqg.in. piece of celluloid were counted. When,
as occasionally happened, part of the celluloid surface

was/
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|was uncountable because of confluence of the droplet:
|

'marks, a known fraction of the surface was counted which

| excluded the uncountable part, end the count was
i

'multiplied by the appropriate factor.

|

i

i The counts obtained by this method represented
ithe number of droplets per square inch of the spray
icross—section at 6 inches in front of the mouth. To
obtain an approximate estimate of the total number of
droplets in the spray, this count per square inch was
multiplied by the number of square inches making up the
|Whele eree of the spray cress—sectien in the vertical
'plane at 6 inches from the mouth. This area of

cross-section was measured in several experiments as |

follows. Congo red was taken inte the mouth of the

‘test subject who then discharged spray at ﬁ quarto

sheet of white paper held vertically at 6 inches in

?front of the mouth. The sheet of paper was not used
éintact but after conversion into a grid by cutting out
iof parallel strips; this minimised deformation and
ispreading of the spray due to obstruction of the
éairhstraam. As result of a single expiratory act thei
:paper grid became heavily bespattered with easily |
Visible red-colored droplet marks. Most of the marks
were concentrated in a roughly circular area in the
centre of the grid; this area wes measured and taken
as equivalent to the spray cross-sectien. The average.
area for 6 sneezes was about 20 sg.in., and for 12

coughs about 10 sq.in..

Table/
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Table 2 shows the results obtained by this method
|in 12 tests of each of 5 different kinds of expiratory

activity. The numbers given are the actual droplet-—

fmark counts per square inch multiplied by 20 in the
cases of sneezes and by 10 in the case of coughs and
speaking. They are considered to represent the total
number of droplets expelled which were large enough to
be caught on the exposed slides, but only as

approximations with & low degree of aceuracy. The

gtabie also shows the average number (arithmetic mean)

|
\for each activity.

This method underestimates the true droplet
numbers since the smaller droplets do not impinge on
the slide. The preportion of droplets revealed by

the method probably ranged from about 8% for sneezing

to 40% for speaking (see Section 30 and Table 16).
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Section 17: Estimation of droplet numbers by method'iﬁ;

counting colenies on blood agar plates exposed in
slit sampler for collection of droplet nuclei from

air of chamber contaminated with droplet spray. i

The test chamber was allowed to stand closed and

‘undisturbed for at least one day prior to each test so

that any previous infection of the air might be

 eliminated by sedimentation and death of the bacteria.
|

QWhen the 1700 cu.ft. chamber or the 70 cu.ft. chamber

| was used, an electric desk-type fan was started at the

?beginning of the experiment and run at half speed unti%

the end of the experiment, blowing diagonally upwards f

iand across the chamber. Before spray production,
|1 cubic foot of air was sampled on to a blood agar

plate in the slit sampler; this 'control! sample gave

|
‘& measure of any initial bacterial contamination of

|
| the air due either to persistence from the previous

experiment or te concurrent raising of dust by the
observer or the test subject. The test subject then

|
undertook the expiratory activity being studied and |

" ; i
discharged the spray into the chamber. The lapse of |

half a minute was allowed after this, for the formation
of droplet nuclei and their uniform distribution
throughout the chamber. During the next minute, that

is between % and 1% minutes after gpray production,

1 cubic foot of air was sampled on a blood agar plate

exposed in the slit sampler. After incubation, the
|

counted. The 'control' count was taken to represent |

colonies on the 'test' and 'control' plates were

the naturally occurring dust-borne air infection and

the/ ]
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ithe 'test' count to represent the dust-borne air
éinfection plus the air infection produced by the
idroplet Spraye. The 'control! count was subtracted ‘
ifrom the 'test! count and the difference was multiplieé
iby the number of cubic feet in the chamber to give the |

total number of droplet nuclei in the chamber, The

'control' samples usually yielded per cubic foot of

8ir some 5 to 10 colonies of Staph.albus, Sarcinae and

%diphtheroid bacilli, but hardly ever any colonies of

| Strept.viridans or of alpha haemolytic microeocci.

JMost of the colonies on the 'test' plates were of

Strept.viridans. In tests of speaking and coughing

the 'test' count was often not much grester than the

l'control' count; estimates computed from the difference

| of these counts would have been subjeet to large errors

| due to random sampling variation in the two counts.

iTo avoid such errors, use was made of Strept.viridans
|

§as an indicator of droplet spray origin. When the

| Ttest' count was less than 40 per cubic foot, a count

was made of the Strept.viridans colonies alone énd was

multiplied by the number of cubic feet in the chamber

to give the total number of droplet nuclei.

Table 3 shows the results obtained by this method
in 9 to 23 tests of each of 9 different kinds of
|expiratory activity. The numbers shown are the actual
colony counts per air sample multiplied by the ratio of
chamber volume to sample volume; they are considered

to/
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to represent the total number of droplet nuclei
containing viable bacteria which were produqed.on each
|occasion. The average number (arithmetiec mean) is
%also given fﬁr each activity. |
This method underestimates the true droplet
numbers since it does not reveal the droplets which
are too large to become nuclei and the droplets which
do not contain viable commensal bacteria. The
proportion of droplets revealed by the method was
probably between 5% and 10% (see Section 30 and Tables

16 and 18);_
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Section 18: Estimation of droplet numbers by method iv:
counting by microscopical observation the dye- :
containing droplet nuclei on oiled slides exposed in
slit sampler for collection of nuclei from air of |
chamber contaminated with droplet spray. |

The test chamber was left closed and undisturbed
for at least one day prior te each experiment. When
the 1700 cu.ft. chamber or the 70 cu.ft. chamber was
used, an electric fan was run at half speed throughout
the experiment. Before spray production, a 'control!
sample of 1 cubic foot of air was taken on to an oiled
slide in the slit sampler; this was required in order

to prove that there were not any red-colered particles

iin the air prior to its contamination by droplet spray.|

The test subject took Congo red into his mouth and

discharged droplet spray into the chamber by
!undertaking the expiratory activity to be studied.
Half a minute was allowed for formation of the droplet
nuclei and their uniform distribution throughout the
chamber. During the next.minute, that is between %

and 1% minutes after spray production, 1 cubic foot of

air was sampled on to an oiled slide in the slit

sampler. If the droplet nuclei were very numerous,
only a % or 4 cubic foot of air was sampled. The E
oiled slides which were used instead of culture plates
in the slit sampler, were prepared by spreading glass
microscope slides very thinly with a 5% solution of
boiled linseed o0il in chloroform and allowing them to
dry. The slide was placed on the platform of the slit

sampler with its oiled surface at 2 millimeters below

the/
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[the air intake slit. The platform was not rotated

‘and thus the air dust and droplet nuclei were deposited

| |
'in a thin, easily visible line. This "dust-line" was

|
of uniform density throughout its length. It was

|

29 millimeters long. Its width was indefinite, for

although most of the particles were concentrated in a

:I
central strip a % millimeter in width, a few were i
scattered on either side of this for distances of up te

1 millimeter. A drop of immersion oil was placed on

the slide over and in direct contact with the dusbﬂineﬁ
i
[The dust particles and droplet nuclei rarely were

|disturbed or floated off the slide surface by the oil.

The dust-line was examined with a microscope using a
|

‘mechanical stage, an oil-immersion (1/12 in.) objective|

| |
and a (x 8) eyepiece incorporating a micrometer scale. |
The scale contained 10 major and 100 minor divisions;
its whole length represented 170 microns of the

dust-line. In searching for droplet nuclei, the

dust-line was scanned in transverse bands of a width

!
corresponding to the length of the micrometer scale; ?
| |

‘that is, each band was 170 microns of the length of the
dust=line. The scanning was carried out by setting |
the micrometer scale parallel to the dust-line and
%moving the slide so that the dust-line passed from side
Eto side under the scale (Figures 3,5,6). Their red
colour made the Congo red-containing nuclei readily
distinguishable from the black dust particles (Figures

4,7). The search for nuclei was continued in

transverse/
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transverse bands selected at intervals along the length
|of the dust-line until a significant number had been |
counted, usually between 300 and 500. If the nuclei
were scanty, the whole dust-line might have to be
searched before even a few dozen nuclei were found.

If the nuclei were moderately numerous, only 10, 20 or

30 transverse bands of 170 microns width were scanned.

'If the nuclei were very numerous, narrower transverse

'bands were examined, bands covered by the two central ;
'major divisions of the scale and representing {
| |

34 microns of the length of the dust-line. Appropriate
multiplication of the counts gave the number of nuclei

in the whole dust line (i.e. in %, % or 1 cubic foot

jof air) and further multiplication gave the number of
nuclei in the total volume of the chamber. As the
initial counts were subject to the usual error of
random sampling, and as the calculation invoived é big
multiplication (e.g. by 3500 for a sneeze and by 10
for a cough in tests using the 70 cu.ft. chamber),

the figures obtained for the total number of nuclei
were only rough approximations to the true nucleus

numbers.

Table 4 shows the results obtained by this method
'in 16 to 20 tests of each of 6 kinds of expiratory
lactivity. The nﬁmbers shown are the actual counts
multiplied by the appropriate factor to give the total
number of nuclei in the test chamber. They represent

the/
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|
the total number of droplet nuclei produced, and thus i
{the total number of droplets small enough to become

|

‘nuclei. The average number (arithmetic mean) is

given for each activity.

The method slightly underestimates the true

|

droplet numbers since it does not reveal droplets which

lare too large to become nuclei. Moreover, it is
Senatiis thet “theve ‘swe vucle: smatler than the limis
iof microscopical reaoiution which also would be missed.
|Neglecting this latter possibility, it was calculated
‘that the proportion of droplets revealed by the method
ranged from about 75% for spesking to about 97% for

| 7
‘sneezing (see Section 30 and Table 16).

|




|
|

|

|
|
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Section 19: Counting droplet nuclei by the cultural
method (iii) and the microscopical :
method (iv) employed in parallel. |

The presence of Congo red did not seem to affect

| the viability of bacteria contained in droplet nuc;ei.i

The colony counts given by Congo red-containing spray
were just as great as those given by plain secretion
spray. Accordingly, in many of the experiments with

Congo red, the cultural method of counting was employed

in addition to the microscopical. The air was
examined alternately by the two different methods. Anf
air sample was taken on to a blood agar plate |
immediately after the taking of each sample on to an
oiled slide. The same slit sampler was used to take
both samples. The slide was exposed for %, % or 1
minute. Removal of the slide and substitution of thc‘
culture plate occupied a % minute. The culture plate
was exposed for 1 minute. This procedure made
possible direct comparison of the efficiencies of the

two methods and revealed the proportion of the droplet

nuclei which contained viable bacteria.

Tables 30-37 show for 8 tests of a '"natural
sneeze' the numbers of microscopically visible nuclei
(second last column) and the corresponding numbers
of nuclei containing viable bacteria (last column).
The bacteria~carrying nuclei comprised only a small

proportion of the microscopically visible nuclei (e.g.

for the 4-1 minute counts, 3.2%, 7.3%, 2.5%, 1.2%,

8.3%, 12.4%, 3.9% and 7.3%; on average, 5.8%).
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Section 20: Differential counting of droplets origin-
ating from the throat and droplets '
originating from the nose.

The majority of secretion droplets undoubtedly

Ioriginate from the anterior part of the mouth. A few
| may originate from the throat and a few from the nose.!
;Special experiments were made to count separately the |
droplets originating from the throat and the droplets

originating from the nose. One method used for

counting the nose droplets was to observe the droplet

/spray discharged while the mouth was covered by an

fimpermeable mask; the counts thus obtained in 15 tests

of a 'natural sneeze' are given in Table 1.

A second method enabled differential counting of
either the throat droplets or the nose droplets; this |

involved use of B.prodigiosus (Ser.marcescens) as an

'indicator of the site of origin of the droplets.

B.prodigiosus is non-pathogenic and heavy inoculation

into the respiratory tract is without danger. This
bacterium does not normally reside as a commensal in
any part of fhe respiratory tract; fof this reason it
can only be present in a droplet if the droplet
originates from a locality which has been inodulated

artificially with a culture. The red colonies of

B.prodigiosus are distinctive; they are easily

| recognised and easily counted.

|
|
|
|
!
1
|

A highly pigmented strain of B.prodigiosus was

obtained by selective subculture of an old stock

culture./
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{eulture. A cotton wool swab was rubbed in a 24-hour

nutrient agar culture of this B.prodigiosus strain andg

was then applied to the throat or nose. For i
investigation of throat origin, the tonsillar regions,l
the free edge of the soft palate and the back of the
tongue were inoculated; the anterior mouth was then

proved free of B.prodigiosus by culture of a swab taken

from the front teeth, lips and tip of tongue. For

iinvestigation of nasal origin, the anterior nares and

:forward parts of the nasal cavity were inoculated,

/while B.prodigiosus was not put into the mouth or

throat. Immediately after inoculation with i

|Beprodigiosus, the test subject undertook the

expiratory activity being studied. The spray was
examined by one of two methods. In some tests the
spray was caught on 12 sg.in. nutrient agar plates |
held at 3 inches in front of the mouth and nose. In
other tests the spray was introduced inte the 2% cu.ft.
chamber and the air of this was examined for droplet :
nuclei by use of the sglit sampldr with nutrient agar
plates. After incubation of the plates, the

'B.prodigiosus colonies on each were counted.

|
Table 5 shows the B.prodigiosus colony counts i
obtained on plates exposed directly to spray in front i
of the mouth and nose in 15 to 30 tests of each kind
Iof-expiratory activity. The numbers given represent

the/ h !




Part 2 Section 20 Page S\,

the larger droplets of throat-origin only or the

larger droplets of nose-origin only. The average
number (arithmetic mean) for each activity is alseo

given.

Table 6 gives for 10 tests of each kind of

expiratory activity the B.prodigiosus colony counts

made on plates exposed in the slit sampler multiplied

by the ratio of chamber volume to sample volume; these
|
‘numbers represent the droplets of throat-origin only

‘or the droplets of nose-origin only which were small
|

fenough to become nuclei. The average number

(arithmetic mean) for each activity is also given.
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Section 21: Micrometric measurement of deposit marks
of dye-containing droplets caught on celluloid
slides exposed directly to spray in front of mouth.

The test subject took Congo red into his mouth
iand discharged droplet spray at a celluloid-surfaced
microscope slide held vertically at 3 or & inches in
front of the mouth, 3 inches in tests of speaking and

© inches in tests of coughing and sneezing. After

|drying of the droplets, the slide was scanned with the

élow power (2/3 in.) objective of the microscope using a
j _

mechanical stage. The diameters of the first few

'hundred droplet marks encountered on the slide were
|

:measured by use of an eyepiece with a micrometer scaleﬁ
|The droplet deposit marks (see Figure 1) were easily
vigible because of their red colour, clearly delimited
and mostly eircular. A few marks were oval or pear-

shaped; the mean diemeter of each of these was

calculated from the measurements of its minimum and

maximum diameters.

Table 9 (with reference to the first column) shows
‘the measurements of 3000 droplet marks produced by each;
of 5 different kinds of expiratory activity. In all,
74 slides which were exposed to separate expirator?
acts were examined to obtain these results. The
number of droplets in each size group is shown. |
Table 10 (with reference to the first column) shows the|
same results expressed as the percentages of droplets

occurring in each size group.

The/
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i The error of micrometric measurement was small.
‘Measurement was certainly accurate to the nearest
quarter of a small division of the micrometer scale,
that is to the nearest 4 microns when the low power
:(2/3 in.) objective was used. Thus the maximum
'possible error must have been less than 20% for a

!20 microns droplet mark and less than 0.4% for a 1000
?micron droplet mark; most of the droplet marks lay

'between these limits.

A further possible cause of error in this method

for estimating droplet size is that the droplets may
lhavc become reduced in size by evaporation during the
Itime of their flight from the mouth to the slide.
!Assuming the projection velocities were between 10 and
;100 feet per second (see Jennison, 1942), the time of
%travelling 6 inches from mouth to slide would be - .
ébetween 0.05 and 0.005 seconds. The evaporation times
of water droplets in unsaturated still air at z2%¢., aa
:glven by Jennison (1942), are 0.02 seconds for a dr0ph¢
Iof 12 microns diameter, 0.08 seconds for a 25 micron
;droplet and 0.31 seconds for a 50 micron droplet.
iSaliva droplets in moisture-saturated breath would
!probhbly evaporate more slowly; however, even with
‘evaporation times as short as these, only droplets of

25 microns diameter or smaller would diminish

appreciably in size before reaching the slide.
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'Section 22: (Calculation of diameters of spherical
parent droplets from measured diameters |
‘ of droplet deposit marks. |

In order that the sizes of the spherical parent
'droplets might be calculated from these measurements
‘of dried droplet deposit marks on celluloid slides,

'special experiments were made to discover how much

1

|droplets become flattened when impinging on a slide;

'the ratio between spherical parent droplet diameter
|

|
jand deposit mark diameter was determined. These

!cxperiments were made according to the method of

iStrausz (1926). Drops of saliva were delivered from
‘the point of a fine capillary tube clamped opposite

‘the low power (2/3 in.) objective of a horizontally

'placed microscope. Drops of different size, between
i
1 and 3 millimeters in diameter, were obtained by use
|

iof differently sized tubes. The diameter of each

Edroplet while hanging in a nearly spherical shape from
!the point of th? capillary tube, was measured by use of
the eyepiece micrometer scale. The droplet was then

Pllowed to fall about 4 inches on to a microscope
| - !
slide, sometimes glass and sometimes celluloid-surfaced,
i

After it had dried on the slide the droplet's deposit

mark was measured micrometrically.

Table 8 shows the measurements obtained in these
experiments. Droplets of saliva falling on glass
:siides were found to spread to 3 times their original |
diametér. This finding accords with the findings

of Strausz (1926). Accordingly, when glass slides

were/
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were used, the diameter of the spherical parent droplet
was calculated as one third of the measured diameter of
the droplet deposit mark. In contrast, droplets
falling on celluloid-surfaced slides were found to
spread to only about 2 times their original diameter.
When celluloid slides were used, as for the measurements
given in Tebles 9 and 10, the diameter of the spherieal
parent droplet was calculated as half of the measured

diameter of the droplet deposit mark.

It is of interest to know the possible extent of
error involved in calculating the diameters of parent
droplets as half the diameters of the droplet marks on
celluloid slides. Of the observations recorded in
Table 8, 1 to 13 and 1 to 2% were the ratios differing
most from the 1 to 2 ratio. Almost certainly the true
ratios were between 1 to 1% and 1 to 3; if so, the
maximum error in the calculated parent droplet diameter

was less than 1.5-fold (i.e. plus 50% or minus 33%).

Tables 9, 10 and 14, with reference to the right

hand column, and Graph 1 show in terms of the calculated

diameters of the spherical parent droplets, the size-

distribution of the droplets which were caught on

celluloid slides exposed in front of the mouth.
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| Section 23:; Micrometric measurement of dye—containing!
i droplet nuclei collected from air of a chamber
' contaminated with droplet spray on to oiled slides

J exposed in slit sampler.
|

The test subject took about 0.1 grams of Congo red
|into his mouth and then undertaking the expiratory
activity being studied discharged droplet spray into

one of the test chambers. Air samples were taken by

Ithe slit sampler on to oiled slides. The dust-line |
ion each slide was scanned with the microscope using ani
‘oil-immersion (1/12 in.) objective, a (x 8) eyepiece
iwith a micrometer scale and a mechanical stage. The

|
'diameter was measured of each of the first few hundred

nuclei encountered as the dust-line was scanned

systematically in transverse bands passed beneath the

émicrometer scale (Figures 3,5,6). According to their

|
'diameters the nuclei were allocated to the different

'size classes shown in the table of results (Table 11). |

'The smallest droplet nuclei distinguished were near to |
|
|

;the limit of resolution of the microscope; these were |
éclassed as ¥ to ¥ micron in diesmeter, but measurement
Ecould not be very accurate at such a small size.

|

| A total of more than 25,000 droplet nuclei were

measured in 113 tests of expiratory acts of 7 different

|
|

kinds. The nucleus diameters observed in certain

individual experiments are shown in Tables 26, 27, 28,
130; 31, 32, 33, 54, 35, 36, 31, 39, 40, 41l.and-42.

|
|
Table 11 shows the measurements for all experiments I
|
i

taken together; it gives the number of nuclei observed

|
which/ !
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which belonged to each size group. Table 12 shows
these same aggregate results expressed as the j
percentages of nuclei observéd which belonged to each |

size group.

The tests made in the 1700 cu.ft. chamber and the
tests made in the 70 cu.ft. chamber yielded similar
size-distributions; the results for these two chambers
therefore have not been given separately. The
similarity of size-distributions was to be expected
since the potential falling height for the droplets

was the same, 5 feet, in the 1700 cu.ft. chamber and in
the 70 cu.ft. chamber. In the 2% cu.ft. chamber, on
the other hand, the potential falling height and the
potential projection distance were only 1% feet, so
that there must have been less time available for
evaporation and nucleus formation; in consequence, the
maximum size of droplet capable of becoming a nucleus
must have been less than in the larger chambers. This
is probably the reason why relatively fewer largé
nuclei were found in the 2% cu.ft. chamber (see Tables
11 and 12). In contrast, relatively more of the very
small nuclei were found in the 23 cu.ft. chamber
because they were more easily recognised amid the much

less abundant dust (see Tables 11 and 12).

Micrometric measurement with the oil-immersion
(1/12 in.) objective were accurate at least to the

mnearest quarter scale division, that is to the nearest

0.4 microns.
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[Section 24: Micrometric measurement of dye-containing |
droplet nuclei collected on to exposed slides by
sedimentation from air of chamber contaminated with
droplet spray.

f For comparison with the droplet nucleus
|
' measurements obtained by the above method using the

lslit sampler, some measurements were also made of
gdroplet nuclei recovered from the air by their simple

| sedimentation on to slides lying on the floor. The

!
|
:tegt subject took into his mouth 0.1l grams of Congo re%
or 0.1 or 0.01 grams of eosin. He delivered one or i
' |

more simulated‘sneezes from standing height, with the

mouth 5 feet above the floor, either in the 1700 cu.ft.

1
| chamber or in the 100 cu.ft. chamber. One minute was |

[ |
l !
‘allowed after sneezing for all droplets to sediment

ifrom the air (except in one experiment). Some unoiled

glass slides were then exposed on the floor 2 to 3 '

feet in front of the test subject and were left thus

|
Enuclei under the low and high powers of the microscoPcﬂ

Tfor 1 or 18 hours. The slides were searched for

the nuclei encountered were measured micrometrically

using the oil-immersion (1/12 in.) objective.

Table 47 shows the measurements of droplet nuciei

thus collected by sedimentation. These measurements |
|

may be compared with the measurements of droplet nucleﬂ
collected byiige slit sampler which are shown in Tables
11 and 12. The important difference between the two
series of measurements is that a relatively low

proportion of small nuclei, under 4 microns, were

collected/
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collected by sedimentation. Nuclei under 4 microns
were not collected in two experiments with the slides
exposed to sedimentation during only 1 hour. A
considerable number of nuclei from % to 4 microns in
diameter were collected in two experiments with the
slides exposed to sedimentation during 18 hours, but
not relatively as many as could be collected by the
slit sampler. The small nuclei sediment much more
slowly than the large nuclei and it is not surprising
that a reldively smaller number settle on to exposed

'slides.

The largest of the Congo red-containing nuclei
collected by sedimentation (35 microns in diameter)
were of the same order of size as the largest Congo

red-containing nuclei collected by the slit sampler

(42 microns in diameter). Without their large Congo
red content these nuclei would have been 20% to 35%
smaller in diameter. The largest nucleus collected
by sedimentation when 0.0l grams of eosin was used to
colour the mouth secretions, was 22 microns; in this
case the eosin content was so small that without it the

nucleus would not hawe been appreciably smaller.
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'‘Section 25: Estimation of diameters of unevaporated
' parent droplets from measured diameters
of dye-containing droplet nuclei,

In order to calculate the original size of the
parent droplets from the measurements of droplet nuclei,
‘it was necessary to know how much shrinkage occurred
as a result of evaporation. Measurements of dr0p1ets§

|
‘before and after evaporation, and calculations from the.

concentration of dissolved and suspended solid matter |
:in saliva, both indicated that the ratio between
édroplet nucleus diameter and parent droplet diameter
%was about 1/4 for Congo red-containing saliva and 1/5

for plain saliva. These ratios were accepted for

‘calculation of parent droplet diameter.

Special experiments were made in which large
saliva droplets were measured before evaporation and
itheir residues, droplet nuclei, measured after
?evaporation. A sample of ssliva was withdrawn from
éthe mouth of the test subject half a minute after
Entroduction of the usuzl quantity, about 0.1 grams,
jof Congo red. Drops of this dye-containing saliva
;were suspended from the ends of fine glass fibres. |
IThe initial diameter of the droplet was measured }
imicrometrically and then, after evaporation, the final
diameter of the residual droplet nucleus. It was
2important that the glass fibre should be as thin as
possible in relation to the size of the droplet so as

'to avoid exaggeration of the size of the droplet or

droplet nucleus due to inclusion of an appreciable

volume/
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:volume of glass. The best which could be achieved
'was the suspension of droplets about 1 millimeter in
Idiameter from glass wool fibres about 0.015 millimeters
'in diameter; larger droplets could not be caught and
'retained on the end of the fibre. To aid retention
Eof the droplet, the end of the glass fibre was very !
slightly expended by flaming. The fibre was stuck to |
'a strip of wood which was clamped rigidly to a retort
stand; the free end of the fibre projected vertically
' downwards from the wood. The drop of saliva was
'extruded from the end of a fine capillary pipette on
ito the upper part of the fibre. On becoming free
ifrom the pipette the drop slid down the fibre to the
.free end where it remained suspended. The hanging
/drop was at once viewed with the low power (2/3 in.)
|objective of a horizontally placed microscope; the
?diameter of the drop was measured by use of the
eyepiece micrometer scale. The drop was then left
undisturbed until its evaporation was complete and it
|showed no further shrinkage in observations repeated
iat intervals. The dried residue, that is the droplet:
!nucleus, was sometimes nearly spherical and sometimes
%markedly aspﬁerical. If it was nearly spherical its
idiameter was measured micrometrically.

Table 13 shows the parent droplet diameter
' ('initial') and the droplet nucleus diameter ('final') |
for 12 €Congo red-containing saliva droplets and for

11 plain saliva droplets. The ratio of droplet

nucleus/
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nucleus diameter to parent droplet diameter ranged from
1/3 to 1/6, on average 1/4, for Congo red-containing

saliva, and ranged from 1/3% to 1/7%, on average 1/5,
. : |
for plain saliva. As was to be expected, the presence

of Congo red in the saliva appreciably increased the
size of the nucleus in relation to the size of the

parent droplet, giving an average diameter ratio of 1/4

as compared to 1/5.

Calculation from the concentration of dissolved
and suspended solids in Congo red-containing and in
pPlain saliva indicated similar ratios between droplet
nucleus diameter and parent droplet diameter. The
irregular, 'solid' appearsnce of droplet nuclei
observed microscopically was evidence that nearly all
.water was lost in droplet nucleus formation. The
:specific gravities of saliva and saliva solids was
assumed not to differ greatly from the specifiec gravity
of water. Thus, the ratio of the droplet nucleus
:diametcr to the parent droplet diameter, which is'equali
ito the ratio of the cube root of the droplet nucleus

]volume to the cube root of the droplet volume, was

considered to be equal to the ratio of the cube root

iof the number of grams of solids in 100 grams of saliva
;to the cube root of 100. Accordingly, the ratio of
idroplet nucleus diameter to parent droplet diameter
%would be 1/3 if the solid content of the saliva was

i
i

3.7%, tHé ratio 1/4 if the solid content 1.6%, the

{ratio/[
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ratio 1/5 if the solid content 0.8%, the ratio 1/6 if
the solid content 0.46%, and the ratio 1/7 if the solid
content 0.3%. The natural solid content of saliva
usually is between 0.3% and 1.5%; thus, for plain
saliva spray, the ratio of droplet nucleus diameter to
parent droplet diesmeter will be between 1/7 and 1/4.
When 0.0l grams of eosin was taken into the mouth, the
solid content of the saliva prebably was not raised
more than 0.2% to 0.4%, so that the ratio of droplet
nucleus diameter to parent droplet diameter would not
be much greater than for plain saliva. When 0.1 grams
of Congo red was taken into the mouth, the additional

concentration of Congo red, as estimated colorimetrically,

varied between 1% and 4%, being usually about 2%.
Thus, the total solid content of Congo red-containing
saliva usually must have been between 2% and 4%, and
the ratio of droplet nucleus diameter to parent droplet
diameter between 1/4 and 1/3. Congo red-containing
saliva expectorated in four experiments was pooled and
evaporated on a water bath; by weighing, its total
solid content was found to be 1.8%, indicating a

nucleus-parent droplet ratio of 1/3.

It was concluded that the diameters of parent
droplets before evaporation could best be estimated as
four times the measured diameters of the Congo red-
containing droplet nuclei. The greatest error
possible in this calculation seems to be that the true

nucleus-parent droplet ratio might be 1/3 instead of

1/4/
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1/4; in this case, 33% would be the maximum error in

the estimated droplet diameter.

Table 14, with reference to the right hand column,

and Graph 2 show in terms of the calculated diameters

of the parent droplets, the size-distribution of the

droplets which became droplet nuclei and were collected
as such from the air in the experiments recorded in

Table 11.
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Section 26:; Construction of a composite size-
distribution series for the droplets of all sizes

expelled in speaking, in coughing and in sneezing.

Of the two methods employed for collection and
measurement of droplets, one, collection on slides
exposed in front of the mouth, demonstrated only the
large and medium sized droplets (over 20 microns in
diameter), while the other, collection of droplet
nuclei by the slit sampler, demonstrated only the small

and medium sized droplets (under 100 microns in

diameter). - To obtain a comprehensive size-distribution

series covering all the droplets, large, medium and
small, it was necessary to combine the two size-
distribution series given, respectively, by measurement
of droplets collected on slides exposed in front of the
mouth (Teble 9; Graph 1) and by measurement of droplet
nuclei collected with the slit sampler (Table 11; |
Graph 2). The two series had to be jointed at some
point in the size range of the medium sized droplets

(20-100 microns in diameter) at which both methods of

collection were efficient.

To enable construction of composite droplet
size-distribution series for each of the three
activities, "speaking", "coughing" and "sneezing", the
basic data were assembled in Table 14. The size-
distributions of droplets caught on slides exposed in
front of the mouth were taken from Table 9 and the
size-distributions of droplets collected as nuclei by

the slit sampler were taken from Table 11l. The figureé

in/
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in Tables 9 and 11 for "Speaking Loudly" were placed
in Table 14 for "Speakiﬁg". The figures in Tables 9
and 11 for "Throat-only Coughs", "Tongue-teeth Coughs" |
and "Lip Coughs" were added together to form a single
series which was placed in Table 14 for "Coeughing".
_The figures in Tables 9 and 11 for "Natural Sneezes"
and "Simulated Sneezes" were added together to form a
single series which was placed in Table 14 for

"Sneezing". In Table 14 the numbers of droplets

belonging to each size group are expressed as
percentages of the total numbers of all sizes. The
size groups are designated both in terms of the
original measurements, that is of droplet nucleus
diameter or droplet deposit mark diameter, and in tgrms;
|

of the calculated diameters of the parent droplets.

The diameters of the parent droplets were calculated,

as explained in Sections 22 and 25, as 4 times the
measured diameters of the droplet nuclei and as half

the measured diameters of the droplet deposit marks on

celluloid slides.

The composite droplet size-distribution was
calculated on the basis of the observed distributions
as presented in Table 14. The main problém was to
decide at what point to joint the size-distribution
series for the larger droplets (lower half of Table 14;
from Table 9) with the sizejdistribution series for the
smaller droplets (upper half of Table 14; from Table 11)

It/
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FIt was obvious that the two series must be joined |
;somewherc in the range of the medium sized droplets,

'between 20 and 100 microns diameter. To help decision
ias to the exact point of junction, size-distribution

icurves were drawn from the figures in Table 14 in termé
!of the calculated diemeters of the parent droplets:
%Graph 3 for speech droplets, Graph 4 for cough droplets

'and Graph 5 for sneeze droplets. Each graph shows

!two size-distribution curves, one given by each of thel
| two methods of collection. In the main, the curves

;for.speech droplets, for cough droplets and for sneeze |
fdropletS'&re.similar. In each case, starting from
;thc upper droplet size range, the curves given by the !
?two methods of collection both show & risé in |
'droplet numbers with decrease in droplet size; in . !
' fact, the smaller droplets were more numerous than
:the larger. The size-distribution curve of the

idroplets collected as nuclei by the slit sampler

' continuee to rise until a maximum point is reached
}between the 5 micron and the 10 micron abscissae; the:
?commonest droplet diameters were Eetween 5 and 10 |

‘microns. In contrast, the size-distribution curve of

fthe droplets collected on slides exposed in front of
|

Ethe mouth begins to flatten out about the 30 mieron
i

|abscissa and is falling rapidly at the 20 micron
%abscissa; this is obviously due to most of the

ZdroPlets under 20 microns in diameter and some of the

i ,
droplets between 20 and 30 microns failing to be caught
| |

i
i
i
i
|
|
E

1
lon/
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‘on the slides exposed to spray in front of the mouth.

'The size-distribution of droplets as revealed by

measurements of droplet marks on the exposed slides is |

defective in the diameter range below 30 microns.

Droplet nuclei of up to 42 microns in diameter
were collected by the slit sampler, but nuclei larger
than 25 microns were very rare (e.g. only 4 out of
25,175 in Table 11) and nuclei larger than 12 or 14
microns were absent in many of the individual
‘experiments contributing to the aggregate results
.Shown in Table 14. For this reason, the size-
'distribution of droplets as revealed by measurements
of nuclei collected by the slit sampler is regarded as
probably defective in the droplet diameter rangc above
‘50 microns (i.e. for nucleus diameters above 12%
|
microns).
|

The range from 30 to 50 microns in parent droplet
|diameter thus appeared to be the only size range in
;which the size-distribution series given by the two
;methods of collection were both reliable. This 30 to

two series. It was decided to joint the two series

|
I
|
|at 40 microns. It was necessary to adapt the series

;so that their size-distribution curves met at the

240 micron abscissa._ Graphs 3, 4 and 5 revealed that

‘the curve for droplets caught on slides exposed in

1 !
front of the mouth was higher at the 40 micron abscissal

than/

50 microns "equivalence range" enabled jointing of the |
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| 1
'than the curve for droplets collected as nuclei by the
|

'slit sampler. This ratio of &roplet numbers (as
i

{Percentages per l-micron range of diemeters) at 40

imicrons was 1 to 1.8 for speech droplets, 1 to 3 for
|

cough droplets and 1 to 12 for sneeze droplets. In
1

order to render the two size-distribution series

!comparable for junction at 40 microns, it was necessary

to multiply one series by the ratio between the numbers

per l-micron range at 40 microns so that in both series
i l
‘there would be the same numbers per l-micron range at

|

|
40 microns. ‘
|
|

The composite size-distribution series was

constructed as follows. For the droplet diameter

‘groups under 40 microns the percentage figures were ;
itaken without alteration from the upper half of

iTable_l4, that is as calculated from droplet nucleus
|measurements. For the droplet diameter groups over

140 microns the percentage figures from the lower half

.Of Table 14, that is as calculated from droplet deposiq
%mark measurements, were taken after division by the |
éapproPriate factor, 1.8 for speaking, 3 for coughing
and 12 for sneezing. The figures in each size group
were then multiplied by 100 and divided by the total
of the figures for all groups in this composite series:

in order to reduce the group figures in the composite

series to the form of percentages.

Table 15 shows separately for speech droplets,

for/
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for cough droplets and for sneeze droplets the

‘calculated composite size-distribution series in terms

'of the percentages in each size group of the total
‘number of droplets of all sizes. Table 17 shows the

' Bame series, but giving instead of percentages the

absolute numbers of droplets in each size group out of |

'a total of 100 droplets for speaking 100 words, 1000

|
_droplets for a cough and 1,000,000 droplets for a i
!gggggg; these totals were selected as being the |
iapproximate average numbers expelled by the expiratory |
:activities in question as revealed by the best droplet

‘counting method, namely microscopiecal counting of

‘nuclei collected by the slit sampler (see Table 4).

These calculated composite droplet size- |
édistribution series shown in Tables 15 and 17 should
ibe regarded as corresponding only approximately to the;
true size-distributions. Two causes of error were
‘inherent in their calculation. In the first place
Ethere was the possible error of 30% or so in the
écalculation of parent droplet diameter from droplet
inucleus diameter or droplet mark diameter. In the
Esecond place there was the possibility of overestim&ﬁné
ior underestimating the number of large droplets in
:relation to the number of small droplets by jointing
%the two size-distribution series incorrectly. As
‘described above the 40-micron abscissa was chosen for

jointing and the series were equated by dividing the

ifigures/
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ifigures in the large droplet series by 1.8, 3 and 12,
'respectively, for speech droplets, cough droplets and
isneeze droplets. There was no reason, however, why
éthe two series should not have been jointed at the

| 30-micron abscissa or the 50-micron abscissa; the |
division factors would have been 1.2 or 5 instead of
1.8, 1.6 or 6 instead of 3, and 6 or 18 instead of 12.
Thus, in calculating the composite series, the number |
of large droplets in relation to the number of small

droplets may have been overestimated by 50-200% (i.e.

‘by 13-fold to 3-fold) or underestimated by 30-50% (i.e.

'by 13-fold to 2-fold).

BEven with inaccuracies of the above order, the
écalculated composite size-distributions shown in
éTables 15 and 17 are of value because they give an
%overall account of droplet spray which is not

'attainable by any other method.
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iSection 27: Calculation of the proportion of droplets
’ in each size group which will contain
‘ commensal or pathogenic micro-organisms.

| The sanitary significance of droplet spray depends

‘not on the total number of droplets expelled, but on

Jthe number of infected droplets expelled, the number of
|

droplets containing one or more viable micro-organisms

of some particular species. The probability of one

|
or more micro-organisms being contained in a droplet is

-!related in direct linear proportion to the volume of
!the droplet and in direct linear proportion to the
concentration of "viable microbial units" in the
secretion atomised. When a number of micro-organisms

are firmly joined together in a chain or cluster, or

are firmly adherent to an epithelial cell or a food
@particle, the entire aggregate must come to be
;contained in the one droplet; this aggregate of
micro-organisms is thus equivalent only to a single
free micro-organism in influenecing the chance of a
droplet being infected. The term, "concentration of
viable microbial units", is used to mean the number of
viable free micro-organisms plus the number of viable
aggreéates of micro-organisms present in a unit volume

- |of the secretion.

The probability that a droplet in a given size
lgroup will contain micro-organisms may be eXpressed as
the proportion of droplets in that size group which
Ewill contain micro-orgasnisms. The proportion of

droplets/
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idroplets infected was calculated for each different

‘sizc group of the composite size-distribution series

shown in Table 15. In the first place, it was
necessary to decide what concentration of "viable
!micrnbial units" should be taken as a basis for the

'calculations. Fortunately, the usual method for

counting viable bacteria in suspensions, the counting

of colonies on culture plates inoculated with a known

volume of suspension, gives counts in terms of

bacteria plus viable aggregates). The only available
figures for concentration of pathogenic bacteria in
saliva were those of Hamburger (1944) for

Strept.pyogenes. Hamburger found by culture plate

colony counts that the saliva of persons with throat
infection contained usually between 1000 and 1000, 000

'Strept.pyogenes' per milliliter. The figures, 1000,

20,000 and 1000,000 per milliliter were selected for

calculation of the proportion of droplets containing

pathogenic organisms. For calculation of the

fpr0portion of droplets containing commensal organisms, |

ithe figure of 30,000,000 per milliliter was selected.
Gordon (1904) examined 25 samples of saliva and found

that the commonest commensal, Strept.viridans, was

Epresent in numbers varying from 10,000,000 to

estimations were made of the number of viable bacteria

of all species present in the saliva of the test

subject/

| concentration of "yiable bacterial units" (viable free |

100,000,000 per milliliter. In the present study, two
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subject (A). Blood agar plates were inoculated with |

'a measured volume of various dilutions of the saliva

land, after aerobic incubation, the colonies on each
iplate were counted. On the two occasions, the saliva
was found to contain 23,000,000 and 34,000,000

|

|

}'bacteria' per milliliter.
| ;

i

The proportion of infected droplets in each size

Egroup was calculated as follows. It was assumed that |
;over each size range shown in Table 15 the droplets E
were distributed equally by diameter. The mean volume
:of the droplets in each size group was calculated as ;
n/6.4(b4 - a*)/(b - a), where a and b were the minimum |

‘and maximum diameters of the droplets in the group.

For each size group the mean number of "viable microbial
units" present in a droplet of the mean volume was

calculated for 30,000,000, 1000,000, 30,000 and 1000

"yiable microbial units" per milliliter. The

percentage of droplets in each size group which would

contain one or more "viable microbial units" was
calculated as 100(1 - e @), where m was the mean number%
of "viable microbial units" per.droplct in the group |
and e was 2.718; this calculation was based on the

.|lassumption that there was a Poisson type distribution

of the "viable microbial units" among the droplets.

Table 18 shows these calculated percentages of the

droplets in each size group which would contain one or

\more micro-organisms.
|
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‘Section 28; Counting by microscopical observation the
commensal bacteria in droplets of each size.

Glass microscope slides were exposed vertically
at 6 inches in front of the mouth of the test subject
(A) to catch the droplets expelled by simulated snceze#
The sPraye& slides were fixed by heat and stained by
Gram's method with prolonged application of the basic
fuchsin counterstain. Bach slide was scanned for
droplet marks with the low power (2/3 in.) and high

power (1/6 in.) objectives of the microscope. The

diameter of each clearly delimited droplet mark was
;measured by use of the eyepiece micrometer scale. The
measured droplet mark was then covered with a drop of
immersion oil and was examined with the oil-immersion
(1/12 in.) objective. All Gram-positive and Gram-
jnega.tivc bacteria found in the droplet mark were
icounted. Congo red was not teken into the mouth of
éthe test subject in these experiments, since it would
have been washed out of the droplet marks in the procea%
éOf Gram-staining. As they were not colored with

;Congo red, the droplet marks often showed indistinct
outlines. The intensely staining bacteria and
gepithelial cells were found mainly towards the centre
of the droplet mark, while the remeinder of the mark
i&s visible only by virtue of the weakly staining
granular material (see Figure 2). It is possible that
in some cases the true diameter of the droplet mark

was larger than the diameter of the visibly stained
épart/ |

|
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part which was measured, but it is thought unlikely

;that great error was incurred in this way.

_ Table 20 shows the results obtained on examinationl
‘of 256 droplet deposit marks; it shows the number of
_bacteria found in each droplet mark and the average
;number of bacteria per droplet in each size group.
;The limits of each size group is indicated not only as
‘the droplet mark diameters but alse as the spherical !
parent droplet diameters calculated as one third of the
droplet mark diameters. The mean volume of the !
spherical parent droplets in each size group was |

gcalculated as1i/6.4(b% - a%4)/(b - a), where a and b

were the minimum and maximum diameters of the size
| |
group. The average number of bacteria per milliliter

iof saliva was calculated for each size group on the
basis of the calculated mean volume; as was to be
'exPectcd, the calculated average number of bacteria
jper milliliter of saliva was similar for the different
'size groups, mainly about 3000, 000,000, and varying
only from 800,000,000 to 4400,000,000 (see right-hand
column of Table 20). The average number of bacteria
per milliliter of saliva gwuld, of course, be the same |
whatever the size of droplets examined. This constancy
of the numbers calculated from dreoplet measurements and:
bacterial counts, is to some extent a confirmation of

'the accuracy of the measuring, counting and computing.

The present microscopical counting of bacteria in |

measured/
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|
_- |
' test subject A contained a total of about 3000, 000,000 |

measured droplet marks revealed that the saliva of

viable and non-viable bacteria per milliliter. For
comparison, it may be recalled that culture plate i
' colony counting, described in Section 27, revealed that

'the saliva of test subject A contained only about

i30,000,000 "yiable bacteria units" (viable free

ibacteria plus viable bacterial aggregates) per

!milliliter. Non-viability and aggregation of the i
! i
| : !
| salivary bacteria was thus responsible for a 100-féld |

idiffercnce between the microscopical and cultural i

|
|
| counts. |
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;Section 29: Calculation of the proportion of droplets
| and nuclei of all sizes which will
contain commensal or pathogenic organisms

The proportion of droplets, of all sizes taken
:together, which will contain commensal or pathogenic
'micro-organisms, was readily calculated from the knowni
:pr0portions of all droplets which belong to each size
'group (Table 15) and the known proportions of droplets

'in each size group which will contain organisms

:(Table 18). For each size group the latter percentagﬁ
iwa.s extracted from the former and the products so |
Iobtained were added together to give a total for all

' size groups, namely the overall infected percentage of
'all droplets. A similar calculation made for only
ithe‘size groups of under 100 microns droplet diameter,_
gave fhe.overall infected percentage of all droplet
‘nuclei. These calculations were made separately for
%each of the different salivary concentrations of

"viable microbial units", and separately for speech

droplets, for cough droplets and for sneeze droplets,

these having different size-distributions (see Table 15}

The results of the calculations are shown in
Table 19. The organism—-containing droplets and nuclei
are shown both as percentages of the total number of i
:dr0plets and nuclei of all sizes, and as &etual numberé

out of a total of 100 droplets for 'Speaking Loudly

1100 Words', out of 1000 droplets for a 'Cough' and out

'of 1000,000 droplets for a 'Sneeze'. The proportion

1
|of droplets and nuclei containing organisms was highest

|for speaking and lowest for sneezing. |
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|
Section 30: Hstimation of the efficiency of the e

different droplet counting methods by consideration
of the observed and composite size-distributions. |

i An attempt was made to estimate the collection

Eefficicncy of the two methods used for collection of
|

idroplets for counting, namely the catching of droplets!
| |
‘on microscope slides or culture plates exposed directly
| |
'to spray in front of the mouth and the collecting of

|
droplets as nuclei on to microscope slides or culture
iplates by use of the slit sampler. On the assumption
'that no droplets of any size were missed by both

methods of collection, the collection efficiency of
|

each method was calculated by comparison of the size-

distribution series observed by that method with the

‘calculated composite size-distribution series. As it |
%was not certain that some droplets were not missed by

'both methods of collection, the collection efficiencies
| I
' |
calculated in this way are to be regarded as the '

maximum collection efficiencies of the methods.

The calculation of collection efficiency is shown

|
!in Table 16. The calculation was made separately for |

:speech droplets, for cough droplets and for sneeze
}droplets. Firstly, in Table 16 is shown the
‘calculated composite droplet size-distribution as in
Table 15, giving the percentage of all droplets which
ibelongsto each size group. Beside this is shown in
Table 16, (a) the size-distribution series for droplets
collected as nuclei by the slit sampler (from upper

half/
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half of Table 14), and (b) the size-distribution series
for droplets caught on slides exposed in front of the |

mouth (from lower half of Table 14); these series

were expressed in terms of percentages of the total
:number of droplets in the composite series and not, as!
iin Table 14, in terms of percentages of the droplets
gin the observed series given by the single collection
imethod in question. Thus, series (a) in Table 16

iconsists of the percentage figures of the observed

|series for droplets collected as nuclei by the slit

?sampler (Table 14, upper half) divided by a factor sucﬁ
i&s to equate those for size groups under 40 microns to

i ;
the corresponding figures in the composite series g

(Table 15). Similarly, series (b) in Table 16 |

consists of the percentage figures of the observed

series for droplets caught on slides exposed in front i

of the mouth (Table 14, lower half) divided by a factor

such as to equate those for over 40 microns to the

{corresponding figures in the composite series (Table 15).

Collection efficiency was given by addition of the
percentage figures for all the size groups in the
appropriate series (a or b) in Table 16; this gave the|
jpercentage of droplets of all sizes in the composite
series which was collected by the method in question.
It was estimated in this way that 75% of speech
droplets, 84% of cough droplets and 97% of sneeze
droplets were collected as nuclei by use of the slit

sampler/




Part 2 3 section 20 rege gL
| sampler, and that 41% of speech droplets, 28% of cough?

Edroplets and 8% of sneeze droplets were collected on

| |
' |
imicroscope slides or culture plates held in front of

the mouth.

When the droplets or nuclei were collected on to

microscope slides and were counted microscopically,
;probably all which were collected were also counted;
|

Ethus, the efficiencies of the droplet counting methods

involving microscopical observation would be the same

as the collection efficiencies just quoted.

When the droplets or nuclei were collected on to

éculture-plates and counted as colonies, a proportion
\would be missed which did not contain viable bacteria
'and could not give rise to colonies. Table 18 shows |

the proportion of droplets in each size group which

will form colonies if the atomised secretion contains

30,000,000 "viable bacterial units" per milliliter.

EThe saliva of the test subject was infected with
:commensal bacteria to this extent. The percentages
in Table 18 were extracted from the percentages in the
corresponding size groups in Table 16 (series a and b)
and the products for all size groups were added to giv;

the percentage of all droplets in the composite series

which were collected and counted by the cultural method
in question. It was estimated in this way that 9% of
|speech droplets, 10% of cough droplets and 5% of sneeze

droplets were collected and counted by the method of

collecting/
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collecting nuclei with the slit sampler on to culture
plates and counting the resulting colonies. It was

estimated that 31% of speech droplets, 20% of cough

|droplets and 5% of sneeze droplets were collected and

counted by the method of catching droplets on culture

plates expesed in front of the mouth and counting the

resulting colonies.

These calculated maximum collection and counting
efficiencies of the different methods are summarised

in Table 7 .
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Section 31: Observation of the duration of air carriagé
arnd the sedimentation rate of droplet nuclei by
repeated slit sampler examinations of the sir of a |

chamber contaminated with droplet spray.

In many of the experiments in which droplet nuclei
were counted by sampling the air of a chamber at 3 to
14 minutes after spray production by coughing or

sneezing (Sections 17 and 18), sampling was continued

at subsequent intervals so that the "die-away" of air

icontamination might be observed. In some of the tests

:a desk-type electric fan was run at half speed during
‘the entire period until the last sample had been taken;
in other tests the fan was run only during the first :
minute after spray production. Tables 21, 23 and 25

give the counts made by the cultural method and show

the "die-away" of bacteris~carrying nuclei. Tables

26-43 give the counts made by the microscopical method

éand show the "die-away" of all microscopically visible
nuclei. In these latter experiments the nuclei were

measured and size-distribution counts were made for

each sample in order to show the differential settling |
| !
rates of the differently sized nuclei. To enable easy|

comparison between different experiments, the counts
‘were also calculated on a common percentage basis;
Tables 22, 24, 29, 38 and 43 show the counts expressed

as percentages of the counts for 3 to 13 minutes after |

1

'spray production. In addition, an average "die-away"

series was calculated for each set of experiments made
under similar conditions; the average was computed of

all the air contamination percentage figures relating to

2ach/
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‘each time interval. Graphs 6 and 7 show these aVeragé

'air contamination "die-away" series.

i The disappearance rate of nuclei from the chambcré

!air was also presented in terms of equivalent
ventilation rate and in terms of equivalent sedimentat-

'ion rate; these values were calculated from the

' percentage reductions in air contamination in each of

|
|the first four quarter-hour periods after spray

|
iproduction, and they are shown at the foot of Tables }
'i22, 24, 29.and 38. Equivalent ventilation rate is !
|that fate of ventilation which would bring about !
;disappcarance of air contamination at the observed ratﬁ
:if ventilation were the sole cause of the disappearance.

iThe equivalent ventilation rate was calculated from the|

iformula given by Wells and Wells (1938); the number
iof overturns of chamber air per hour was taken as egual
ito_l}B times the difference in the logarithms of two
Ecounts divided by the elapsed time in minutes between
ithe two counts. The calculated equivalent ventilation

|
Irate varied mainly between 1 and 10 overturns per hour.

Equivalent sedimentation rate is that average rate of

iscttling of the air-borne particles which would result

in disappearance of air contamination at the observed
Irate if sedimentation were the sole cause of the
disappearance. On the assumption that the circulation
:raﬁe of the chamber air was sufficiently great to
maintain a uniform distribution of the nuclei within

the/
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'the chamber, the equivalent sedimentation rate was :
|calculated as the height of the chamber times the ratc!

| (Phelps end Buchbinder, 1941). The calculated rates

|
Evaried in the different experiments mainly between

|
of removal expressed as a percentage of the remainder
0.0005 and 0.0015 meters per second. These figures, |
calculated from the numbers of nuclei of all sizes,

refer to the sedimentation rate of a hypothetical.

"average" nucleus.for each experiment. An attempt

jwas made to calculate the particular sedimentation

' rates of nuclei of each different size. As before,

| the sedimentation rate was calculated as the height of |

|
the chamber times the percentage rate of removal; this

ilatter was taken approximately as 100% divided by the

'time until nuclei of the size in question were no

longer found in the air. In experiments made in the

70 cu.ft. chamber without the fan run throughout,

%nuclei of about 20 microns diameter disappeared from

!the air within, on average, about 2 minutes after spray
|

| disappeared in about 15 minutes, and nuclei of about i

: prodﬁction, nuclei of about 10 microns diameter

%5 microns in diameter disappeared in about 60 minutes.
%Calculation from these times of 100% removal gave
!sedimentation rates of 0.014, 0.0019 and 0.00047 meters
per second for nuclei with diameters of 20, 10 and 5
|microns respectively. These values, recorded in

Table 53, were in close agreement with the values

calculated from Stokes' law by Wells (1934).

| Disappearance/
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} Disappearance of bacterial air contamination may
‘be brought about by three factors, sedimentation,

!ventilation and bacterial death. It is thought that |
' i

!the disappearance of air contamination in the present

experiments was almost entirely the result of

sedimentation. The test chamberswere unventilated

except for the small spaces around their close fitting

doors. Almost certainly their ventilation rates werei

considerably less than 1 overturn per hour. Air

withdrawn for sampling from the 70 cu.ft. chamber never

famounte& to mére than about 0.1 overturns per hour.

The equivalent ventilation rates of the observed
idlsappearanccs were much greater, ‘mainly between 1 and
|10 overturns per hour; the observed disappearances
must have resulted from a more rapidly acting cause
!than ventilation. Removal by ventilation probably was|
| ; |
gappreciab;e'only in the case of the smallest nuclei,
undér 2 microns in diamefer, which sedimented slowly
and disappeared from the_chambef eir at an equivalent |
Nentilatién rate of less than 1 overturn per hour on
some occasions. The death rate of salivary commensal
bacteria in droplet nﬁclei is not know with certainty,
but it is probably slow ih comparison with the rate of
sedimentation of droplet nuclei. Buchbinder and

Phelps (1941) found that the median survival time of

a Strept.viridans strain in broth culture droplet nuclei

standing in the dark was about 1 day; such a death
rate would give disappearance of air contamination at

an/
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fan equivalent ventilation rate of about 0.03 overtumrns

' per hour, which is much slower than that observed.
iBactcri&-carrying nuclei demonstrated by the cultural
| method disappeared from the air more rapidly than
Congo red-containing nuclei demonstrated by the

microscopical method; this is regarded as due to the |

|
!largcr average size of the bacteria-contsining nucleil
.(see Table 18), and not as due to rapid bacterial death.
In experiments made by microscopical observation of
iCongo red-containing nuclei, the question of baeterial
.death did not arise, but another factor may have played
%a part in bringing about apparent disappearance of air
'contamination. .- For some reason not yet understood,
' the Congo red-containing nuclei often turned black ‘;'i"
'within 2 or 3 hours after spray production; after such
ltimes only the smallest nuclei were still airborne
iand these when black were difficult to distinguish from
| dust particles. The results yielded by the |

'microscopical method for periods later than 1 hour

‘after spray production, may in some cases have been

'inaccurate.

In the different experiments without the fan run |
ithroughout, the maximum duration of air carriage
iobserved varied from 5 to 30 hours for Congo red=—
!containing nuclei demonstrated microscopically (Table
é38), and varied from 1 to 2 hours for §§;ep§.viridans—i

|
|containing nuclei demonstrated culturally (Tables 21

!
land 23). It was thought that a more prolonged air
carriage/

|
|
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{carriage of bacteria-containing nuclei might be

lobserved if the mouth secretions were ertificially

‘inoculated so as to contain a much higher concentration

;of *yiable bacterial units" than was supplied by the
;natural commensal flora; in this way more of the
;smallest and most slowly settling nuclei would be
‘infected and made capable of cultural recognition.
.The anterior mouth of the test subject was inoculated

iwith 1 milliliter of a dense suspension of spores of

|Bemesentericus. The test subject gave 10 simulated

sneezes from standing height into the 100 cu.ft.

chamber. Sampling with the slit sampler on to nut rient’

agar plates was repeated at intervals during one day.

After incubation of the plates, the distinetive colonieg

of B.mesentericus were counted. Air contamination

iwith droplet nuclei containing B.mesentericus was found

to persist for 8 hours but not for 15 hours. After

icomplete disappearance of B.mesentericus from the

fchamber air, a person wearing a sterile mask and
‘dust-proof gown entered the chamber and marched
E-("rmfa.rkec'i time"); the air was aggin sampled. This

\procedure was repeated on several successive days and

on each day the air was found to become reinfected

with B.mesentericus-containing nuélei raised from floor

ior walls by the disturbance of the marching. These

iexperiments with B.mesentericus are recorded in

Table 54.

|
|
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Jscction 32: Calculation of sedimentation rate of
| droplets and nuclei from counts made microscopically
on slides exposed on the floor at 5 feet below the

mouth at various intervals after spray production.

The test subject took Congo red or eosin into his
mouth and, while standing erect with his mouth 5 feet
r.s.a.bcn;re'tlf)e floor, gave a simulated sneeze horizontally
forwards. A number of plain glass microscope slides
‘which previously had been placed side by side on the
floor 2 to 3 feet in front of the test subject and
which were covered by tinplate lids, were uncovered

[
for various durations and at various intervals after

the sneezing. The slides were examined microscopically

'and the droplet marks and droplet nuclei on a known

H

area were counted and measured micrometrically.

The experiments for observation of the settling

(of the large droplets were made in the 1700 cu.ft.

chamber. The slides were exposed for successive

2-second periods following the sneeze. The observations

Emade in two experiments are shown in Tables 45 and 46;
i!'[',1'11'3 numbers of droplets of each size and the total
number of droplets of all sizes which reached the |
ifloor in each successive é—second period, are shown.
éThe droplet mark diameters are given and the diameters
%of the spherical parent droplets may be calculated as

ione third of these. The droplets reaching the floor

in the successive 2-second periods were progressively

smaller in size. The commonest droplets reaching the

floor in 1 to 2 seconds had a diameter (spherical) of

about/
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'about 200 microns at the moment of impact. According
|to Wells (1934) a water droplet of 200 microns diameter
takes 7 seconds to evaporate completely in unsaturated
lair at 18°C. Thus, a saliva droplet of 200 microns
diameter would shrink very little during the 1 to 2
seconds while it fell from mouth to floor, so that its
bdiameter as calculated at the moment of reaching the

floor may be taken to represent approximately its

diameter at the moment of leaving the mouths From

the observation that 200-micron droplets took 1 to 2

|seconds for falling through 5 feet, the sedimentation

Erate of 200-micron droplets was calculated to be
|
‘between 0.85 and 1.7 meters per second; this value,

irecorded in Table 53, agrees with the value calculated

| |
ifrom Stokes' law (see Wells, 1934). The commonest j

droplets reaching the floor in 2 to 4 seconds had a

!
|ealculated spherical diameter of about 100 microns at
|
|the moment of impaction. According to Wells (1934),

‘& 100-micron water droplet in unsaturated air at 18°C.

requires only 1.7 seconds for complete evaporation.

Thus, although saliva droplets probably evaporate more
slowly than water droplets, it is not unlikely that !
the droplets which were calculated to be 100 microns t
in diameter at the moment of reaching the floor were
appreciably larger at the moment of leaving the mouth..
IIt is not surprising, therefore, that the sedimentation
rate calculated for these ﬁlOO—micron“ droplets,

namely 0.43-0.85 meters per secbnd, was higher than

that calculated from Stokes' law, 0.3 meters per second

s
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(see Teble 53). Between 4 and 14 seconds after the
sneeze, even smaller droplets reached the floor.

%These were calculated as ranging from 25 to 100 microns
in diameter at the moment of reaching the floor. They
imust have been much larger at the time of leaving the

mouth, perhaps from 100 to 150 microns in diameter.

i The experiments for observation of the settling

E
|of droplet nuclei were made in the 100 cu.ft. chamber.
|

!'The slides were exposed for 1 hour or 18 hours.
!Table 47 shows the numbers of nuclei of each size
found on the slides in four experiments. It was
assumed that nuclei of the smallest size found on the
slide must have settled from the air on to the floor

in large numbers. The time of 50% removal by

sedimentation of nuclei of this size was taken to be

very approximately the duration of exposure to S
sedimentation. .Thus the sedimentation .rate of nuclcif
of this size was calculated as being of the order of
1.7 meters divided by the duration of exposure to %
sedimentation. Nuclei of 5 microns diameter were the
smallest found after sedimentation for 1 hour; their
sedimentation rate was calculated as about 0.00047 i
meters per second. Nueclei of 1 micfon diameter were
the smallest found aftef sedimentation for 18 hours;

their sedimentation rate was calculated as about

0.000025 meters per second. This method of calculation

is of doubtful validity, and the close agreement
|

between these calculated rates and the values derived
from Stokes' law (see Table 53) may be fortuitous.
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Section 33: .Observation of time required for droplet
| evaporation and droplet nueleus formation.

— o o o Vo o e e e e e e L =

from glass fibres. Special experiments were described
| |
|in Section 25 for determining the amount of shrinkage
occurring in droplet nucleus formation. Drops of

|tap water, drops of saliva and drops of saliva with

1-2% Congo red were suspended from the ends of glass

|
fibres held in the low power field of a horizontally

‘placed microscope. The diameters of these drops were
|

!measured by use of the eyepiece micrometer scale. The

time of complete evaporation was measured, until the

I
iw&ter drops had disappeared entirely and until the

residues of the saliva drops had ceased to shrink.

Concurrent wet and dry bulb temperature readings were
made, and the relative humidity calculated. Table 13 |

shows the observed times of complete evaporation of the

differently sized drops. The times, even for plain
water drops, are greater than those given by Vells.

(1934).

o e e e e mm s mmm mem mm e s Smm e N mem emm e mew aen e s T e ommm e

— e o e e e e o e e = e . =

P glass or celluloid slide was placed on the stage of
'the microscope. The observer applied his eye to the
PicroscOPe and focussed the surface of the slide with
:the low power (2/3in.) objective and micrometer
eyepiece. The test subject stood in front of the

microscope with his mouth about 1 foot above the slide,

and/
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i
|
and from this position gave a simulated sneeze towards |

|
|
|
‘the slide. The observer started a stop watch at the

|moment of the sneeze. If a droplet landed on the
ipart of the slide seen through the microscope, the

| observer watched and timed the evaporation of that

|

i :

|droplet; evaporation was regarded as complete when
1 ;

i

the fluid edge had completed its retraction centrally
l
|
i

and ¢rystalline deposit was apparent at the centre.

' The diameter of the droplet deposit mark was measured
i

|micrometrically and the diameter of the spherical

|
iparent droplet was calculated. Table 52 shows the

1GVaporation times thus observed for differently sized

|droplets. It is to be noted that the conditions of

ievaporation of a droplet flattened on a slide may be
ivery different from those of a droplet flying through
iair. However, except for the largest droplets, these=
1times agreed closely with the times observed and

‘and calculated by other methods.

B . T T T T e = e e I =
— e mms e T amm  ew  mam mme mm? mm o e o wmY s mm

— e e e e o e e s e e e e s e e — e e s em Sma am

| The test subject took 0.1 grams of Congo red into his
mouth and gave a simulated sneeze into the 2% cu.ft.
[chamber or the 1700 cu.ft. chamber. The fan was not
used. A stop watch was started at the moment of

sneezing. After a measured interval of 0, 1, 2, 3or 4

seconds, the glit sampler was run during the course of

one second to take about 1/60 cu.ft. of air on to an
!unailed/ ,
e N e L e e o —elseaeee o e e
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funoiled slide. The slide was examined microscoyicallj
gand the droplet marks and droplet nuclei were counted |
|and measured micrometrically. The droplet nucleil weré
ireadily distinguished from the marks of droplets whichi
éwere still liquid at the moment of sampling; the
Ilatter were lighter in colour, without depth of focus }

'and much greater in dismeter (see Section 14 and

‘Frontispiece). This distinction was maximised by the

‘use of unoiled slides which allowed free spreading of

' the liquid droplets. The unoiled surface probably did

Inot retain as large a proportion of the nuclei as did

an oiled surface. In some experiments, a second

i"slit sampler" was used so that two samples might be

|taken in close succession. Tables 48-51 record the

fobservations made. The largest nucleus observed in
|

the first second after sneezing was about 11 microns

|in diameter (i.e. from a parent droplet of about ;

|
|

|44 microns diameter), and the largest nucleus observed
'in the second second after sneezing was about 15 microns

in diameter (i.e. from a parent droplet of about

60 microns diameter). This suggested that in natural

droplet spray & 44-microns droplet evaporates to a

‘nucleus within 1 second and a 60-microns droplet
ievaporates to a nucleus within 2 seconds; the time of
evaporation of a 50-microns droplet is indicated as

|being between 1 and 2 seconds.

When a longer time was available for evaporation,

larger/
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larger droplets became airborne nuclei. In the mouth
spray experiments described in Sections 23 and 24, wheq
the falling height was 5 feet and unlimited time (over
a & minute) was available for eveporation, the largest
nuclei found in the air with rare exceptions were less
Ithan 25 microns in diameter (Tables 11 and 47); the
Ilargest droplet capable of becoming a nucleus while
still airborne was thus about 100 microns in diameter

(25 % ). Between 10 and 20 seconds was the longest

= : . -
time available for evaporation and nucleus formation

by the droplets before they fell on the floor; in the
experiments described in Section 32, the smallest and
most slowly falling droplets which reached the floor
still not completely evaporated, were observed to reach
Jthe floor at about 15 seconds after spray production
:(Tables 45 and 46). Slightly smaller droplets
evaporating in a slightly shorter time, say 10 seconds,
would be the largest droplets capable of becoming
nuclei while still airborne; for the reasons given
above, these were thought to be about 100 miecrons in
diameter. Thus, the evaporation time of a 100-micron

droplet was about 10 seconds.

Comparison of Evaporation Times Observed and Calculated

e | e o mmm ws e e e e mm mmm meea e e G mem G M e Sme e e e e e

by Different Methods. To facilitate comparison, the
droplet evaporation times which were observed and
calculated by the different methods, were assembled in

a single table, Table 55. This table shows for each

droplet size and each method of observation the average

observed/
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observed time for complete evaporation (Columns 2-6).

|
The overall average for each droplet size of the values

'given by all methods (Columns 2-6), corrected so as to

‘be proportional to the square of the droplet diameter,
'are shown in Column 7. These observed evaporation |
itimes for mouth spray droplets at about 16°C. and 60% |

|relative humidity are 7 to 8 times larger then the !

‘times calculated by Wells (1934) for water droplets at |

1189¢, in unsaturated air.
!
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Section 34: TABLES, GRAPHS AND FIGURES.

Tables Presenting Original Observations:-

1, 2’ 3’ 4, 5, 6, 8, 9’ 11, 13, 20, 21’ 23’ 25’ 26,
21528, 30; Jky 32, 35, 34, 05,365 31, 39;-40; 41, |
42, #5; 46, 47, 48, 49,150, 51, .52 snd 54. |

i Tables Presenting Values Derived by Calculation or
Composition from Original Observations:-

7, le, 12, 14, 15, 16, 17, 18, 19, 22, 24, 29, 38,

43, 44, 53 and 55.
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Table 13:- :I‘_i%? of _ oration and Mltm ’
fter oration of Droplets Hnngi_n%
rom ylasg Fibr erved Microscopically
Initial Final Ratio of | . Time of Temp.|Rel
Diameter | Diameter |pj; Evaporation ]
/in Mierons|in !-ﬁcron.'a_Dla‘mete15 in Winntes | oF - |Hom
8 1000 340 [2.9 to 1| 30} 63 (587
1140 330 (35 tel] 288 | 63° 585
§ 980 300 3.3 to 1 26 63° | 58%
S 1224 400 3.1 toll 37 630 60%
8 1230 320 3.8 to 1 36% 63° |60
s 1310 280  |4.7 to 1| 37 63° | 607
B
él 1110 305 [3.6tol] 32 | 59°|57¢
| 1860 270 (5.0 tol| 37% | 61°|58¢
S| | | e
a| 1300 220 549 to 1 - | 59 (617
8 1450 350 (4.1 tol| 60 | 59°|61%|
A 530 150 [3.5tel| 14 | 58°|757|
« 1050 340 3,% to ] 44 58°175
i. 0 - Q
"" : erage: - = o.2 ol
| 950 290 8.3 te 1 25 63° | 58%
g 1350 | 280 . |59 te 1| &7 63° | 607
% 1224 | 300 4.1 to 1| 29 | 59°57%
| : J_
wl 1090 250 |4.4tol| 35 | 617158%
5 520 PO, |7k te 1] 68 | 61°|58
8 1275 306 |4.2tol| 35 | 61°|58%
[ % | "
8 1360 250 5.4 to 1] . | 59061
ol 1275 180 (7.1 tolf 30 . 59061
440 120 ' {37 te 19 44 | 501617
1200 210 57 to 1 126 . 5% |61,
- 99 160 _16.2 to 1 36 | 58°|75%
verage:- 5.2 to 1 |
868 0 18 | 632(58
b 990 0 21y | 63°(58%
D i
s 1000 0 25 | 59°|57%
« 1090 0 23 | 61958
S 500 0 6% | 61° 58%
2 1000 0 29, | 61°]567
2 500 0 54 | 61°|58%
| . { |
o 1360 0 =gy | 61°158%
4 1275 0 34 61° | 58
1620 0 56 61 | 58%
| 1000 0 24 61° (587
500 0

7 61° | 587



| * - f : i of fach
e o S T T B
| Measured {spgaxyNG | COUGHING | SMERZING | Selcuiatel
Mié?ons (Loudly) |(all kinds) (gﬂ'ﬁig%egc) Dr:ga{g%tin
% % % Pﬁcrons
(of 2000)| (of 2000) |(of 14000)

ra 0.50 0.85 4.4 A

S 3-~1| 5.8 53 18.6 2~ 4

e ) T 21.9 34,8 4 -8
'] 2 ==k 850 36.6 26.7 8 - 16
o 4-61F 17.6 18.5 9.1 16 - 24
ol 6 -8 | 10.7 8.6 3.5 24 ~ 32
Al 8 -10 5.5 4.6 1.6 32 - 40
— 10-12 | 2.5 1.7 0.69 40 - 48
of 12-14 0.80 0.85 0.31 48 - 56
< 14-16 0.15 0.45 0.19 56 ~ 64
= 16-18 0.05 0.25 0.09 64 - 72
18-20 0 0.23 0.03 72 ~ 80

{ 20-25 0 0.12 0 80 ~100
| 25-50 0 0.05 0 100 -200

(of 3000) (of 6000) | (of 600C)

0 -10 0 0 0 0~5
10-20 0.67 0.53 1.2 5 - 10
20-30 2.8 | 2,6 3.6 10 - 15
30-40 6,7 e 10.2 15 - 20
40-50 7.5 8.9 115 20 ~ 25
50-100f 19.9 22.5 31.7 25 - 50
100-150| 17.7 17.8 18,5 50 - 75
150-200f 11.7 | 10.5 7.9 75 -100

Sl 200-2501 8.7 | 6.5 4,2 100 -125
» 250-300( 7.1 5.4 2.7 125 -150
300-4001 6.0 6.1 3.1 150 -200
400-500f 3.3 4,3 2.2 200 -250
500000 6.6 5.4 2.3 250 -500
100020 1.4 1.5 1.0 500 -1000
20004000{ 0.07 0.25 0.13 1000-2000




Table 15:~ Calculated Composite Size Distribution of |
Droplets Egpelﬁec in Speggingg Couching and
Sneezing: Percentage in Js ize Group.

(For parent droglet diametersggﬂer 48 microng, the
gize distribution calculated from droplef nucleus |
measurements was taken: i.e. as in tables 11 snd 14,

For parent droglet diameters over 48 microng, the
size distribution calculated from droplet mark
measurements was taken: i.e. as in tables 9 and 14.

The two size distributions were equated at the 40-

micron gbscissa bg applying the ratios given by the
percentage distribution curves, graphs 3, 4, 5

< [Calowlated| _ ATV e
2 gagm?teg | SPEAKING COUGHING SNEEZING
i |k Fareh ey : (natural and
& | Droplet (loudly) (all kinds) :
e S y | simulated )
ng 1-2 0.374% 0.72% | 4.2
<8 2-4 4.3% 4.4 18.0¢
S | :
=g 4-8 17.0% 18.0% \ 84,04 |
bl B8.16 | 2504 | 31.0% 26.0%
B 16 -24 | 13.0% 1604 - 8.8%
aH 24 - 32 7.9% v.3% | 3.4%
|

=8 33 - 40 4.0¢ 3.90 |  1.5¢
e S onaT R R Tl e e T e e

40 - 50 I 3@2/0 2.4% 0.8?%
% | 50 - 75 7.2% 5.0% 1.5%
SF 75 - 100  4.8% 2.9% 0.64%
=2 100 - 125|  3.57 1.8% 0.34%
S 125 - 150 2.9% T B 0.22%
54 150 - 200/ 2.4 1.7 0.25%,
Sy ve 1
‘;‘g 200 - 250 1.8% 1.2% 0.18%
© O |
55 250 - 500 B == 4,5 0.18%
85 500 -1000 0.57% 0.42% 0.08%
SE 1000-2000(  0.03% 0.07% 0.01%
A11 under: o :
100 Microns 877 92% 99%
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Tgble 17:- Number of Droplets of Each Size elled
(a) by Speakine 100 Words a Cougz
and (c¢c) by = Sneeze.

(Calculated from percentages in table 15)

Calculated ! '
Pt e o | et
1£w§£%53ns§ 100 Words j Sneeze
2l .1 =2 P 7| 42,00
Bl —m iy £ e 44 180,000
° 4-8 LA 180 | 340,000
g* 8 -16 85 | 3lp. i 260,080
m| 16-24 13 160 | 88,000
o| 24-32 8 73 34,000
=~
S| 2 -4 4 39 15, 000
| 40 - 50 3 24 8,700
-g 50 - 75 | e 50 15,000
el 75 - 100 5 29 6,400
F| 100 - 125 4 18 3,400
5| 125 - 150 3 15 2,200
2.1 150 - 200] e 17 2,500
8| 200 - 250, 1L 12 1,800
f 250 - 500, 2 15 1,800
=1 500 -1000 (= 4 800
= | 1000 2000 g 1 100
- 100 1000 1000, 000

* for this calculation, suitable totgl droplet numbers
for each exgirator¥ act were chosen which were of
Ehglsage order as the observed totasls recorded in

able 4,
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Table 45:- Number of

rks of
zpoee ot 0}

fac

Si

eet below

imulated Sneeze and t

Di

ed-Containine Droplet

gtqﬁﬂﬁliis,%_m}e_s
lou 5t

erent Times

ne Calculated Averace

Sedimentation Rates of these ]

Droplets.

Diaﬁgter Slide Exposure Time in Seconds after Sneeze
\Microns | 0-8] 2-4] 4-6] 6-8] 8-10]10-18]12-14[14-16
RS R I B TR T
50 = 75l A eslone i | e g
qoam oo o BRETR I B T O B S | R R
teoaso | 1| 1| 5| 3| so| el al o
1502605 1 b A s [an el Al Tl e
200-300 | 1| 8 |2el18| o] o| ol 0
soo= 406 | 1 1A | 2h ool Bl el o
20-500 0| 6| 0| ol o of of o
500~ 600 | 14 = 0 0 ? 6. o ! 0 % 0 i 0
600-700 | 10 | 0| © 0| 0 ool R 0
Toe-8e0:) 61 -0 B @ O} 0| @4 ©
goo-lo00 | S/ 0| of of o| o] of ©
1000-1500 | 4 | 0 ol el ol -eidel 6
15008000 | 0| of of of o] of o o
B000~5000 f el wifioae 0 0o 0]
Booo-mooo | L 0| o o o] of of o
A1l Sizes | 52 28 28 | 33 | 48 36 i 18| 4
poan Brea | 451 36 | 30 | 62| 62| 56 115 | 193
ﬁgm%efmp?‘ |52] 83 |40/ 22| 33| 28| 7| 1
Bote in® | 1.7 0.850.43:0.281 0,21 0,17 0.14(0,12-
lieters per| 0,85 045 0:28 0.21 0.17 .14 0.12| 0.1

! numbers marked thus (5') indicate droplets of which
some were larcely evaporated before reaching slide.

# one second was taken as the shortest éettling time.




Tgble 46:~ Number of

larks of

Hac

ongo Red-Containing

Z Ll&ﬁg_ﬂzgﬁggd
he ?edimentina Droplets at Feet below the
n at Different Times er a Simulated Sneeze

G
and Calculated Averace Sedimentation Rates.

Dia?ﬁter 'Slide Exposure Time in Seconds after Sneeze
| Iicrons 1§ 0-2 } 2-4 | 4-6 % 6-8 | 8-10! 10-12. 12-14
TR S R e e 0.1 206
50 =75 -l &0 0 0 0 L % 0
7 -10| 0 | 0 | 0 ; B j T
100 - 150 | O | © S [ -8 5| B 0
180 2860 |0 | 0 | Bof.6 | B e B
200 - 300 !' TN R S S 0
300 - 400 E g hum. B o= 0 o 0
iog <500 2 -4 6 (‘@ e | 0 0
500 - 600 | 5 0 0 0 @i 70 0
geo -0 | 2. 1@ [0 | 0.} O 0 0
700 - 800 | © 0 0 0 0 0 0
800 -1000| 0 | 0 | 0 | © : 0 o o
1000-1500 | 1 e I T S Bl =0
1500more | 0 | 0 (.0 | 0 | 0| 0| 0O
A1l Sizes | 10 | 2¢ |33 | 28 |19 4 .0
oan Brea [ 30 T 23 [ 20 [ 50 [0 | 86 [17
%gmggrﬁm?r; 11,048 60 baa b e | 0
Settline | | -

Rate in | 1.7-|/0.85-(0.43-|0.28-0.21~| 0,17~| 0.14-
Meters per| 0.85 0.43| 0.28| 0.21| 0.17| 0.14| 0.12

Second . | L |
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Table 48:- Egmbgr of Congo Red-Containine Droplet

flarks and Droplet Nuclei of hach glz?
Qbserved M;crosconlca11¥ on Glass Slides osed in
gllt %ﬁﬁnlgr to about 1/60 Cu.Ft. o A%? of a
X namber at Different Times after its

Qontgﬁingtion by a Simulated Sneeze.

Experiment 1, [[ Experiment 2, ] Experiment 3,

Diameter %fgpéég%ng; gégpéiggngg %ﬁgpéég%ngg
in ter Sneeze after Sneeze er Sneez

Microns{Droplet Droplet Droplet |DropletiiDropletiDroplet
Nuclei!| Marks il Nuclei| Marks || Nuclei| Mark
- % | 17000 0 0 0 19000 | ©
3-112m00]| o0 ol o0 | lo000| o0
1-2]46000| o0 | 10000| o 6500 | O
' 2-4f2z000| 0 17000 © 6500 | O©
1-6| sap0| 1 || 00| o || 1500| o
' 6 -8 ' 170 | 3 510 | 1 650 | ©
8 - 10j O[5 e | 1 200| ©
fo—~1af ‘o0 o 1 0| o0
12 - 14 Gl 8 o| ® 10| 1
RN T St 7 e 6.2 gl 71
16-18) o d 6l 8 rlseg
16-a30). 0| 5 g3 o| 1
120 - 25 g 3 ol 2 I
25 - 30| 0 frwA L O | ol 2
so-4d0f ol 1 Gloa feled
40 - 50 ol 10 gl ot mfes
50 - 75 o| & o, 4 ol ¢®
7 00 0 0 0 0 I o%t 4
100-125| ol 0 O 20| i1
125- 0| O ol o f o o

A1l except the smallest numbers (under 10) given for
the droplet nuclei, are not the actual counts made
put are estimates based on counts of nuclei in a
known fraction of the dust-line. The numbers given
for the droplet marks are the actual counts for the

whole dust-line.




Table 49:- Number of Conco Red-Cont ining roplet
rks d Droplet Nuclei of Hach Size
Qbserved Microscopically on Glass Slides Exposed in
it amnlgésto_%sgutfli60t0u.ﬁ : o:tAlr of a %Q
g%;fii Chamber at Different Times %f er a Simlated
was Delivered Toward 3§

Diameter; Samgleaegénggn at Eamglereganggn at
Mié?ansi D?opfgtsn?3530plet ¥ Drgpigg ?n%3§§1et
1 Nuclei i__Marks Nuclei _ Marks
-4 o R e | ERREN S AT
e e e R i e
1 -8 38 R 0
g sl a8 3 E' 5 1
4=6 1l ~an g s 2 0
6-8 | : r 0
8 - 10 4 1 II 0 0
10 = 12 4 T | 0
12 - 14| 0 gl =g 1
14-16/| o0 e | 0
16 - 18, 0 e RS 0
18 - 20 0 = 1
20 - 25 0 T | L i
2-380| 0 W | BE 0
30 - 40 0 g 1l —<p 1
40 - 50 0 4 0 5
50 - 75i 0 9 0. | 3
75 -100| 0 1 HE S
100 -125, 0 MR | ST N T
125 - 0 g it 0

Both samplers were run in relation to the same sneeze,.




Table 50:- Numb ne Dropl
Marks and Droplet Nuclei of a_m%ze
QObserved lficroscopically on Glass Slides Exposed

er of Congo Red-Containi

in

to about 1

60 AP0

Cu.F't. o

Two S1it Samplers Pt. of Air of a
1700 Cu.Ft, Chamber at Different Times after a :

Simlated Sneeze Was Delivered T th
Lok, istance of 1+ Feet: Numbe

! Sémpler A. Run at Sempler B. Run at
Diameter| Q-1 Seconds 1-2 Seconds
An after Sneeze after Oneeze
e g
1-% 0 RIS | 0
3.a |l BoF o || aof 0
1-3 || 30 o || soof 0
ale 4 ; | 00 | 0 4207 0
4-6 || 150 | o || 100" 0
Biw& 1. 16| 1 || 20 0
8-10/| 2 | = e L
10 - 12 Sy R 2 0
12 - 14| g 1 | 1 0
TR BN e 6= 0 0
B e el B 2
18 - 20/l - ®© e 0
30 ~g5 0 e 1
25 -30|| 0 i 0
20+ 401 ‘o g i 0
0 -5 0 1 0 0
80~ 75/ 0 2 0 2
T R R RS =
Vo o o | T S - Sheoaey 1
125 -200 ! gt 0 l 0 1

# numbers marked thué are not actual counts, but are
calculated from counts made on a known fraction of
rt of the dust-line regresentlng 1/600 Cu.Ft.

the

a
whicﬁ was scanned and counte

nuclei in other categories,

Both samplers were run in relation to same sneeze.

for the marks and




Table 51:- Number of Conco Red-Containine Droplet
rks and Droplet Nuclei of Hach Size

QObserved M%%?bscopicall% on Glass Slides Eg%osed in
_%ﬂ:%mlﬂe o _about 1/60 Cu.Ft. of Air of a
1700 Cu.ft., Chamber at Different Times after a

Simuilagted %geeze ﬂ%s Delivered Towards lers from|
istance of 15 Heet: Numbers for Kt LY.

Sampler A. Run at || Sampler B. Run at
Diameter %-2 Seconds - || ~4-5 Seconds
in ter Sneeze | ter Sneeze

Microns Droplet | Droplet || Droplet Droplet
, Nuclei ., Marks éé Nuclei Marks |
o o SR T (R 0
k-1 || 280t | | 0
0 S L 0 1407 0
e S T 0 150" 0
4-6 || 330 | o et 0
6-8 || — 160f | a || .7 0
sgo L aoef | 2 W et 0
e R 3 I} s 0
TN El e e CO RS (e 0
14 - 16 || 5+ 3 | 0 0
16 - 18 || 0ui | 1 0 0
18 - 20 | 0 0 0 0
2 - 25 | 0 7 0 0
25 - 30 | 0 1 0 0
30 - 40 | 0 9 0 0
40 - 50 | 0 5 0 1
50-75 || 0 12 0 1
75 -100 || 0 o 0 1
100-125 I 0 5 0 0
125-200 | 0 5 0 0

# numbers marked thus are not the actual counts, but
are calculated from counts made on a known fraction
of the dust-line.

Both samplers were run in relation to the same sneeze,
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Table 54:~ Number of B.mesentericus-containing Droplet |
Nuclel per Cubic Foot of Air of a 100 Cu.Ft. Chamber
at Verious Times after 10 Simulated Sneezes Made
with Mouth Containing a Heavy Suspension of Spores.

| Téﬁ:egizzr Experiment 1 Experiment 2
| (Before Sneezing) :- 0 0 |
10 - 10% min. many : many
30 = 30% min. many many
100 -100% min. 6000 many
300 - 301 min.* 1600 224
| 500 - 504 min.* 176 -
1000-1005 min.* 0 0 |

Reinfection of air with B.mesentericus-containing
nuclei while chamber disturbed by person marching in
it for 10 minutes.

1 day | i 0 to 59 0 to 37
5 days . - 0 to 78
7 days 0.2 to 43 0.7 to 12
9 days 0.3 to 29 -
11 days 0-2 te 37 =

| ¥ At these times, the presence or absence in the:air

| of B.mesentericus as shown by the slit sampler was
confirmed by sampling with a freshly introduced

| sieve plate sampler and a freshly introduced

| settling plate.
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- |
Graph 1 :- Size Distribution of Droplets Large FEnough to be \
' Cauoht by Impingement on Slides osed in front I

of the Nouth Directly to Droplet Spray.

(from results shown in tsble 14) |

leasured Droplet lMark Diameters in Hficrons
0 3i00 290 390 490 5q0 IOQO BQOC'

e

ﬂ

ir Sneezing &——6—¢
; Coughing M

Marks per 10-Micron Ransge ofmﬁronlet. Mar'kmDiamefers
~3

—
Do

=1
—
i

=
O
i

©0
%

o

Percentace of ']_Jronlets or

L] L §

0 50 100 150 200 250 500 1000
Calculated Diameters of Oricinal Spherical Droplets in Microms




Graph 2 :~ Zize Distribution of Droplet Nuclei and 5
Droplets Small Inouch to Become Nuclei. !

(from results shown in tsble 14; measurements of droplet |
nuclei recovered from air on oiled slides in slit sampler)

_lMeasured Droplet Nucleus Diameters in Microns
gice . S4B S 2 T

i

-

Coughing 6——9
Speaking Ne—d——x

012 4 8 16.- 24 - 382 40 48 56 &
Calculated Diameters of Oricinal Spherical Droplets.in Microns|




Graph 3 - Slze Distribution of Speech Droplets as Calculated
: by the Two Different llethods, Trom Dats in Toble 14.

(a) Parent droplet diameters calculated from measurements
f droplet marks on slides exposed in front of mouth

| dlrect y to droplet spray:
| .

| (b) Parent dro%let diameters calculated from measurements
’ of droplet nuclei recovered from the air on to oiled

slldes in the slit sampler:

N

Equivalence
Range

10 20 30 .40 60 80 100
Calculated Digmeter of Parent Droplet in Ificrons




Graph 4 :-

Size Digtributi

ion of Courh Droplets as Calcul

by the Two Dif

ted
ble 14.

Fferent lethods, Trom Data in Te

(2) Parent droplet diameters calculated from measurements
of droplet marks on slides exposed in front of mouth

directly to droplet spray:

I I -

(b) Parent droplet diameters calculated from messurements
of droplet nuclei recovered from the air on to oiled
slides in the slit sampler:

L

& ®

Equivalence
Range

A

i
4

10 20 30 40 50 60 80 100

Calculated Diameter of Parent Droplet in Whicroms,




| raph +- Size Distribution of Sneeze Droplets as Calculated
b e Two Different Methods.from Data in Tgble 14 ,

(a) Parent droplet diameters calculated from measurements of
droplet marks on slides exposed in front of the mouth

directly to droplet spray: Ny

(b) Parent droplet diameters calculated from measurements of
droplet nuclei recovered from the air on to oiled slides

10- in the slit sampler:

===

Equivalence : |
Range
— |

AL L L LIE

1o 20 30 40 5 60 80 100 120
Calculated Diameter of Parent Droplet in Micronms. -




“irggh 6:- Disappearance frgm A;g gf ZQ ﬂg,Et, Q amber of

| Drop Nucl. ) ' rves :
Construyct Averace Fiou oiven in Tables 24 & 38. |

Bagtgria:c:@rzying Nuelei:-
fen run only during first minute:-
f fan run threnghout:- — —— - - w
| 100 All Microscopically Visible Nuelei_ (with Congo_Red}:-

fan run only during first minute:- I
fan run throughout:- ——————-

60 !

fControl Tevel!

— —

0 15 30 45 60 75 90105120 150 180 240/
Time in Minutes after Sneezing

'Control Level! of air infection before sneezing ig shown for
bacteria-carrying nuclel




Bacteria-carrying Nuclei:-
fen run only during first minute:-
fan run throughout:- —————eee--

fan run only during first minute:-

0

5 10 15 20 25 30 35 4045 50 55 60 65 70 75 |

" Time in Minutes after Sneezing




Figure 1:- Microphotogr x 100) of Congo: Red-
Containing Sneeze Droplet Marks.

0.1 grams of Congo Red was taken into the mouth and a
| 'natural sneeze! delivered towards a glass slide held
at 6 inches in front of the mouth. Aiter drying, the
islide was examined and photographed with the low power
|of the microscope. The field shows droplet marks
rangine in diameter from 20 to 500 microns.




Figure 2:- Microphotograph (x 1 of a Gram-stained
Sneeze Droplet lark Containino Commensa
Bacteria and an Fpithelial Cell.

A 'natural sneeze' was delivered towards a glass slide
held at 6 inches in front of the mouth. Affer drginp,
the slide was fixed by heat, stained by Gram's method
and photographed with the oll-immersion objective of
the microscope. The field is largely occupied b{ a
single droplet mark with a diameter approaching 10O
microns.




F:l.gure 3:- Showing how the dust-line is scanned from
side to side in transverse bands as BEEET
passed under the micrometer scale.

Dust-LiNg 29mMm. 1N TOTAL LENGTH
A

Dust-PARTCLES AMD TransvERSE BAnD ~Microscore FIELD Witk
DropLET NMuCLE! 170 MICRONS 1M WIDTH MICROMETER SCALE




Figure 4:- Microphotograph (x 1000) of Congo Red-

Containine Sneeze Droplet Nuclel and
Dust Particles from the Air.

0.1 grams of Congo Red was taken into the mouth and a |

'natural sneeze' was then delivered in a small room.
At one minute after sneezing, air from the room was
sampled on an oiled slide in the slit sampler. The
slide was examined and photographed with the o0il-
immersion objective of Ehe microscope. The field
shows about fifty droplet nuclei which range in
diameter from ¢ to 12 microns and are mostly
spherical, and also numerous irrecularly-shaped dust
particles of small sigze.

(a) Photoeraph Untouched:-

(b) Droplet Nuclei Touched Up with Red:-




The two

oged in Slit Sampler.

photographs were taken of the same field at

different focal depths, using an oil-immersion

{ 5 how the nuclei are measur
micrometer scale (divisi

Fio.5:~ Dust particles

object1ve and micrometer eyepiece:
the three-dimensional solidit

gcral

they illustrate
of the nuclei, and
ed with the eyepiece

on: 1.7 microns

iches on surface of slide

and margins of &

ma 1]

nuclei are in focus,

but mareins of the

two largest nuclei are

out of focusg and bl

urred. |

Fig.6:- Dugt particles, scra

tches on surface of slide

and marging of smal]

| blurred, while marcins of the two larce

| nuclel are out of focus

ocussed.

and
nuclei are sharply 1




awi Drople clei and
" Exposed in the S'it?Samnler.

Magnification: x 1000

The droplet nuclei are colored red because of

their content of Eonpo ?ed, this dye having
prior toysneezing.

been taken into the mou




 Eiggre 8:-

Drawing of Droplet Nuclei and Dust Particles
Recovered from t ir on to Qi ideg
osed in th 1 er.
Megnification: =x 1000.
The droplet nuclei are colored pink because of

their content of Fogin, this dye having been
taken into the mouth prior to sneezing.




Magnification: x 1000

The droplet nuclei are colored black because of

their content of gndlg [nk, this pigment having
been taken into the mouth prior to sneezing.




Figure 10;- Photograph of the 100 Cu.Ft. Test Chamber

Showing Door, Slit Sampler and Glass Tube

Joining Chamber Vent to Sampler Intake.




Diagram of the Droplet-Spray Emission by
a Sneeze as Recorded in Sections 12 & 13.]

Fioure 11:-
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Figure |2:- Microphotegraph (x 1000) ef a Cough
Droplet Containing Tubercle Bacilli.

The slide was exposed during coughing in front of the
meuth of a patient with pulmonary tuberculesis; it was |
stained by the Ziehl-Neelsen method. The droplet mark
contains polymerph leucocytes and nine tubercle bacilli.
The upper photegreph is untouched; in the lower, the
tubercle bacilli are touched up with red.
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Section 35: Comparison of the sanitary significance
of the different expiratory activities in terms
of the number of droplets expelled by each.

Tables 1-6 show the droplet counts obtained by
the different methods of collection and observation.
The calculations described in Section 30 showed that
only one method was efficient in revealing a major
proportion of the droplets; this was the method which
was developed and used for the first time in the

present investigation and which involved the

microscopical observation of dye-containing droplet
nuclei collected from the air on to oiled slides by }
the slit sampler (Section 18). The droplet counts }
obtained by this method (Table 4) were much higher tha&
the counts obtained by the other methods and they will
be accepted in the present discussion as approximating

to the true counts.

The droplet counts obtained in the present study
by those counting methods which had been used previously
by other investigators, were of the same order of
magnitiude as the counts obtained by these other
investigators. For instance, the method of counting
colonies on blood agar used in an air sampler for
collection of droplet nuclei (Section 17) yielded, in
the present investigation, an average count of 40,000
bacteria~carrying droplets per 'natural sneeze'!, in the
hands of Bourdillon, Lidwell and Lovelock (1942) about

100,000 droplets per sneeze and in the hands of Wells

(1935) about 20,000 droplets per sneeze.

Thea/
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The results obtained for normal breathing require
special comment. Conflicting opinions have been |
expressed in the past about the possibility of droplets
being expelled in normal respiration. Most authors
'have coneluded that normally expired breath is free

from bacteria. However, it it difficult to obtain a

sure solution to the problem. It can be shown readily

and with certainty that large numbers of infected
droplets are not emitted in normal breathing (see i
| Table 1). It is also possible to show that mouth
breathing does not expel even & small number of
droplets containing salivary streptococci (see Table 1)
It is difficult, however, to prove that nose breathing
does not expel a small number of droplets, because the
alr is always infected to some extent with dust-borne
bacteria which include species similar to the commensal
bacteria of the nose. Thus, with regard to nose
breathing, it was necessary to rely on experiments

made with an indicator organism, B.prodigiosus,

artificially inoculated into the nasal passages.
These experiments showed beyond doubt that a few
droplets were usually expelled from the nose in 5
minutes of normal nose breathing (Tables 5 and 6).
It is quite possible, of course, that these droplets

were expelled only by the occasional heavier

expiration which can hardly be avoided in the course of
breathing; strong expiratory 'sniffs' did, in faet,
expel fairly large numbers of droplets (Tables 1 and 3)

It/
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It must be accepted as probable that Staph.aureus -

carried in the anterior nares may be expelled in very

small numbers during breathing.

Table 7 shows the averages (arithmetic means) of
Ithe droplet counts obtained by the different methods.
The significance of these average values is limited
because of the very large variation between counts for

separate expiratory acts of the same kind. The

number of droplets expelled was found to vary
enormously according to the violence of the expiratoryi
'act and according to the wetness of the lips and front |
parts of the mouth. Thus, droplet counts varied
_|between 65,000 and 16,000,000 for a sneeze, between 0 %
and 50,000 for a cough and between 0 and 770 for

speaking 100 words (Table 4). F

The average rate of droplet expulsion was

approximately 1000,000 droplets per sneeze,

1000 droplets per cough, 1 droplet per spoken word,

100 droplets per strong nasal expiration, 1 droplet per

minute of laughing and 1 droplet per 3 minﬁtes of nose
‘breathing. Comparison of the counts obtained for the |
larger droplets (Tables 1 and 2) with the counts
obtained for the droplet nuclei (Tables 3 and 4) showed
that the majority of the droplets expelled by all the
different expiratory activities were small enough to

remain airborne as droplet nuclei.

In order to assess the danger of droplet spray

infection/
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infection from each of the different expiratory

activities, it is necessary to consider not only the
numbers of droplets ex?elled by each activity, but also
the frequency of occurrence of each activity among
healthy and ill persons. No figures obtained by mass
observation have yet been published for the normal
frequency rates of the different expiratory activities.

However, it is possible from general experience to

estimate roughly the probable limits of this frequency.

A healthy person having three or four colds a year

|
probably gives between 10 and 1000 sneezes a year, and |

| so expels between 10,000,000 and 1000,000, 000 dropletsi
per year by sneezing. A healthy person may give from!
1 to 10 coughs a day, and a patient With_respiratory
tract disease up to 100 or 1000 éoughs a day; thus,

by coughing, the healthy person may expel between
400,000 and 4000,000 droplets per year, and the patient
between 100,000 and 1000,000 droplets per day of his |
illness. A normal pefson probably speaks from 1000
to 10,000 words a day, and so expels between 400,000
and 4000,000 droplets per year. By normal nose
breathing a person may expel about 200,000 droplets pex
year. Laughing is less frequent than speaking and
relatively much less productive of droplets; for this

reason it may be regarded as unimportant.

On the basis of the above figures, sneezing
appears to be by far the most important producer of

droplet spray. One sneeze expels about as many

droplets/
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dr0pléts as are expelled by a person's speaking during

one year, by a person's breathing during 5 years, or
by a healthy person coughing during one year at the

rate of 1 to 10 coughs per day. In fact if a person

|gives even so few as 10 sneezes in a year, his output

of droplets by sneezing will greatly exceed his output

of droplets by all other causes, coughing, speaking,

1
1

| breathing and laughing, taken together. Furthermore, |

the huge droplet output of each sneeze is concentrated |
in time and space, so ensuring a maximum infecting

dose to the persons exposed. The droplet output of

| speaking and breathing is distributed fairly evenly

| throughout the year and throughout the many different

rooms and other premises occupied by the infector;

the resulting air infection is necessarily very dilute.

" Apart from the frequent coughing of petients with |

' respiratory tract disease and the frequent sneezing of |

hay fever patients and snuff adicts, the expiratory

'activities mentioned above are as much exercised by

%normal persons, who have 3 to 4 colds a year, as by

?patients with respiratory tract disease other than the

common cold. Thus, with regard to the frequency and
amount of droplet spray emission, droplet spray is jusﬁ

as likely to disseminate pathogenic organisms from

'healthy carriers as from patients with clinically

gapparent respiratory infection. The 'carrier' of such

éorganisms as Strept.pyogenes, C.diphtherize,

i
' Pneumococcus, /
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Pneumococcus.and Meningococcus, will become especially

dangerous as a source of droplet spray infection when
he contracts a cold and becomes liable to frequent
sneezing. The sneezes of a person with a cold are
probably to be feared more because his droplets may
convey pathogenic bacteria which he has been 'carrying'
-in his throst or nose, than because they may convey

|the common cold virus.
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Section 36: Site of origin of the respiratory tract
secretion droplets.

It has been accepted generally and is confirmed
by the present observations that the great majority of
sneeze droplets, cough droplets and speech droplets
originate from the secretion of the anterior region of

the mouth. Commonly, pathogenic organisms may be

present in the throat or in the nose, and yet be absenﬂ
from the saliva of the anterior mouth. For this i
reason it is important to know whether or not a small

proportion of the expelled droplets may originate from

the throat or nose.

By the photographic method, Bourdillon and Lidwell
(1941) and Jennison (1942) showed that in sﬂeezing some
droplets are dischargeé from the nose. In the present
investigation, tests of sneezing with the mouth masked

(Table 1) and tests of sneezing with B.prodigiosus

inoculated in the nose (Tables 5 and 6) showed that
from 0 to 5600 droplets were discharged from the nose
during a single 'natural sneeze'. On average,
approximately 100 droplets per sneeze were expelled
from the nose; thus, droplets originating from the
nasal passages comprised about 0.01% of the total
nunber of droplets expelled in sneezing. A large

proportion of the nasal droplets were small enough to

remain airborne as droplet nuclei (Table 6).

Tests with B.prodigiosus inoculated on the tonsihﬁ

soft palate and back of tongue (Tables 5 and 6) showed

that/
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that from 0 to 2300 droplets originating from the
throat were emitted during a single 'natural sneeze'.
On average, approximatel} 200 droplets per sneeze were
expelled directly from the throat; thus, the throat
droplets comprised about 0.02% of all the dropleéets
expelled in sneezing. A considerable proportion of
the throat droplets expelled in sneezing were small

enough to remain airborne as droplet nuclei (Table 6).

It is thus apparent that in sneezing more than
99.9% of the droplets originate from the saliva of the
anterior mouth. If pathogenic organisms are confined
to the nose or throat, only a very few of the expelled

droplets can be infected.

Tests with B.prodigiosus inoculated in the throat

as an indicator of throat origin showed that a cough
made with the mouth kept well open, a ’throatfonly
cough', discharged a few droplets originating from the
throat. Between 0 and 279, on average 31, throat
dropiets were expelled per cough (Table 5). Some of
the throat droplets were small enough to remain
airborme as droplet nuclei (Table 6). The droplets of
throat origin appeared fo comprise & major proportion
of the total number of droplets discharged by a
'throat-only cough! (compare figures in Table 1 with
those in Table 5). It is concluded that only a very
few droplets of tonsillar and pharyngeal secretion are

expelled by coughing.

A/
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A few droplets originating from the throat were
found to be expelled by laughing and by speaking loudly

words containing the sound, "K", (Tables 5 and 6).

Because only a very small proportion of secrétion
droplets originate from the throat and nose, droplet
spray will be a great danger of infection only if the
anterior mouth secretion contains a high concentration

of pathogenic bacteris.
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Section 37: Size of secretion droplets and nuclei.

The original diameter measurements of 25,551 dye-
containing droplet nuclei and the calculated diameters
of their parent droplets before evaporation, are shown]
in Tables 11, 12, 14 and 47, and in Graphs 2, 3, 4 and
5. The original diameter measurements of 15,000 dye-
cohtaining droplet deposit marks and the calculated
diameters of their parent droplets in the spherical
shape, are shown in Tables 9, 10 and 14, and in Graphs
Iy 3y 4 \and'b. The calculated composite size-

distributions for unevaporated spherical parent droplets

of all sizes, are shown in Tables 15, 16 and 17.

The droplets at the moment of emission from the
mouth varied from about 1 to 2000 microns in diameter.
The great majority, 60-85%, were between 2 and 25
microns in diameter. There was not a great deal of
difference between sneeze droplefs, cough droplets and
speech droplets; the sneeze droplets were relatively
more numerous in the smaller size groups. The
commonest diameters among the sneeze droplets were
between 2 and 5 microns, and among the cough drﬂplets
and speech droplets between 5 and 10 microns (Graph 2).
It was calculated that about 999 of sneeze droplets,
92% of cough droplets and 87% of speech droplets were
smaller than 100 microns and thus were small enough to

remain airborne as droplet nuclei (Table 15).

The dye-containing droplet nuclei must have been

from/
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from 25% to 50% larger in diameter than natural dye-
free nuélei beéause of their 1% to 2% content of Congo
red. The dye~containing nuclei found in the air
varied from about % to 42 microns in diameter. The
great majority of the nuclei were between 4 and 6
microns in diameter. The commonest diameters among
sneeze nuclei were about 1 micron and the commonest
diameters among cough nuclei and speech nuclei were
about 2 microns. Relatively few of the airborne
droplet nuclei, between 3% and 2%, were larger than
;12 microns in diameter (Table 14). = Only 8 out of
;25,551 droplet nuclel were larger than 25 microns in
diameter (Tables 11 and 47). It is considered
therefore that 25 microns represents the upper size
limit for droplet nuclei. ~ It follows from this that
a dr0plef of 100 microns diameter (25 x 4) must be
about the largest droplet which when emitted at 5 feet
above the floor, can remain airborne as a droplet

nucleus.




|Paxrt 2 Section 38 Page |85

Section 38:; Proportion of secretion droplets and nuclei
containing commensal and pathogenic organisms.

It is apparent from these measurements of dropleté
|and nuclei just discussed (Section 37) that the great
majority of speech droplets, cough droplets and sneeze
droplets are small enough to form droplet nuclei which
can remain airborne for a considerable time. However,
the chances of a droPlet containing pathogenic
organisms decrease markedly with the droplet size. It
is therefore important to know whether or not an
appreciable proportion of the droplets small enough to
become airborne nuclei are likely to contain pathogeni%
organisms. Table 18 shows the percentage of droplets
likely to be infected in each size group as calculated
by assuming a Poisson-type distribution of the viable
microbial units among the droplets of each size. The
calculations show that a very low proportion of the
smaller droplets are likely to be infected when the
anterior mouth saliva contains between 1000 and

1000, 000 pathogenic bacteria per milliliter (the

concentrations of Strept.pyogenes found in most

carriers by Hamburger, 1944). On the basis of these
figures and of the droplet size-distributions shown in
Table 17, it was calculated that of 1000,000 droplets
expelled by a sneeze, only from 350 to 16,000 would be
infected, and of these infected droplets only from 6 to
5600 would be small enough to remain airborne as
droplet nuclei. Of 1000 droplets expelled by a cough,

only 2 to 88 would be infected, and of these infected

droplets, between/
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between O and 19 would be small enough to remain
airborne as droplet nuclei. Of 1000 droplets emitted
in speaking 1000 words, in say 1 hour, only 3 to 130
would be infected, and of these infected droplets
between 0 and 30 would be small enough to remain air-

borne as droplet nuclei.

These calculations that between 0.2% and 13% of
cough droplets and speech droplets will be infected,
agree well with the direct observations of Hare (1940)

of Strept.pyogenes in the cough-spray and speech-spray

of throat carriers; Hare found that between 0.3% and
3.5% of the expelled droplets were infected. The
present calculation that only between 0.002% and 3% of

cough droplets and speech droplets will become infected

airborne nuclei, agrees with Hare's failure to find

Strept.pyogenes-infected nuclei in the air sprayed by

coughiﬁg and speaking.

The calculated figures for droplets and nuclei
which will contain viable commensal bacteria, agree
well with the figures obtained by direct observation
in the present investigation. On the basis of the
composite size-distribution figures of Table 17 and the
infected percentage figures of the first column of
Tables 18 (which assume 30,000,000 viable bacterial
units per milliliter of saliva), it was calculated that
a 'natural sneeze' would produce 65,000 bacteria-

carrying droplet nuclei, that a cough would produce

170 bacteria-carrying nuclei, and that speaking 100
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words would produce 21 bacteria-carrying nuclei; these
figures are of the same order of magnitude as the
observed average figures shown in Table 3, namely
39,000 bacteria~carrying nuclei per 'natural sneeze',
8 to 730 bacteria—carrying nuclei per cough, and 13 to
71 bacteria~carrying nuclei for speaking 100 words.
This general agreement between the observed and
calculated numbers may to some extent be taken as
confirming the validity of the size-distributions
|proposed (Tables 15 and 17) and of the methods of

‘calculation (Sections 22, 25, 26, 27 and 29).

The general conclusion sﬁggested by these
calculated infected percentéges for droplets and nuclei,
is that airborne infection by droplet nuclei must be of
infrequent occurrence and of slight degree. It seems
that airborne infection by droplet nuclei will be a
danger only when, by sneezing, a huge number of nuclei
are produced and when there is a high concentration of
pathogenic organisms in the anterior mouth saliva to
ensure that an appreciable proportion of the nuclei are
infected. The maximum extent of airborne infection
is probably obtained on those rare occasions when, with
the high concentration of 1000,000 pathogenic organisms
per milliliter of saliva, a sneeze producee about 5000.
infected airborne nuclei which disperse in the course
of a minute or so throughout a room of moderate size

to give a concentration of about one infected nucleus

per cubic foot of air.
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Section 39: Sedimentation rate and duration of air
carriage of secretion droplets and droplet nuclei.

Sedimentation rates for droplets and nuclei of
different size were calculated by a variety of methods
from observations made in the present investigation
(Sections 31 and 32). Table 53 shows these observed
sedimentation rates and also the sedimentation rates
calculated from Stokes' law by Wells (1934).. The
observed rates for each particle size show close
agreement with the rates calculated according to Stokes
law. The rates of fall are such that a particle in
still air would fall through 1.7 meters to the ground
in 1 second if its diameter were 1000 microns or more,
in 1-2 séconds if 200 microns, in 6 seconds if 100
microns, in 2 minutes if 20 microns, in 15 minutes if
10 microns, in 1 hour if 5 microns and in 18 hours if
1l micron. However, the air in a room is normally in
circulation, moving round the room in one or two
minutes. Therefore, these times for falling through
1.7 meters of air would be the actual times taken to .
reach the ground at 1.7 meters below, only in the case
of droplets larger than 100 microns in diameter and
having a falling time which is short in relation to the
alr circulation time. The largest droplet nuclei,

20 to 25 microns in diameter, have a l.7-meter falling

time, about 2 minutes, which is of the same order of
magnitude as the usual circulation time of air in a
small room, In consequence, droplet nuclei of all

sizes will be maintained, by the circulation of the din,

evenly/
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evenly distributed throughout the room. Droplet |
nuclei of any one size will reach the floor after quit%
different times; their rate of deposition on the flooﬂ

|
has been calculated by Phelps and Buchbinder (1941) to;
|equal their sedimentation rate divided by the height oﬂ
the chamber: that is, in each successive second, ther%
will be deposited on the floor a fraction of the
remaining airborne nuclei equal to their sediméntation |
rate in meters per second divided by the height of the!

|
chamber in meters. Thus, nuclei of any given size
will show a geometric rate of deposition on the floor,
and so also of disappearance from the air. The
observed disappearance rate of nuclei of all sizes did,
in fact, to some extent conform to the geometric

pattern (Graphs 6 and 7).

Tables 21-43 show the disappearance of droplet
nuclei from the air of a contaminated chamber as
observed in individual experiments. Table 44 and

Graphs 6 and 7 show the average percentage disappearance

rates under different experimental conditions. The

disappearance rate of all microscopically visible

nuclei was slower than the disappearance rate of nucle;
conteining viable commensal bacteria; this was to be
expected in view of the larger average size of the
latter (Table 18; column 1). The difference was
marked in experiments in the 70 cu.ft. chamber (Graph

6). In experiments with sneezing and without the fan

run throughout, the time for 90% disappearance from the

atr/e ' ==
R



Part 2 Section 39 Page (90

air of the 70 cu.ft. chamber was from 120 to 660 minute:

o

for all microscopically visible nuclei and from 30 to 60
minutes for bacteris-carrying nuclei; the average

equivalent ventilation rate during the first”hour was !
1.2 overturns per hour for all microscopically visible

rnuclei (Table 38) and 2.7 overturns per hour for

bacteria~carrying nuclei (Table 24). In the 1700 i
cu. ft. chamber, the disappearance of all microscopicaﬂﬁ

|
visible nuclei was not ‘so . slow, not much slower than !
the disappearance of bacteria-carrying nuclei (Graph 7%
in sneeze experiments without the fan run throughout, %

|

the average equivalent ventilation rate was 3.4 overs

turns per hour for all microscopically visible nuclei |
i

and 3.5 overturns per hour for bacteria-carrying nucl eil

The 1700 cu.ft. chamber was not so well sealed against |
|
ventilation as the 70 cu.ft. chamber, so that the

faster disappearance rates in the former chamber may

in part have been due to ventilation (possibly

approaching 1 overturn per hourj.

Continuous rapid circulation of the air by the fan
was found to increase the rate of disappearance of the
nuclei, particularly in the 70 cu.ft. chamber (Table
44; Graphs 6 and 7). Presumably the great turbulence
produced by the fan in the small chamber increased the
rate of impingement of the nuclei on the sticky, oiléd
walls. Continuous running of the fan increased the .
disappearance rate by 3-fold to 4~fold in the 70 cu.ft.

chamber and by nearly 2-fold in the 1700 cu.ft. chambern

. Grestest/
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’ Greatest interest, from the sanitary point of
|view, attaches to the maximum time for viish droplet
;nuclei containing pathogenic organisms can remain in
gthe air of a room following contamination by speaking,%

| coughing or sneezing. Following sneezing in the

|
‘unventilated test chambers, the maximum duration of

|
jair carriage observed was 30 hours for microscopically |

| visible droplet nuclei about 1 micron in diameter
i(Table 30), 8 hours for nuclei containing B.mesentericus

|
| spores which had been added to the saliva to the

extent of sbout 1000,000,000 per milliliter (Table 54),

| ; : :
iand 2 hours for nuclei containing viable commensal

ibacter‘ia which were present in the saliva to the extent
' of about 30,000,000 per milliliter (Table 23). Almost
!certainly, viable pathogenic bacteria will never be
?present in saliva in larger numbers than the viable
%commensal bacteria (30,000,000 per milliliter), and
'will usually be present in much smaller numbers (e,g. ;
ilOOO to 1000,000 per milliliter as found by Hambnrger,i

11944, for Strept.pyogenes). This suggests that after |

(an infected person sneezes in an unventilated room, air

'contamination with nuclei containing pathogenie
{ £
i

ibacteria will never persist for longer than 2 hours,

‘and will usually last for a much shorter time than 2 |
;hours. In a room ventilated :to the usual extent of
fbetween 1 and 10 overturns per hour, the duration of
}air infection will be further shortened. |
i It seems very unlikely that a sneeze ever produceé

|
more/
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more than 40,000 nuclei containing pathogenic bacteriag
* |

|if indeed it ever produces as many (Table 19). In an
| |

unventilated room, sedimentation will remove nuclei from
the air at the equivalent ventilation rate of about
3 overtumns per hour (Table 24); at this rate all

infected nuclei would disappear in 54 hours. In a

lroom poorly ventilated at the rate of 1 overturn per

‘hour, the total equivalent ventilation rate of

4 overturns per hour would remove all infected nuclei

from the air in 4 _hours. In a room well ventilated

'at the rate of 10 overturns per hour, the totsal

| _
lequivalent ventilation rate of 13 overturns per hour
|
Ewould remove all infected nuclei from the air in

i
!lﬁ hours. These calculated maximum durations of :
|

lair infection following sneezing, illustrate the |

influence of ventilation. |

From these various observations and calculations
1t is concluded that the maximum time following spray
1groduction for which the air of a room can remain

contaminated with droplet nuclei containing pathogenie

bacteria, is from 1 to 4 hours. Usually air infection

will persist for a much shorter time, perhaps for only;

a few minutes. E
| i
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Section 40: Time of evaporation of secretion droplets.
‘ Droplet nucleus formation.

ﬁ The observationg described in Section 33 gave the

idroPlet evaporation times recorded in Tables 13, 48,

49, 50, 51 and 52; these are summarised as averages

in Table 55. The approximate average observed

evaporation time was 1200 seconds for a droplet of |

11000 microns in diameter, 300 seconds for a 500-micron

|droplet, 48 seconds for a 200-micron droplet, 12 seconds

for a 100-micron droplet and 3 seconds for a 50-micron
droplet. These evaporation times for saliva droplets}
were observed at about 60% relative humidity and 16°c.$
The demonstration by momentary air sampling that
droplet nuclei of up.to 12 microns in diameter were |
formed within 1 to 2 seconds after a sneeze (Tables 49
and 50), shows beyond doubt that droplets smaller than
about 50 microns in diameter, that is the great

majority (75% to 96%) of all droplets, evaporate to

form droplet nuclei within 1 to 2 seconds after leaving

the mouth.

Wells (1934) by comparing calculated 2-meter
falling times (Table 53, last column) with calculated
evaporation times (Table 55, column 1), conecluded that
"somewhere between 0.1 and 0.2 millimeters lies the
droplet size which identifies droplets of mouth spray

that reach the ground within the 1life of the droplet

as against droplets that evaporate and remsain in the
air as droplet nuclei®. A similar comparison of the

observed 1.7-meter falling times (Table 53) with the

observed/
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observed evaporation times (Table 55), which were
éobtained in the present investigation, suggests also
that the largest droplet capablé of becoming a droplet
nucleus will be between 200 microns and 50 microns in

diameter.

The sedimentation observations described in
Section 32 showed that 15 seconds was about the
maximum time occupied by an incompletely evapsrating
droplet in falling through 1.7 meters from mouth to
floor. Thus, 15 seconds must be about the maximum
|time of aerial flight available for dfoPlet nucleus
formation, in fact the evaporation time of the largest
droplet capable of becoming an airborne nucleus. The
latter must have a diameter of about 100 microns, since
an evaporation time of nearly 15 seconds ("approximate
average": 12 seconds) was calculated for 100-micron
droplets from the observed evaporation times of
droplets of other sizes (namely, time for 100-micron

droplet equals time for X-micron droplet, as in Table

55, multiplied by 1002 divided by X2; see Section 32).

With very rare exceptions the largest droplet
nuclei found in the air were 25 microns in diameter

(Sections 23 and 24; Tables 11 and 47). Calculation

of the diameter of the unevaporated parent droplet as

4 times the nucleus diameter gives 100 microns as the

diameter of the largest droplet capable of becoming an

airborne nucleus.

Li______ In/ : =
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In these different ways, then, the present

experimental observations on secretion droplet
evaporation and on droplet nucleus formation directly
confirm the hypothesis and the calculations of Wells
(1934). The calculated evaporation times accepted by
Wells were about one eighth of the svaporation times
observed in the present investigation. The falling

times accepted by Wells were calculated according to

Stokes!' law for droplets remaining constant in size

(i.e. not evaporating) throughout the fall; these

| times were much shorter than the observed times of
fall of evaporating and shrinking droplets about 100

microns in diameter. As both the observed falling

times and the observed evaporation times were longer

than the times accepted by Wells, calculation based on

these observed times yielded a value, 100 microns, for
the diameter of the largest droplet capable of becoming
an airborne nucleus, which was not very different from
the value calculated by Wells (namely, 145 to 128

microns for 504 to 70% relative humidity).
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Section 41: Droplet projection distance. Range of |
infection by droplet spray.

The observations recorded in Sections 12 and 13
showed that the maximum projection distance of the
large secretions droplets was about 10 feet for ;

sneezing, 8 feet for coughing and 5 feet for spesking.

The great majority of the droplets were expelled only !
to about 3 or 4 feet. These "projectile droplets"
may thus bespatter and infect the skin and clothing of

a person standing within a few feet directly in front

of the droplet spray producer.

Airborne, droplet nucleus infection which is

received by inhalation, is potentially effective over
|
greater distances than surface infection of skin and i

clothing by the large projectile droplets. Natural

circulation of air within a medium sized room will
distributed droplet nuclei to all parts of the room
within a few minutes. Alir carriage from one room to |
another in the same building must be considered possible
However, because only a few pathogen-containing nuclei
are produced even by sneezing (Table 19), the danger oﬂ

infection must become very small when these few %

infected nuclei are diluted in large volumes of air, as
they necessarily will be during their distribution to

any considerable distance from their source. It seens
that the danger of airborne droplet nucleus infection ;
will be great only when the poténtial recipient is close

to the spray producer, particularly when the recipient's

head/
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head is within the "zone of droplet nucleus formation"
which extends forwards from the mouth of the spray

producer for about 4 feet (see Figure 11).
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|

?§gction 423 Conclusions. ;
| 1
’ Respiratory droplet spray may spread infection in |
|two ways: the small droplets, after becoming nuclei,

'remaining airborne and travelling far throughout a room

ior building, mey cause infection by inhalation; the

large projectile droplets, after an aerial flight of

Iless than a second, may bespatter the skin and clothing

'of a recipient and so cause surface infection.

j Although droplets small enough to become airborne

{

‘nuclei are produced in large numbers by sneezing and in

|sma11 numbers by coughing and speaking, only a small

‘proportion of these nuclei are likely to be infected

!when the saliva contains pathogenic organisms in usual?
gconcentrations. Airborne infection by droplet nuclei1
Eis likely to occur only when the infector carries the

|

pathogenic organism in very large numbers in the saliva
Iof the front of his mouth, when it is by sneezing that

idr0plct spray is produced and when the recipient is 5
exposed closely to the sneeze, standing within a few
feet directly in front of the infector at the time of
sneezing. Airborne infection by droplet nuclei is

very unlikely if the recipient is not present in the

same room as the infector during the time of spray

[production and does not enter that room within the few

Eminutes following spray production.
Surface infection of the recipient's sgkin and
clothing by large projectile droplets will occur only

when the recipient stands within a few feet directly in

front of the infector during spray production.
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;Section 43; Summary.

| :
(1) A variety of experimental methods were employed

to investigate those physical characteristics of

|
respiratory droplet spray which relate to its facility

for transmitting infection. In particular, the

following were studied: the morphology, numbers, sites

of origin, sizes, infected proportions, projection

distances, air carriage times, sedimentation rates and

!evaporation times of the droplets and droplet nuclei
!produced by sneezing, coughing, speaking, laughing and

|

ibreathing.

| |
|

(2) Evidence was obtained experimentally which

\confirmed in its main physical aspects the droplet

nucleus hypothesis of Wells (1934), but calculations as

%to the probable numbers of nuclei which will contain
‘pathogenic organisms led to the conclusion that
‘airborne infection by droplet nuclei will be a much
lesser danger, more dilute, short-lived and localised,

than was envisaged by Wells.

(3) The microscopical appearance of droplets and

droplet nuclei was studied, described and recorded by |

drawings and photomicrographs. Microscopical

demonstration of droplet nuclei was achieved for the
!I

{first time in the present investigation. The nuclei
|

showed depth of focus and, in many cases, irregular

shape; this appearance of 'solidity' was evidence that

almost all water had been lost by evaporation.

(4)/
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(4) Naked-eye observation of droplet spray by dark-

ground illumination with sunlight, revealed that very
large numbers of droplets were expelled by sneezing an%
relatively small numbers by coughing and speaking.
Coughing was seen to expel droplets only when the mouth
was closed by approximation of the lips or teeth at the
beginning of each cough. The great majority of speecﬂ
droplets were produced when the consonants "B%, "pH,

wpM, wym, wpe, "pY and NSY were pronounced foreefully
and with the lips wet; quiet, even speaking with the !

lips dry did not expel any droplets or expelled only a

few. i

The great majority of the expelled droplets were
seen to disappear, presumably by evaporation to nuclei§

of subvisible size, within 1 second after leaving the %

mouth and while still suspended in the air within |
|4 feet in front of the mouth; this evaporation was

most apparent in the 'clearing' of the droplet cloud

!produced by a sneeze. A smaller number of droplets,

presumably of larger size, remained visible and were
seen to lose their forward motion in the air within
4 feet in front of the mouth; these either fell slowly|

to the ground during 2 to 20 seconds, or fell only a

large or small proportion of the distance to the ground

and then ceased to fall, presumably having shrunk by ‘

evaporation to become nuclei. These droplet nuclei

were watched while they drifted about with the air

currents of the room. A few large "projectile

droplets"/
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jdroPlets" were seen to fly forwards for 2 to 10 feet,

;curving downwards to reach the floor at about 1 second

after their emission from the mouth.

(5) The maximum projection distance of the large
"projectile droplets" was measured by exposing white
paper on the floor to droplet spray produced with the
mouth secretions colored by a dye. The furthest

distance from the spray producer at which colored marks

were found was 103 feet for 'natural sneezing', 8% feet

!
for simulated coughing and 5 feet for speaking. In — |
|

all cases, the majority of the expelled droplets fell

to the ground within 4 feet of the spray producer. ‘

(6) Four methods were used to estimate the numbers of |

idroplets and nuclei produced by each different kind of |

|
|
|
|expiratory activity:
. 1) counting colonies on blood agar plates exposed

| directly to spray in front of mouth and nose;

| ii) counfing by microscopical observation the deposiﬁ
marks of dye;containing droplets caught on celluloid
slides exposed directly to spray in front of mouth;

iii) counting colonies on blood agar plates exposed
in slit sampler for collection of droplet nuclei

from air of chamber conteminated with spray;

iv) counting by microscopical observation the dye-

containing droplet nuclei on oiled slides exposed in
slit sampler for collection of nuclei from air of a

chamber contaminated with spray.

The/

Cieegieas
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The last mentioned method (iv) was a new method which |
was developed and used for the first time in the

present investigation. It yielded much higher and

'more complete droplet counts than any of the other

1
|

;methods. In addition, it made possible microscopical

‘observation and measurement of the droplet nuclei.

I

|Calculations from the observed size-distributions of |
- 1
'the. droplets and nuclei collected and from the computed

|baeteria-carrying percentages of droplets of each size,

jindicated that the probable counting efficiency of
‘method (i) was 5-30%, of method (ii) 8-40%, of method
:(iii) 5-10%, and of method (iv) 75-97%. .Use of methods
i(iii) and (iv) in parallel revealed that only about

}5% (between 1 and 12%) of the microscopically visible
idroplet nuclei carried viable respiratory commensal

!bacteria. The droplet and nucleus counts obtained ini
' i

!
!the present study by methods (i), (11) and (iii) were
lof the same order of magnitude as the counts obtained

by previous investigators who used these methods.

The average rate of droplet expulsion observed was

approximately 1000,000 droplets per 'natural sneeze',

1000 droplets per simulated cough, 1 droplet per spoken

word, 1 droplet per minute of violent simulated laughing,

|
QOO droplets per strong nasal expiratory "sniff", and

1l droplet per 3 minutes of nose breathing.

The number of droplets expelled by separate

|
!expiratory acts of the same kind varied very greatly

'according/ |
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;according to the violence of expiration and the wetncs&
iof the 1lips and front of mouth. A violent simulated
ﬂ!sneeze expelled from 1500,000 to 16,000,000 droplets;
?a 'natural sneeze'! from 65,000 to 3100,000 droplets;

;a simulated cough made with the mouth initially closed,

ifrom 490 to 52,000 droplets; a simulated cough made
|

with the mouth kept well open, from O to 1100 droplets

| |
!(frequently none); speaking loudly one hundred words,
Efrom 50 to 770 droplets; speaking quietly one hundred
\words, from O to 160 droplets; violent simulated
;laughing for one minute, from 0 to 12 droplets; a

strong nasal expiration, from O to 1200 droplets;

mouth breathing for one minute, O droplets; nose

breathing for 5 minutes, from O to 6 droplets

(frequently none).

In consideration of these drbplet counts in

relation to suggested yearly frequency rates for the
|performance of each kind of expiratory activity by a

ihealthy person (e.g. a throat 'carrier' of a pathogenic
ibacterium), it is concluded that sneezing is by far the
most important cause of droplet spray; the droplet
output of 10 sneezes will probably exceed a person's

yearly output of droplets by all other causes together,

coughing, speaking, breathing and laughing.

Comparison of the counts obtained by the droplet-
collecting methods (i and ii) with the counts obtained |
by the nucleus-collecting methods (iii and iv) showed

that/




Part 2 Section 43 Page 20k
that a considerable proportion, if not the great
majority, of the droplets expelled by each expiratory
act were small enough to remain airborne as droplet

nuclei.

(7) The sites of origin of droplets and nuclei were
investigated in exXperiments with the throat or nose
artificially contaminated with a culture of

B.prodigiosus (Ser.marcescens). It was found that

the great majority of the droplets and nuclei produced
by sneezing, coughing and speaking, originated from
the secretions of the front part of the mouth. A
'natural sneeze' which expelled probably about 1000, 000

droplets, was found to expel directly from the nose

between 0 and 5600 droplets (on average 250), of which
between O and 360 (on average 56) were small enough to
remain airborne as nuclei. A 'natural sneeze' was

found to expel directly from the throat between 0 and

2300 droplets (on average 360), of which betweeh 0 and |
390 (on average 110) were small enough to become
airborne nuclei. A simulated cough made with the

mouth kept well open expelled directly from the throat

between 0 and 279 droplets (on average 31), of which
between 0 and 5 (on aversge 2) were small enough to
remain airborme as nuclei. Speaking loudly words
containing "K" and simulated laughing both expelled a

few droplets directly from the throat. Nose breathing

for 5 minutes expelled from the nose between 0 and 6

droplets (on averasge 2), of which some became nuclei.

(8)/
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|

(8) The diameters of the large and medium sized

droplets were calculated from the micrometrically

|
measured diameters of 15,000 deposit marks of droplets |

caught on celluloid slides held at 6 inches in front |
of the mouth during sneezing, coughing or speaking witﬁ
the mouth secretions colored by Congo red; the ‘

diemeters of the spherical parent droplets were taken

as half the diameters of the droplet deposit marks.
The diameters of the medium sized and small droplets
were calculated from the micrometrically‘measured
diameters of 25,175 droplet nuclei collected by the
slit sampler on to oiled slides from the air of a

chamber contaminated by sneezing, coughing or speaking

with the mouth secretions colored by Congo red.and the
'mouth usually situated at 5 feet above the floor; the!
diameters of the parent droplets before evaporation

were calculated as 4 times the diameters of the Congo

red-containing droplet nuclei. By appropriate

combination of the two series of measurements a

composite size-distribution series was constructed for

|all the droplets expelled, large, medium and small.
These calculations showed that the droplets expelled
by sneezing, coughing or speaking, at the moment of
their emission from the mouth, ranged in diameter fiom

about 1 to 2000 microns. Practically this full range

of variation in size was shown by the droplets emitted |

|
on any one oceasion by a single expiratory act. TherJ
was not much difference between the sneeze droplets, ‘

the/
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the cough droplets and the speech droplets; in each
case, the great majority (60-85%) were between 2 and
25 microns in diameter; _the commonest diameters among
the sneeze droplets, 2 to 5 microns, were rather
smaller than the commonest diameters among the cough |
droplets and speech droplets, 5 to 10 microns. It |

was calculated that about 99% of sneeze droplets,

929 of cough droplets and 87% of speech droplets were

§smaller than 100 microns in diameter and thus were

ismall enough to remain airborne as droplet nuclei.

The diameters of the 25;175 Congo red-containing
droplet nuclei collected by the slit sampler, which
must have been 25550% larger than natural because of
their dye content, iaried from a 4 to 42 microns; the
majority were between % and 6 ﬁicrons; the commonést
were about 1 to 2 microns. The diameters of 376 dye-
containing nuclei collected by sedimentation on to
| slides exposed on the floor, ranged from % to 35
microns. Only 8 out of the total 25,551 nuclei were
larger than 25 microns in diameter; the exceptional
size of these 8 nuclei was probably due to an unusually
large solid content. Accepting 25 microns as the

usual upper size limit for droplet nueclei, it was

iealculated that a droplet of 100 microns in diameter

] .

[(25 x 4) must be about the largest droplet which after
emission at 5 feet above the floor can remain airborne

as a droplet nucleus.

(9)/
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.(9) The proportion of droplets in each size group
which will contain one of more viable micro-organisms
of a given kind, commensal or pathogenic, was computed
for certain likely salivary concentrations of micro-
organisms (as "viable microbial units" per milliliter),
on the assumption that the distribution of these among
droplets of each size would be of the Poisson type.
The calculationé showed that only a small proportion
(74 to 24%) of the droplets small enough to remain
airborne as nuclei will contain one or more viable
commensal bacteria even when, as is usual, large
numbers of these commensal bacteria are present in the
saliva (e.g. 30,000,000 per milliliter). A very small
proportion (e.g. 0.0006% to 15%) of the droplets small

enough to remain airborne as nuclei will contein one or

more viable pathogenic bacteria, since the saliva
éseldom contains more than small numbers of these (e.g..
11000 to 1000, 000 per milliliter). These calculated
percentages of all nuclei which will be infected with
with eommensal or pathogenic bacteria, were found to .be
in agreement with the figures obtained by direct
observation of infected nuclei both in the present

investigation and the infestigationa by previous

workers.

(10) The duration of air carriage of differently sized
droplet nuclei was observed by repeated.slit sampler
examinations of the droplet nucleus content of the air

of a practically unventiléated chamber following

contamination/



Part 2 Section 43 Page 208
contamination by sneezing or coughing. The 90%-
|disappearance time of microscopically visible nuclei
of all sizes was between 2 and 11 hours, on average

|5 hours, in a small (70 cu.ft.) sealed chamber, and
between 20 and 60 minutes, on average 45 minutes, in a
larger (1700 cu.ft.) chamber which was not so well
sealed against ventilation. When the chamber air was
circulated vigorously by continuous runninglof a fan,
disappearance of nuclei was hastened between 2-fold and

4-fold; the 90%-disappearance time was between 10 and

30 minutes.

In the unventilated test chambers following
sneezing, the maximum duration of air carriage was
20 _hours for microscopically visible nuclei about
1l micron in diameter, 2 hours for 5-micron nuclei,

20 minutes for lO-micron nuclei, 2 minutes for 20-micron

nuclei, 8 hours for nuclei containing B.mesentericus

spores which had been added to the saliva to the extent
of about 1000,000,000 per milliliter, and 2 hours for
nuclei containing viable commensal bacteria of which
the saliva contained about 30,000,000 per milliliter.
Almost certainly the number of viable pathogenic
bacteria in saliva will never exceed the usual number
of viable commensal bacteéris; this suggests that the
alr of an unventilated room will never remain infected
with nuclei containing pathogenic bacteria for longer

than 2 hours after droplet spray production. When, as

. is usual, the infected saliva contains only small

numbers/
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‘numbers of pathogenic bacteria (e.g. 1000 to 1000, 000 i

;per milliliter) and when the room is ventilated to the

|
|usual extent of between 1 and 10 overturns per hour, |

!drOplet nucleus air infection is unlikely to persist
|
i

|
‘ Sedimentation rates for droplets and nuclei of

for longer than a few minutes.

[different size were calculated from the above

|
| observations and from observations of the time between

|
'a sneeze and the arrival of droplets on slides exposed

ion the floor. These "observed" sedimentation rates
iapproximated closely to the sedimentation rates which
were calculated by Wells (1934) according to Stokes!
law.

|
1
1
|
|
|
|

(11) Reinfection of the air with droplet nuclei raised

from the chamber floor and walls as the result of a
person's bodily movement, was observed in two special
E-exper:i.rnen‘bs. A chamber was contaminated by sneezing

with the saliva heavily inoculated with B.mesentericus

spores. After the air had become free of the spore-
containing nuclei by sedimentation, it was found to
'become reinfected with this indicator organism when
|

]a person entered the chamber and "marched" for ten

minutes.

(12) The evaporation of large saliva droplets hanging
from fine glass fibres and of smaller saliva droplets
lying on the surface of slides, was observed

microscopically and timed. Comparison of the observed

evaporation/ J o
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evaporation times with the observed falling times led

| to the same conclusion as was reached by Wells (1934)

|
on a theoretical basis, namely that droplets of :

100 microns in dismeter are about the largest droplets

capable of remaining airborne as droplet nuclei.

Momentary air sampling revealed the presence,
within 1 to 2 seconds after a sneeze, of fully ' . |
evaporated droplet nuclei of all sizes up to about
12 micfons; presumably these originated from droplets

up to about 50 microns.

(13) From these various observations, conclusions
were drawn about the sanitary significance of droplet
spray, about the extent and limits of the denger of

infection from droplet spray.




rYart < LECL10N &4 age All

Section 44: References.

Bourdillon,R.B. and Lidwell,O.M. (1941) Lancet,2:365.

Bourdillon,R.B., Lidwell,O.M. and Thomas,J.C. (1941)

Bourdillon,R.B., Lidwell,O.M. and Lovelock,J.B. (1942)
Brit.Med.J.,1:42.

Buchbinder,L. and Phelps,E.B. (1941) J.Bact.,42:345.

Du Buy,H.G. and Crisp,L.R. (1944) U.S.Publ.Hlth.Rept.,;
59:829.

|
1

|
 Gordon, I, H, (1904) Rept.ied.0ffr.Loc.Govt.Bd.,1902-03,
' 32;421. London.

Hamburger,ii. (1944) J.Infect.Dis.,75:71.

Jennison, M.W. and Edgerton,H.E. (1940) Proc.Soc.Exper.
Biol.Med. ,43:455. *

Jennison,M.W. (1942) "Aerobiology", Amer.Assoc.Adv.Sci.
Publ.No.1l7, p.106. Washington,D.C.

| Phelps, E.B. and Buchbinder, L. (1941) J.Bact..42:321.
fStrausz,W. (1926) Z.Hyg,,105:416.

Wells,W.F. (1934) Amer.J.Hyg.,20:611.

Wells,W.F. (1935) J.Industr.Hyg.,17:253.

Wells,W.F. and Wells,M.W. (1938) Amer.J.Publ.Hlth.,28: |
343.




. |Part 3 Page 212

Part 3

' EXPERIMENTAL INVESTIGATION OF THE AMOUNT, PERSISTENCEi
. AND CAUSATION OF AIR INFECTION WITH DUST FROM SKIN AND
. CLOTHING, AND OF THE EFFICACY OF DIFFERENT GOWNING |

METHODS IN PREVENTING SUCH DUSTBORNE INFECTION OF AIR%
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'Section 1: Introduction, |

Bacteria can enter the air in two ways, in droplet

‘nuclei or on dust particles. Droplet nucleus infecﬁmﬁ

|
' (Part 2); the investigation which is now described,

was the subject of the investigation just described é

‘'wasg concerned with dustborne infection.
For a long time it has been considered that the
irlising of dust contaminated with dried respiratory

' secretion may be an important cause of air infection

' (e.g. Cornet, 1889). Attention has been centered on |

floors, furniture and bedclothes &s sources of infecteq

dust; undoubtedly, these will be of major importance
in spreading infection within thg home, school, common |
:hospital—ward and residential institution. Less
fattention has been paid to the skin and clothing of

. |infected persons as sources of dustborne air infection;
!yet these have a special importance in that they |
'constitute - "mobile" and "self-replenishing" sources

iof infection which are continually subject during

jbodily activity to frictions and movements likely to
icause liberation of dust. Observations such as those
of Hare (1941) and of Hamburger, Green and Hamburger
i(1945) on throat and nése carriers of Strept.pxogenea,i

Eand those of Augustine (1929) on patients with |
- i

'pulmonary tuberculosis, have shovn that persons with |

l
'respiratory tract infection usually accumulate the

}spacific pathogenic organism in large numbers on their |

'skin and clothing, probably by contaminatien with

|
i
|
| secretion/
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;secretion and droplets from mouth and nose.

| The present experimental investigation had a
twofold purpose. Firstly, measuremeﬁts were made of
‘the amount of dust liberated into the air from a | !
?person's skin and clothing during different kinds of |

'bodily activity, and of the duration of air carriage

of these dust particles; these measurements wefe !
;required for assessing the relative importance of

' dustborne infection and droplet nucleus infection. |
Secondly, observations were made of the efficacy of
different modes of gowning in preventing this air
linfection with dust from the skin and clothing; apart
from the importance of such gowning in surgical |
:practice and in bacteriological air sampling,
‘measurements of the air infection produced by the test |
subject while wearing a sterile dustproof gown were |
‘necessary as a control for the measurements of the airg
'infection produced by the subject while wearing his
:ordinary clothes uncovered.

All experiments were made according to the same
:plan. A person dressed in a particular way entered af
small unventilated chamber and remained in this for
‘ten minutes undertaking a standard form of bodily
ractivity. Air samples of known volume were withdrawn;
:from the chamber before, during and after the ten- |
'minute period of eccupancy ahd activity. These f
!samples were taken on to culture plates in a Bourdilloﬁ

|
'81it sampler for examination of their content of

!bacteria—/ : |
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'bacteria~-carrying particles. The colony count
Iobtained on each plate represented the number, in the

'air sample, of dust particles carrying viable aerobic

@bacteria. Thus, a purely bacteriological method was |
éused for measuring the dust liberated from the skin ani
5clothing. A bacteriological method has certain |
‘limitations. For instance, probably only a small
:proportion of the dust particles carry viable bacterial
;(saprophytes or commensals), so that only a small ;
fpr0portion can be counted. However, the cultural
method was preferred to other methods for measuring
the amount of dust, for instance the microscopical
‘methods, because (1) it is easy and rapid, (2) it
‘allows measurement of dust originating from skin and |
!ordinary non-sterile clothes as distinct from dust ?
éoriginatimg from sterile gowns, and (3) it reveals l
; |
gthe dust particles which are large enough to carry %
ibacteria but not the more numerous dust particles whic%
;are too small to carry bacteria and thus ﬁot of any |
isanitary significance.

; Great care was given to designing the experimentsE
gin such a way that infection of the air in the test
:chamber could only occur as résult of liberation of |
%dust from the skin and clothing of the subject. i
'Dropletmspray was avolded by the subject keeping his |
'mouth closed while he was present in the chamber. @

Raising of dust from walls and floor was prevented by E

0il treatment of these surfaces. With these precaut- |

ions, / i
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!ions. it was_considered justifiable to assume that

nearly all the observed amount of bacterial contaminat-|

i
!
!ion of the chamber air was due to liberation of dust
|
|
|
|

from the subject's skin and clothing. _ E

. This investigation (Part 3) was carried out in !
! i
‘collaboration with Dr. A.T. Wallace.

i
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'Section 2: Test chamber and air sampler.

The experiments were made in a test chamber of
100 cubic feet in capacity (8 ft. high x 3% ft. x 3%
.ft.). The chamber had a close fitting door and was
guite unventilated apart from the narrow slit between
the edge of the door and its frame. The interior
surfaces of the chamber, the walls and floor, were
soaked repeatedly with spindle oil to minimise air
infection by liberation of dust from them. During
occupancy, the temperature in the chamber was usually
between 55 and.60 deg.F. (13-16 deg.C.) and the
relative humidity was between 50% and 90%. It was
not considered necessary to employ an electric fan to
obtain even distribution of dust particles throughout
80 small a chamber; the movements of the test subject
were thought to effect a sufficient mixing of the air.

The air was examined by use of a slit sampler
constructed according to the design of Bourcillon,
Lidwell and Thomas (1941). The sampler was situated
outside the chamber and the person operating it also
remained outside. AT was withdrawn through the wall
of the chamber to the sampler intake by a short, wide
and slightly curved glass tube. The entrance to this
tube within the chamber was 3 feet from the floor and
was screened from above to prevent dust falling
directly into it. The slit sampler was operated at a
slit-plate distance of 2 millimeters and at an air-
intake rate of 1 cubic foot per minute.

The chamber and sampler are shown in Figure 10.
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Section 3: Methods of culture and colony-counting.

The culture plates exposed in the slit sampler

contained either ordinary blood agar or heated blood

agar. The ordinary blood agar consisted of 1% meat |

extract, 1% peptone, 3% sodium chloride, 2% agar and

5% horse blood; the blood was added to the nutrient
!agar when the latter was at a temperature just above
;its setting point. Heated blood agar consisted of !
this ordinary blood agar heated briefly to nearly 100 |
' deg.C. so as to "chocolate" the blood. Both media
iwere regarded as suitable for growth of the majority oﬁ
;the saprophytic and commensal bacteria from clothing |
gand skin. Heated blood agar was used when it was _
idesired to make a separate count of Strept.viridans, !
Esince the alpha haemolytiec reaction, the greening, wasé
imore distinct on this medium. :

i The culture plates were incubated aserobically at
237 deg.C. for 18 to 24 hours; longer incubation was %
|avoided since it resulted in frequent spoiling of the |
éplatea by spreading colonies. After scoring of the
iagar surface by parallel cuts with a scalpel, the
!colonies were counted with the aid of a binocular plate

microscope (x 20); the microscope was required for

‘sure recognition of the smaller colonies.
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!Section 4: Test subjects and bodily activities.
|

| Each experiment-was made with one out of eight
'healthy men who were not "carrying" pathogenic bacteria

(Subjects D, Wy, A, K, M, S, J, L)o |
!
The test subject entered the chamber quietly, ’

' closed the door and, while keeping his mouth closed toi

'avoid droplet-spray production, undertook a standard

' form of activity during 10 minutes occupation of the
chamber; he then left the chamber and closed the door.
The standard activities tested were:

(1) "standing Motionless", avoiding as far as possible |

'the slightest movement;

| (2) "Undressing and Dressing", taking off all clothes

'and replacing them once during the 10 minutes;

(3) "Brushing Clothes", applying 40 strokes with a

' sterilised brush to the front of the jacket and
'trousers, 20 strokes in each half of the 1l0-minute

‘period;

?(4) "Operating”, making certain movements of the amms
éand body, without movement of the feet. In the first
éaeries of experiments (No.s 1-68), the test subject

istood fairly still for most of the 10 minutes, but on

éfour occasions, at equal intervals during the 10-minute

éperiod, made moveﬁents in a pretence at changing
%culture—plates in an imaginary slit sampler, bending %
éthe body and reaching out with the arms. In the thirq
iseries of experiments (No.s 81-116), the test subject

‘made a standard set of arm and body movements designedi
|

I'I'.n/
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fto represent the movements of a surgeon while carryingi

lout an operation: 12 swings of the extended arms é
i !
‘through 180 deg., 24 times reaching out an arm sideways

'to full length and retracting it, 36 bendings of the ‘

Ebody through 45 deg. to right, left, or forwards, 48 |
.times reaching forwards with both arms and withdrawingé
them to the body, and 48 times rocking the shoulders |
jwith alternate advancement of right and left arms.
éThese surgical "operating" movements were made
?deliberately and not violently; their performance

'occupied most of the l0O-minute period;

(5) "Marching", walking without progression continuaud&
throughout the l0-minute period, raising the feet anﬁ |
fswinging the afms; .

é(B) "Running®, running without progression continucuslﬁ
gthroughout the 10-minute period, raising the feet and |

{swinging the arms. |
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|Section 93 nodea of dress and gowning.

|(1) "Ordinary Clothes":- The test subject, a male

'adult, was dressed in his usual clothing, which
consisted of undergarments and either a lounge suit or

a combination of jacket, trousers and woollen pullover.

These clothes were, of course, non-sterile; they had

?not been treated in any special way. Prior to the
;experiment, the outer garments had been in normal use
for a few weeks since last being washed or cleaned.

In the first series of experiments (No.s 1-68), the
.test subject wore his usual non-sterile outdoor shoes,
and did not wear sterile gloves, cap or mask (Figure
{143). In the second series of experiments (No.s 69-
é80), the test subject wore sterile rubber shoes instead
|of his usual shoes, and wore also sterile rubber gloves,
a sterile surgeont:!s-cotton-cap, and a sterile surgeon's;
&ask of gauze and cellophane (Figure 16a). |

(2) msterile Clothes":- The test subject removed all

his usual clothes, including socks and undergarments,

and put on a sterile cotton shirt with sleeves reaching|

#o the elbow, a sterile pair of long cotton trousers
bith legs reaching to the ankles, sterile cotton soclcs,|

!sterile rubber shoes, sterile rubber gloves, sterile

cap and sterile surgical mask (Figure 17a). The
| |
subject changed into these sterile clothes just before

the experiment; while changing, he stood on a sheet ofé

Esterile paper to minimise contemination of the garments

from the floor. "Sterile Clothes" were worn in the

‘third/
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ithird series of experiments (No.s 81-116).

ﬂ(3) wSurgical Gowning":- Over "Ordinary Clothes" or

éover "Sterile Clothes", the subject in certain ;
'experiments wore a sterile surgeon's-gown of the usual
épattern; this gown was made of thin close-woven cotton

cloth, was long and loose, was tied together with tapes

:at the back, reached to below the knees where 1t was
équite open, and possessed sleeves which reached to the
éwrists. Sterile rubbef gloves were worn and the gown
icuffa were tucked inside these. A sterile cotton cap
éand a sterile gauze-cellophane mask were also.worn.

EIn the first series of experiments (No.s 1-68), the
;surgical gown was worn over "Ordinary Non-sterile
ﬁClothes"; disinfected léng rubber boots were worn which
‘covered the lower parts of the trouser legs (Figure 14b}
‘Similarly, in the second series of experiments (No.s
i69-80), the sterile surgical gown was worn over

1 :
?“Ordinary Clothes" (Figure 16b). In the third series

of experiments (No.s 81-116), the sterile surgical gown

Iwa.s worn over "Sterile Glothes" (Figure 17b).

(4) *pustproof Gowning":- Over "Ordinary Clothes" or i
over "Sterile Clothes", the test subject in certain
experiments wore a sterile dustproof gown. This

idustproof gown was a one-piece costume of heavy close- |
|
iwoven cotton twill. It covered the body, arms and

|
'lega. The pocket slits were sewn up. A zip fastener

'was fitted instead of buttons to close the front.

EElastic bands were put over the sleeve cuffs so that

%these/ {
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|
‘these gripped the wrists closely. A 'sock' of heavy

:close—wnven canvas was sewn to the bottom of each

' trouser leg to form a complete covering for the foot
éand non-sterile shoe. Close fitting at the neck was i
;ensured either (a) by having sewn on to the gown collaé
iedge a soft cotton cloth extension which was tucked |

?over and down inside the collars of the jacket and i
Ishirt beneath, or (b) by having a soft bulky muslin pad
|aewn along the whole length of the inner surface of the
;gown collar and by making this grip the neck closely bx
Itying together with tapes the free front ends of the |
;gown collar. The "Ordinary Clothes" or "Sterile |
501othes" were thus completely covered without gaps at |
éthe feet, wrists, neck or elsewhere for escape of
dust-laden air. "Dustproof Gowning" is illustrated
éin Figures 1l4c, 16c¢ and 1l7c.

i
' (5) Sterilisation Methods:- The sterile clothes, the

, |
'surgical gown, the cap and the mask were sterilised by |
! |

autoclaving at 120 deg.C. for 15 minutes. The rubber

' shoes were sterilised by steaming and the rubber 3loveé

by boiling for several minutes.
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'Section 6: Plan of experiment and sampling.

I Each experiment of the first series (No.s 1-68)

'was carried out as follows. In the "Control Period",

Jjust prior to occupation of the chamber, two successive
10-cubic feet samples were taken. During the l0-minute

j"Activitx_geriod“; while the chamber was occupied, four

!auccessive 2=-cubic feet samples were taken. During
the four hours after termination of occupancy and

activity, the "Die-away Period", further samples were

taken at interwals: 2-cubic feet samples for the first:
%hour and 1l0-cubic feet samples thereafter.

| In experiments of the other two series (No.s 69-
80, and No.s 81-116), fewer samples were taken; the
first of the two samples in the Control Period and all
except the first sample in the Die-away Period were

Eomitted.
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Section 7: Contamination of air by subject wearing
ordinary non-sterile clothes not covered
with a gown.

" The detailed results of the first series of
|

I
|
I
|
experiments (No.s 1-68), in which the test subject wore

|

|
ordinary non-sterile clothes (as in Figure 14), are i

shown in Tables 56, 57, 58 and 59. Seventeen g
|experiments were made with each of four subjects (D, Wﬁ
A and K). The experiments in which a gown was not
worn over the ordinary clothes, are summarised in

Table 60a and Graph 8; these show the average amounf
of air contamination which was produced by each
different kind of bodily activity.

While the chamber was unoccupied there was little
contamination of the air; the average of the control- |
period observations was 2 bacteris-carrying particles
per cu.ft. of air. Bacterial contamination was alwayé
increased on occupation of the chamber, the amount
depending on the kind of activity undertaken by the
occupant. Considered in terms of the average number

of bacteria-carrying particles per cu.ft. of air during

the "activity period", the different kinds of bodily

activity gave increasing amounts of air infection in

the following order: "“standing motionless" gave 9 per

cu.ft., Moperating" gave 129 per cu.ft., "brushing

clothes" gave 501 per cu.ft., "marching" gave 837 per

cu.ft., and "undressing and dressing” gave 1672 per cu.

ft.. Apparently the amount of bacterial contamination

of the air varied in proportion to the amount and vigour
I

of/ |
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%of the friction and movement to which the skin and
!clothing were subjected.

| Because the dust particles settle at different
érates, and some very rapidly, it is impossible to
icalculate from the number found per cu.ft. the exact
total number put into the air during the 10-minute

|

é"activity period". However, a minimum can be
écalculated from the first observation made in the
"die-away period". This sample was not started until

one minute after the occupant had left the chamber.

It is assumed that by this time the dust particles had

become uniformly dispersed throughout the entire 100
cubic feet of the chamber; dispersion was aided by the@

|
alr disturbance caused when the occupant opened and @

Ishut thq door on leaving the chamber. The number of
bacteria-carrying dust particles per cu.ft. found in
the first sample of thé "die-away period" was multiplied
iby 100 to give the total number in the chamber at that
time. These calculated minimum numbers of bacteria-
:carrying particles capable of remeining airborne for
‘mofe than 1 minute, which were liberated by the various
bodily activities, are shown in the last column of

Table 60a; the average number liberated was 800 by

10 minutes of "standing motionless", 11,600 by 10

minutes of "“operating", 49,500 by "brushing clothes"

with 40 strokes during 10 minutes, 67,100 by 10 minutes

of "marching", and 157,100 by "undressing and dressing"

I
once during 10 minutes. If the amount of the standard

"operatingn/
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"operating" activity is about equivalent to the average

activity of daily life, the air must normally become

contaminated from the_gkin and personal clothing at the

rate of about 1,000,000 bacteria-carrying dust particles

per day (i.e. 14} hours "operating" per day).
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Section 8: Contamination of air by subject wearing
ordinary non-sterile clothes covered with
a sterile gown.

The results of the experiments recorded in Tables
56, 57, 58 and 59, and summarised in Table 60b and
Graph 9 (i.e. experiments No.s 1-68), showed that

contamination of air with dustborne bacteria from the

'skin and clothing was only slightly reduced by

i"surgical gowning", but was greatly reduced by

“dustproof gowning", With "surgical gowning" the

average amount of bacterial contamination of the air

iduring “operating" was 57%, and during "marching" 59%,

i
|
|

of that found in the comparable experiments without

Egowning. With "dustproof gowning®" the avérage amount

|of bacterial contamination of the air during "operatimﬁ
was 12%, and during "marching" 4%, of that found in the

|
 comparable experiments without gowning. !

Wearing of the sterile surgical gown gave very
poor protection against infection of the air, probably
Ebecause the dust particles from the skin and clothing
jwere freely expelled through the gaps at the back of
.the gown where it was tied with tapes and through the
iwide opening at the foot. The high degree of
protection afforded by wearing of the sterile dustproof
gown was due presumably to this garment completely
covering the non-sterile clothes and the friction-
exposed areas of skin, without leaving any gaps for

escape of dust-laden air. The hands, the skin of the

face and the hair of the head did not appear to give

off/
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off an important amount of dust, presumably because

they were not exposed to friction; further decrease in

air infection was not obtained by covering or oiling

|
‘these parts. _ }

The importance in "dustproof gowning" of avoiding

ieven small gaps in the covering, was demonstrated in a

\second series of experiments (No.s 69-80) which are
. |
'recorded in Table 61; these were made with two test

’subjects (D and M). The amount of bacterial |

contamination of the air which was produced by

|
|"marching" was observed for four states of dress: for
i

(a) the subject wearing "ordinary clothes" without

|
1
|
;
[

%gowning (Figure 16a), (b) the subject wearing "surgical
\gowning" over his ordinary clothes (Figure 16b),
|

'(e) the subject wearing the complete, standard

|

!"dustproof gowning" over his ordinary clothes (Figure

|
I
1

‘lﬁc), and (d) the subject wearing incomplete "dustproof

gowning" over his ordinary clothes. This "incomplete

1
1

%dustproof gowning" differed from the standard

;“dustproof gowning" in two respects: the gown collar
%lacked a pad or extension to make it fit the neck
Eclosely, and there were not the canvas 'socks' sewn to
%the ends of the trouser legs; sterile cotton socks
gwere worn and the ends of the trouser legs were tucked
%inside these. With this "incomplete dustproof gownimg%

the amount of air contamination produced by "marching® i
was muchgreater, 2 to 6 times greater, than with i

"complete dustproof gowning", although still less than

B e |
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'with "surgicel gowning". Probably the escape of

|
'dust-laden air through the loose neck of the gown

iconstituted the main deficiency of the "incomplete
?dustproof gowning", The results of these experiments
(No.s 69-80) show how necessary for proper protection
:against infection of the air is the avoidance of any
igaps in the gown and the greatest exercise of care in

'donning and fitting the gown.
|
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‘Section 9: Duration of sir-carriage of bacteria-
: carrying dust particles from skin and clothing.

|
i The results of the experiments with subjects

wearing ordinary non-sterile clothes (i.e. No.s 1-68;
Tables 56-59) show that bacterial contamination of the
air remained appreciably above the control level

usually for more than 20 minutes and sometimes for as

(much as 2 hours. Graph 10 shows the long persistence
fof alr infection following "operating™ in one
:experiment. For the experiments with a maximum

| recorded air contamination of over 1000 bacteria-

| carrying particles per cu.ft., the average time until

disappearance of all but 10% of these particles was |
35 minutes. Since much importgnce was attached to

| this considerable persistence of dustborne bacterial
contamination of the air, a possible but unlikely
cause of error was carefully considered. Infected
dust particleé which were drawn into the air sampler
intake-tube while sampling during the activity period,

might adhere to the walls of the tube and then, during

the taking of later samples, become free and pass into

the sampler. To exclude this possibility, expériments

were made in which the air was heavily infected by
i"marching" and, to avoid contamination of the intake-
étube, not any samples were taken during the activity
periocd or during the die-away period until 30 minutes
after the test subject had left the chamber. The

samples taken after this time showed amounts of air

infection/
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infection which were much above the control level (37,
38, 71, 33 and 86 bacteriapcarrying particles per cu.ft.
in five experiments); this confirmed that infected

dust may remain airborne for a considerable time.




infection would disseminate pathogenic organisms on a

' air were exclusively non-pathogenic. They were

from their skin and clothing. The presence in air ofj

| tract (Gordon, 1904; Wells and Wells, 1936).  All

| another subject, S.) heated blood agar plates were

§ colonies which were'alpha haemolytie and resembled

| test subjects. On the plates exposed in the 61

Ll L J e LAVl 41U Lot Lok

Section 10: Dissemination of respiratory tract ;
' bacteria in skin and clothing dust.

Since the test subjects were not infected with

pathogenic organisms, the bacteria recovered from the

mainly saprophytic species whose normal habitat is thei

skin or clothing. Staph.albus, diphtheroid bacilli,

Micrococci and fungi were the commonest species.

Proof was desired that persons with respiratory

proportion of the dust particles which they liberate

Strept.viridans has been suggested as a reliable

indicator of contamination from the upper respiratory

persons carry large numbers of Strept.viridans in the |

saliva and throat secretions; Gordon found from .
10,000,000 to 100,000,000 per ml. of saliva.

Therefore, in 61 of the experiments with persons

wearing ordinary non-sterile clothes (47.o0f those in

Tables 56-61, 5 others with subject M., and 9 with -

used for sampling and separate counts were made of the

Strept.viridang. A few such alpha haemolytic colonies

were found in almost every experiment with each of six

experiments, which bore a total of 173,103 colonies of

bacteria/
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bacteria of all kinds, there were 586 (i.e. 0.34%)

which resembled Strept.viridans colonies and were

surrounded by zones of greening. However, on

microscopical examination of smears of blood-agar and

nutrient-broth subcultures of 295 of these alpha

haemolytic colonies, chain formation and stseptococcali
%morphology was found in only 29; that is, only 0.033%
éof the colonies of all species were alpha streptococciﬁ
The remeining 266 of the alpha haemolytic colonies
éwhich were examined microscopically, consisted of
%diphtheroid bacilli or, more commonly, of Gram-positive
gcocci grouped in pairs, tetrads or clusters. These
élatter apparently corresponded to the "putative
'streptococci” which Buchbinder, Solowey and
'8010torovsky (1938) found comprising 60% of the green-

producing streptococcus—-like colonies obtained in

sampling air, and which they regarded as probably

streptococei derived from the respiratory tract but
altered in morphology as a result of their aerial
environment. This assumption of Buchbinder and his
colleagues seems rather improbable. It seems more
likely that the "putative streptococci" are not true

streptococci but betong to the genus Micrococcus.

Their original habitat may be the skin, clothing or
%other surface outside the respiratory tract. Their
spresence in air certainly can not be regarded as proof

of contamination from the respiratory tract. Thus,

in the present experiments, the extent of bacterial

contamination/
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contamination of the air from the respiratory tract
via clothing is indicated not by the 0.34% of airborne

bacteria which gave streptococcus-like colonies with

| greening but by the 0.033% which showed chain-formation
on microscopical examination. i
5

The data concerning Strept.viridans and other

alpha haemolytic bacteria are summarised in Table 63.
Of the six test subjects, three distributed true alpha
streptococci into the air in dust from their skin and |
clothing, on at least some of the occasions on which |
| they were examined. It may be noted that 19 of the
true alpha streptococcus strains whieh were thus
recovered from the air, were tested for mucoid colony
| formation on the 5% sucrose medium of Sherman, Niven

and Smiley (1943); 5 of the strains formed mucoid

colonies and were classed as Strept.salivarius in the

sense of these authors.
It may be concluded that bacteria from the

| respiratory tract normally contaminate the skin and

clothing and, in small numbers, become liberated into

the air on dust particles.
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}gection 1l: Distribution into air of indicator organism
; from chamber floor and walls. i

On many occasions during the 15 months of the
investigation, the floor and walls of the test chamber;
were soaked with spindle oil so as to prevent dust
being raised from them during "marching" and "running".

Only in the certainty that there was not a considerable

amount of air contamination from the floor and walls,

could the observed air contamination be attributed to

liberation of dust from the skin and clothing. i
Some special experiments were made to test the

efficacy of the 'oiling' method of dust suppression.

Use was made of B.mesentericus as an indicator of

icontamination from the floor and walls. Being a
%spore—former,'this bacillus could survive for a long
gtime on the floor and walls. The characteristic
;colonies of the bacillus were easily recognised on the
culture plates, being unlike the colonies of any of the
bacteria normally found in the air. Except in these
special experiments when it was introduced artificiaslly,

B.mesentericus was never found in the chamber air.

E The chamber floor and walls were contaminated with

B.mesentericus in the following manner. The observer

;
‘took into his mouth about 1 ml. of a dense aqueous

isuspension of an old, sporing culture of B.mésentericuq

|

Ehe then gave several violent simulated sneezes into the

test chamber. The door of the chamber was closed and

the chamber was left undisturbed for one or more days.

During/
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‘During this time all the B.mesentericus-containing !
|

idr0plet nuclei settled out of the air on to the floor |
Ia.nd walls of the chamber. At the end of the settling

period the air was demonstrated by sampling to be free

|
|from B.mesentericus.

f After the chamber floor and walls had thus been
i

contaminated with B.mesentericus spores, experiments

were made with "marching" by a test subject. The

culture plates were examined specially for colonies of

B.mesentericus and these were counted separately from
the other colonies. It was found that, in spite of the

|
|
|
|
'oiling' treatment, a considerable number of !

B.mesentericus were raiseéd into the air by "marching".

The average activity-period counts in 7 experiments

were 37, 78, 12, 59, 41, 29 and 38 B.mesentericus

particles per cu.ft. (average, 42 per cu.ft.). It is

thought that these figures represent a much higher [

%degree of air contamination from the floor and walls
%than would normally oceur, since these surfaces had
been artificially éontaminated with an enormous number
of small infected particles. Yet even this I

artificially exaggerated air contamination from the

floor and walls corresponded to only a small fraction

of the total air contamination observed in experiments
with "marching" by a subject in "ordinary non-sterile

clothes" or in "surgical gowning" (Table 60b). In
i

]

such experiments, therefore, serious error can not havei
i
been incurred by disregarding contamination from the

flaor/
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{floor and walls, and attributing all the observed air
infection to contamination from the skin and élothing.
;On the other hand, the amounts of air contamination
observed in experiments with "marching" by a subject
'in "dustproof gowning" (Table 60b) were of the same
order as, or even less than, the amounts of air

contamination with B.mesentericus from the floor and

\walls as observed in these special experiments. Hence
:the possibility must be admitted that a substantial
part of the air contamination observed in experiments
|

;with "marching" and “running" by a subject in

"dustproof gowning", was due to raising of dust from

!the floor and walls.

i Apart from the value of these special experiments
in controlling the experimental method, they afford an;
éinteresting demonstration of air infection by the

r'rein'l'.r:::cih.u:'l:.icm of sneeze droplet nuclei into the air

fafter their settlement on to the floor.
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Section 12: (Contamination of air by subject wearing |
r
only sterile clothes.

The experiments made with subjects dressed

exclusively in sterile clothes (No.s 81-116) were
gmainly the work of Dr. A.T. Wallace. The results of
{these experiments are not given in detail in this

| report, but a summary of the results is given in
Teble 62 in order to allow comparison with the
experiments made on subjects wearing ordinary . -
clothes (see also Graph 9).

In the experiments made without a gown being wom

over the sterile clothes, a considerable amount of aiﬁ

infection was caused; presumably the bacteria—carrying

|

dust particles originated directly from the skin or

from the inner surfaces of the "sterile clothes" after |

contamination of these from the skin. cut of

experiments with 4 subjects (D, W, J and L) the overall

average activity-period air infection levels were

583, 200 and 559 bacteria-carrying particles per cu.ft.
Ifor, respectively, "operating', "marching” and "running"
in "sterile clothes". These levels may be compared

with the corresponding average levels of 129 and 837

bacteria-carrying particles per cu.ft. for, respectiveﬁ
|

ly, "operating" and “marching" in "ordinary non-sterile

|
clothes". The measurements for "operating" in 1

"sterile clothes" are not strictly comparable with the

measurements for "operating” in "ordinary non-sterile

: |
clothes", since in the former case the "operating® {

consisted/
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‘consisted of a greater number of movements than in the |

%latter case (see Section 4). On the other hand, the
Iexperiments on "marching" in "sterile clothes" were
ientirely comparable in amount of activity with the
experiments on "marching" in "ordinary non-sterile
clothes"; the comparison of the two series showed that

the substitution of sterile for non-sterile clothes !

‘reduced the amount of air infection with personal dust

to about a quarter (200 being 24% of 837). i
% From the point of view of aseptic practice in
isurgery, great interest attached to the amount of air
infection which was caused by 10 minutes of ®“operating"
by a person in "sterile clothes". For this reason and
because there may be great variation between different
persons and occasions, the four experiments recorded in

Table 62 were supplemented by further experiments on

the same and other subjects. The average activity-
period air infection levels for 9 éxperiments on
"operating“ in "sterile clothes" were, per cu.ft.,
222, 605 and 246 for subject D., 13 for subject W.,
49 for subject J., 46 and 9 for subject L., 64 for
subject Sw., and 8 for subject H.. The calculated
total numbers of bacteria-carrying particles present in
the 100-cu.ft. chamber at between 1 and 3 minutes after
"operating" were 20,500, 70,500 and 21,500; 1300;
4800; 6700 and 800; 6000; and 900.

The effect of "surgical gowning" and "dustproof

gowning" on the amount of bacterial contamination of

the/
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ithe air by persons wearing "sterile clothes", was
isimilar to the effect observed in the case of persons

iwearing "ordinary non-sterile clothes". As compared

with the overall average activity-period air infection ‘

levels produced by persons wearing "sterile clothes"

not covered with a gown, "surgical gowning" reduced the|

lamount of air infection produced by "operating" to 755,‘

that produced by "marching®" to 71% and that produced byi

frunning® to 46%; these are reductions which maylbe
!regarded as inadequate and valueless. On the other
ihand, "dustproof gowning" effected much greater
reductions, reducing the amount of air infection

produced by "operating" to 13%, that produced by

"marching®” to 16%, and that produced by "running" to

1% These reductions are shown in Table 62 and

!Graph 9.
i

| It is apparent that the wearing of a sterile
ioperating suit does not render unnecessary proper

|

dustproof gowning, nor justify use of the inefficient

method of gowning usually practieed by surgeons.
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| Table 60a:- Summary of Results of 28 Experiments in

Tables 56-59:

Amount of Air Infection with Dust

from Skin and Clothing Produced during Various

Bodily Activities by Persons Wearing Ordinary

Non=sterile Clothes.

BACTERIA-CARRYING PARTICLES:-

Nature of Average Number {Total Number in
Activity §Subjecty per Cu.Ft. of 100-Cu.Ft. Box
' (10 Minutes) Air during the |[at 1-3 Minutes
f Activity Period |after Activity.
D. 11 900
| Standing W. 7 600
'Motionless A. 10 700
' Ke 6 900
Average 9 800
D. 170 18,100
i D. 307 25,000
i We 23 2,500
"Operating" We. 37 4,800
! A. 138 13,400
A™m & body A. 223 20, 000 ;
. movements. K. 71 5,800 :
; K. 59 5, 300 ;
! Average 129 11,600 |
D. 1074 92,800
D. 1743 113,900
W. 288 24,700
"Marching" We 285 24,600
A. 864 61,500
' Swinging arms A. 1284 135,600
‘& raising feeti K. 629 45,800
| K. 528 38,100
i Average 837 67,100
|
' D. 2374 154,500
Undressing w. 1091 108, 000
& Dressing A. 1865 184,900
K. 1357 181, 000
Average 1672 157,100
, D. 838 83,900
| Brushing W. 109 15,600
| Clothes A. 627 48, 300
5 K. 381 50,500
Average 501 49,500




Table 60b:~ Summary of 48 Experiments in Tables 56-59:
Influence of Wearing a Sterile Gown over Ordinary
Non-sterile Clothes upon Amount of Air Infection
with Clothing Dust Produced during Bodily Activity.

i Average Number of Bacterial
; Particles per Cu.Ft. of Air in
| Nature of } Subject} the 100-Cu.Ft. Chamber during
| Activity 10 Minutes of Bodily Activity.
5(10 minutes) No Gown [Surgical [Dustproof
‘ Gowning Gowning |
' D. 170 149 22 :
| D. 307 103 - 20 1
| W 23 17 11 |
{"Operating" We 37 48 9
A. 138 74 9
Arm & body A. 223 148 23
movements. K. 71 33 11 5
K. 59 21 12 '
i Average 129 74 15 |
. |
| D- 1074 955 33
D. 1743 752 44
| We 283 159 34
| "Marching" W. 285 207 26
| A. 864 481 31
| Swinging arms A. 1284 309 29
|& raising feet. K. 629 763 24
E Ko 528 319 31
E Average 837 493 32
| (Note:= dress and gowning as in Figure 14.)
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Table 62:- Summary of 36 Other Experiments (No.s 81—11615

Average Number of Bacteria-Carrying Dust Particles

per Cubic Foot of Air in a 100-Cu.Ft. Chamber

during 10 Minutes of Bodily Activity by Persons

Wearing Sterile Clothes with and without Gowning

as in Figure 173

Infection from Skin Only.

A [ ; Surgical Dustproo
| Activity Subject No Gown } Gy Gownin
| D. 222 100 14
i w. 13 9 4
' "Operating" Je 49 40 6
' 1is 46 98 20

Average 83 62 11

‘D. 266 237 20

i [ 8 75 70 14
| "Maxrching" J. 147 185 79
@ s 314 = 15
Average 200 141 32

D. 1138 334 43

W. 202 274 40
| "Running" 5 3, 830 257 69
g Is 67 27 8
Average 559 223 40
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Graph 8:- Average Results of All Experiments with the
Subject Not Gowned: as Average Total Number of
Bacteria~-Carrying Dust Particles in the 100-Cu.Ft.
Chamber during the 10-Minute Period of Qccupancy.

ORDINARY NON-STERILE CLOTHES , STERILE CLOTHES

(Table 60a and Figure l4a)

(Table 62 and
Figure 17a)
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‘Graph 10:- Infection of Chamber Air in a Typical J
' Experiment (No.39) Showing Rapid Increase during
10 Minutes of Occupancy and Slight Activity
Followed by a lioderately Rapid Die-away.

(Slight Activity consisted of "Qperating" the .
slit sampler, changing the culture plate four
times in 10 minutes. Subject was dressed in
his ordinary non-sterile clothes.)

Leo.

SLIGHT

1
ACTIVITY AIR INFECTION PRODUCED
——

BY SLIGHT ACTIVITY FoR
TEN MINUTES

300,

200/

100
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0 o
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Figure 10:- Photograph of the 100 Cu.Ft. Test Chamber
Showing Door, Slit Sampler and Glass Tube
Joining Chamber Vent to Sampler Intake.
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| Figure 13:- Photograph Showing 'Surgical Gowning!
(left) and 'Dustproof Gowning' (right).
over Ordinary Non-sterile Clothes as in

i Tests Recorded in Tables 56-=60.

(Note:~ In this pattern of "Dustproof Gewn", the gown
collar is tucked inwards, over and down inside the
collars of the jacket and shirt of the "Ordinary

| Clothes" beneath)

“Experiments 1-68




| 3 |
!Figure l4:- sShowing (a) Ordinary Non-sterile Clothes,

' (b) Sterile Surgical Gown, Cap, Mask, Gloves and

@ Long Rubber Boots over Ordinary Clothes, and

| (¢) Sterile Dustproof Gown over Ordinary Clothes,

‘ as in Tests Recorded in Tables 56-60. ,

(Note:- In this pattern of "Dustpreof Gown", a bulky

| gauze pad attached round the inner surface of the gown
g collar grips the neck closely at a level above the

| collars of the "Ordinary Clothes" beneath)

|
| Experiments 1-68

(a) (b) (e) |

Ordinary Surgical Gowning Dustproof Gowning
Non-sterile over Ordinary over Ordinary

| Clothes Clothes Clothes




;Figure 15:~ Photograph of 'Surgical Gowning' over
Ordinary Clothes thowing Gaps by which
Infected Dust Particles Escape to Air.




|

‘Figure 16:- Showing (a2) Ordinary Non-sterile Clothes
: with Sterile Cap, Mask, Gloves and ghoes,

(b) Sterile Surgical Gown as well as Cap, Mask,
Gloves and Shoes over Ordinary Clothes, and
' (c) sterile Dustproof Gown as well as Cap, Mask,
Gloves and Shoes over Ordinary Clothes, as in

i the Tests Recorded in Table 61.

Experiments 69-80

(a) (b) (e)
j Ordinary Surgical Gowning  Dustproof Gowning
Non-sterile over Ordinary over Ordinary '

Clothes Clothes Clothes




ig;gure 17:~ Photograph Showing (a) Sterile Clethes,

(b) Sterile Surgical Gown over Sterile Clothes and

(e¢) Sterile Dustproof Gown over Sterile Clothes,

as in Tests Recorded in Table 62.

(Note:- Sterile cap, mask, gleves, socks and rubber |
shoes were worn in all three cases; no other gamments

were worn under the sterile shirt and trousers seen

in the photograph of "Sterile Clothes")

(a)

Sterile
Clothes

Experiments 81-116

(b) (e)

Surgical Gown Dustproof Gown

over Sterile over Sterile

Clothes Clothes




‘Part 2 Lection 10 rage +0!

Section 16: Role of skin and clothing dust in the
transmission of respiratory infections.

i The present observations make it clear that very

ilarge numbers of bacteria-carrying dust particles are
!liberated into the air from the skin and clothing as a
iresult of normal bodily activities, and that many of
éthese particles may remain airborne for a considerable
itime. It is suggested that dust particles from skin @
‘and clothing are not inferior to the droplet nuclei ofg
isneezing, coughing and speaking, in supplying the ;
Ephysical means for alrborne transmission of infection.
‘The number of bacteria-carrying dust particles given
;off in the normal activity of daily life must greatly
éexceed the number of bacteris-carrying droplet.nuclei
produced by the usual amount of speaking, coughing andf
ésneezing. The observed average rates of 11,600
bacteria~carrying dust particles per 10 minutes of
M"operating®, and 67,100 per 10 minutes of "marching", may
Zbe compared with the observed average rates of 13 to 71
ibacteria—carrying droplet nuclei per 100 spoken words,
58 to 730 per cough and 39,000 per sneeze (see Table 3;

;Part 2)s PFurthermore, bacteria-carrying dust particles

|
from the skin and clothing do not appear to be much

?coarser and more rapidly sedimenting than bacteria~-
carrying droplet nuclei, as suggested by Wells, Winslow
;and Robertson (1946). The finding that 10% of the
ébacteriawcarrying dust particles remained airborne on
;rerage for about 35 minutes is to be compared with the;

finding/ | |
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ifinding that 10% of sneeze-produced bacteria-carrying

idroplet nuclei remained airborne on average for
40 to 45 minutes (see Tables 22 and 24; Part 2).
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Section 17: Role of alrborne dust from the skin and

clothing in causing operation wound infection.

éfrOm the respiratory tract of carriers. Dissemination

'of infection from the respiratory tract via clothing
;dust to the air, constitutes a means whereby surgical
aseptic technique may be breached; infected dust

particles may settle from the air on to the operation

wound, the surgeon's hands, instruments and dressings.

| Staph.aureus and Strept.pyogenes have been demonstrated

in the air of operating-rooms by Hart (1938), Hart and

|Schiebel (1939), and MacDonald (1940). Hart

'attributed frequent “unexplained infections" in clean

‘operation wounds to this aerial infection. Colebrook |

iburn dressing-room with Strept.pyogenes which was

The pyogenic organisms most often infecting wounds

- Staph.aureus and Strept.pyogenes — commonly originate

'and Ross (1947) demonstrated infection of the air of af

!proved by typing to be derived from a small sore on the

|surgeon's elbow; apparently the gown worn by the
|surgeon was not effective in preventing dissemination
;of infected dust from this site.

| The present findings show that a large amount of
idustborne bacterial contamination of the air may be

|

icaused by ordinary body movement. A person wearing

|
ordinary non-sterile clothes liberated, on average, over

11,600 bacteria-carrying particles per 10 minutes of
i

%"0perating“, and a person wearing sterile clothes
iliberated,;on average, over 8300 bacterial particles

‘per/
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per 10 minutes of vigorous "operating".

Furthermore, the present findings show that some

'of these infected dust particles from the skin and
5clothing will remain airborne for a time more than
sufficient to allow their drifting to the operating-

|
table from all parts of the theatre and from rooms and}

(corridors adjoining.
% The loose cotton gown usually worn by surgeons waé
lunable to prevent bacterial contamination of the air
from the skin and clothing. Air infection is likely
to be produced if surgeens, nurses, anaesthetists,
students, or other attendants enter the operating-
theatre or its gallery while clad in their ordinary
clothes covered only by a loose gown.

Obviously it is desirable that the surgeon and
operating-staff should change from their ordinary

clothes into special operating-clothes, shirt and

trousers, which are sterile. However, a surgeon
%dressed exclusively in sterile clothes will, by the
ipovements of operating, still infect the air with many
bacteria-carrying particles derived from his skin.
Wearing of the loose surgical gown over his sterile

operating-clothes will not prevent such air infection.
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'Section 18: Precautions necessary in bacteriological
‘ examination of air.
i

When examining air for its total bacterial content,

jan observer should take precautions against himself
;infecting the air, lest the counts obtained should
ireflect mainly his own activities in manipulating the
iair sampler and not the natural air contamination of
ithe place examined. The movements involved in l
‘operating an air sampler have been proved sufficient ta
' produce heavy bactérial contamination of air, by the
;present observations for %"operating" an imaginary slit
 sampler.

In view of these findings, it is proposed that a
'sterile dustproof gown should be worn by any person i
‘engaged in taking air samples for bacteriological g

fexamination.
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Section 19: Summary of Part 3.

(1) The number of bacteria-carrying dust particles

liberated from a person's skin and clothing into the
;air of a 100=-cu.ft. chamber as a result of various
i‘l:nod:i.ly activities was measured by examining the air
'with a Bourdillon glit sampler. Large numbers of
ébacteriarcarrying particles were liberated by even
slight activity - e.g. about 1000 per minute by a
;person making movements equivalent to performing a

iaurgical operation or to changing culture plates in a

%slit sampler. Very large numbers were liberated by

;more vigorous activities - e.g. about 10,000 per ﬁinuté
i

by a person "marching" or changing his clothes. The |
iaverage number of bacterias-carrying particles found in
;the chamber air at 1 to 3 minutes after 10 minutes ofli
;occupation, was 800 after the occupant had been

|
"standing motionless", 11,600 after he had been

;"ogeratigg" an imaginary slit sampler, moving only his

'arms and body, 67,100 after he had been "marching",

| swinging his arms and 1ifting his feet, 157,100 after

'he had been "undressing and dressing" himself once, an

149,500 after he had been "brushing clothes", giving

l
| 40 strokes of a brush to his jacket and trousers.

BTSN W e S N T T 1

' (2) Observations were made of the rate at which the |
' bacteria~carrying dust particles from skin and clothing
‘disappeared from the air after termination of the

dust-raising agtivity. On average, 10% of the

‘1nfected/
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Iinfected particles remained airborme for 35 minutes.

(3) The respiratory tract commensal bacterium,

Strept.viridans, was found on a proportion of the dust

particles liberated into the air from the skin and
clothing. This proved the probability that pathogenic|
organisms from the respiratory tract would pass by the

same route via skin and clothing dust into the air. A

few Strept.viridans were put into the air by 3 out of 6

|
persons examined in 61 experiments. The culture plates

|exposed in the 61 experiments bore 173,103 colonies of

all kinds; 0.34% of these were alpha haemolytic, but

jonly 0.033% were alpha haemolytic streptococci.
i

|
'(4) Comparison of numbers disseminated and duration of

air-carriage indicated that the dust particles from |
skin and clothing are not inferior to the droplet nudbﬁ
of speaking, coughing and sneezing in supplying the

physical means for airborne transmission of infection.

5(5) Air contamination with dustborne bacteria from the

'skin and clothing was reduced only a little - e.g. to |

about half - when a sterile loose cotton gown of the

usual surgical pattern was worn over the ordinary
clothing, but was reduced very greatly - e.g. to a
tenth or a twentieth - when a sterile dustproof gown |

was worn over the ordinary clothing.
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Section 1l: General Introduction.

i

|

j Studies of the physical mechanisms of droplet
spray and dust raising, as reported in Parts 2.and s
yield much informetion about the possibility of
infection being spread by these vehicles. However,

because a number of particles are distributed into the

jair and remain airborne for some time, it does not

;follow that airborne infection will necessarily be

|

!produced; it is possible that none of the particles ;

carry pathogenic microorganisms. i

The role of the different vehicles of infection,
large projection droplets, airborne droplet nuclei,

airborne dust particles, hands, clothing and fomites,

;can be assessed only with knowledge of the extent to
which each is normally contaminated with pathogenic

microorganisms. This knowledge can be gained only by

direct bacteriological examination of the vehicles, in

relation to a wide selection of infected persons. In
!

ithe present investigatiion, such examination has been
made in relation to 20 patients with open pulmonary

tuberculosis, 50 patients with faucial diphtheris,

50 patients with scarlet fever, 45 "healthy carriers"

of Strept.pyogenes and patients with chronic tonsillﬁid

and 2 "healthy nasal carriers" of Staph.aureus. The

tuberculosis, diphtheria and scarlet fever patients
were inmates of an Infectious Fevers Hospital, the

patients with chronic tonsillitis were inmates of an

Ear, Nose and Throat Hospital Unit, and the "healthy

carriers"/




Part 4 Section 1 Page 272

carriers" were encountered under a variety of

lcircumstances,

r The most extensive observations concerned the
expulsion of pathogenic bacteria in cough spray and fh%
occurrence of pathogenic bacteria in the secretions of
the anterior mouth. Particular attention was paid teo
this latter, because the observations recorded in Part
2 had shown that the great majority of the droplets
produced in speaking, coughing or sneezing, originate
from the anterior mouth; it had been concluded that
airborne infection by droplet nuclei would be likely
only when the secretions of the anterior mouth contained
very large numbers of pathogenic microorgenisms. j
The three experiments described in Section 12 werei
made in collaboration with Dr. C.A.Green and Dr. S.W.

Challinor; the observations recorded in Section 16

were made in collaboration with Dr. A.T.Wallace.
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Section 2; Experimental-methods.

The patients were examined at a considerable

jinterval after their last meal or mouth-wash, and not
Eimmcdiately after a bout of'coughing. Each patient
was instructed to give 6 forceful coughs. As the i
coughs were vdluntary, they may be regarded as
"unnatural". Sometimes, however, the disturbance of
the first cough initiated the cough-reflex and some

"natural" coughs were included in the series.

| The droplets expelled by the series of 6 coughs
!were collected on a glass microscope slide (3 in. x 1
iin.), which was held during the coughing at about

53 inches directly in front of the mouth. The slide
;was always warmed just before use so as to prevent
condensation from the breath which would have obscured

'the.outlines_of the dreplet marks. The slide was

stained by the Ziehl-Neelsen method and then searched

|systematically for droplet marks under the low power

|of the microscope. The diameter of each droplet mark
was measured with a micrometer eyepiece. 'Finally, thﬁ
droplet marks were searched for tubercle bacilli with
the (1/12 in.) oil-immersion objective. A record was
imada of the number of droplets on each slide, the

number of droplets containing tubercle Bacilli, and the
number of tubercle bacilli in each droplet.
i Before and after each test of coughing, a swab was

taken from the throat (tonsils, faucial pillars and

posterior pharyngeal wall) and another swab was taken

from/
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from the anterior mouth (inner surface of lips, inner

and outer surfaces of front teeth and gums, and tip of

tongue). The swabs were treated with acid according
i

| to the method of Nassau (1941) and each was then
‘rubbed over the surface of two Lowenstein egg-medium

!slopes. These .slopes were incubated at 37 deg.C. for
!
| four weeks; they were examined at intervals during

'.

lthis time. The number of M.tuberculosis colonies

ivisible after four weeks was counted and recorded.
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!Section 3: Observations of M.tuberculesis in cough
5 spray and in secretions of anterior mouth.

Observations were made of the expulsion of tubercle

|

bacilli during 6 voluntary coughs given by each of 20
adult male patients with open pulmonary tuberculosis,
iwhose sputum had recently been shown to contain tubercle
‘bacilli. Tabic 64 shows for each patient the numbers
.Of droplets and tubercle bacilli which were caught on
|

a microscope slide (3 in. x 1 in.) held at 3 inches in

front of the mouth, and also the occurrence of tubercle

'bacilli, before and after coughing, in the throat and in|
:the anterior mouth. I
é Droplets containing tubercle bacilli were expelled
iby 10 out of the 20 tuberculosis patients. In all, a
‘total of 410 droplets were found on the slides exposed
fto 120 coughs; 36 of these droplets were infected, 19
\containing between 1 and 10 tubercle bacilli, 9 contai-

ning between 10 and 100, 3 containing between 100 and

1000, 4 containing between 5000 and 20,000, and 1 cont-

!aining about 40, 000. The bacilli were packed so
;closely in the five most heavily infected droplets that
;only a rough estimate could be made of their numbers.
‘These 5 heavily infected droplets and 10 other infected
droplets were all expelled by one ?atient (Ne.151), who
imust have discharged at least 80,000 tubercle bacilli

in the 6 coughs. liluch smaller numbers of tubercle

bacilli were expelled by the other patients; one of
the other patients was found to expel 198 tubercle

bacilli/
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bacilli (in one droplet), a second to expel 175 (in
nine infected droplets), a third to expel 60 (in one
droplet), a fourth to expel 13 (in three droplets), a
fifth to expel 6 (in three droplets), and the other
four patients each to expel either 1 or 2 tubercle
!bacilli in a single droplet.

The deposit marks of the infected droplets ranged
|from 30 to 3000 microns in diameter, 9 of the 36 being
between 30 and 120 microns (i.e. being derived from
spherical droplets between about 10 and 40 microns in
diameter). It is probable, therefore, that some of
the infected droplets were small enough (i.e. under
100 microns) to remain airborne as droplet nuclei.

None of these small droplets, however, contained more
than a very few tubercle bacilli (not more than 10).
The heavily infected droplets which contained more than
1000 tubercle bacilli, were all of large size; their
deposit marks were between 600 and 3000 microns in
diameter, so that their original spherical diameters
must have been between 200 and 1000 microns.

Figure 12 is a photomicrograph of the most heavily
infected of the small droplets of the patient (No.151)
whose cough spray contained the largest numbefs of
tubercle bacilli. The deposit mark of this droplet
was just under 120 microns in diameter, so that the
original spherical diameter of the droplet must have

been about 40 microns. Thus, if it had not been

caught on the slide, this droplet would have remained

airborne/
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airborne as a droplet nucleus. As can be seen from
the photomicrograph, the droplet contained 9 tubercle
bacilli; thus, it would have become an infected

droplet nucleus.

| In the examinations made before coughing, tubercle
Ebacilli were found to be present in the secretions of
the throat of 15 out of the 20 patients, and in- the
secretions of the anterior mouth of 10 of the 20
patients. In two other patients, infection of the

anterior mouth appeared subsequent to the coughing.

‘The tubercle bacilli were usually numerous in the

|
‘throat secretions (e.g. a few dozen to a few hundred

!colonies being obtained on the two slope cultures),

iand they were usually scanty in the anterior-mouth i

isecretions (e.g. a few to a few dozen colonies being |

obtained on the two slope cultures). A positive
throat culture was obtained from all of the 10 patients
who expelled infected droplets, and a positive anterior

-mouth culture from 8 of these.
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Figure |2:~ Microphotegraph (x 1000) ef a Cough

Droplet Containing Tubercle Bacilli.

The slide was exposed during coughing in frent of the
‘mouth of a patient with pulmonary tuberculesis; it was
| stained by the Ziehl-Neelsen method. The droplet mark
contains polymerph leucocytes and nine tubercle bacilli.
The upper photegreph is untouched; in the lower, the
tubercle bacilli are touched up with red.
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Section 5: Discussion and conclusions.

Only the larger droplets are collected on slides

exposed in front of the mouth to direct impingement of

[droplet spray. The size~distribution measurements
;recorded in Part 2 (see Table 16), indicate that
i"direct impingement siides" collect only about 30% of
all droplets expelled in coughing, mainly the droplets

\larger than 20 microns in diameter. However, from

consideration of the decreasing frequency o6f tubercle

bacilli observed in droplets of decreasing éize, it is |
‘concluded that the great majority of the infected é
édroplets were larger than 20 microns in diameter,
?Thus, failure to collect the smaller droplets is not
}regarded as a serious defect in the method of
iobservation.
| An important cause of deficiency in the droplet
counts was that the (3 in. x 1 in.) slide which was
exposed to the cough spray, would cover only about
one-third of the area of cross-section of tﬁe spray at
3 inches from the mouth (see Part 2). Thus, the
counts which.were obtained in this investigation and
recorded in Table 64, must represent only about 30% of
the infected dropleté actually expelled.

Expulsion of tubercle bacilli in cough spray has
been observed by several previous investigators (e.g.
Laschtschenko, 1899; Heymann, 1901; Ziesché, 1907).
The findings of the present investigation are generally

similar to those of the previous investigations. Apart

from/
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i
from confirming the latter, the present observations

lare of value in yielding new information about the size
of the infected droplets, and about the relationship

between expulsion of tubercle bacilli in cough spray

and the occurrence of tubercle bacilli in the throat

|{and anterior mouth.

E The present findings afford a measure of the

|

!probability of infection being spread by two different

'mechanisms: namely, by projection droplets and by

airborne droplet nuclei.

The majority of the infected droplets expelled by
coughing, and all the droplets containing more than a
few tubercle bacilli, were too large in size to remain
airborne as droplet nuclei; they therefore constituted

infected projection droplets. In 6 coughs, projection

droplets containing large numbers of tubercle bacilli
(over 80,000) were expelled by 1 out of 20 patients,
and projection droplets containing a few‘tubercle
bacilli by 9 out of 20 patients. It is concluded that
the projection droplets of the coughing of patients
with open pulmonary tuberculosis commonly transmit a
few tubercle bacilli to otﬁer persons, and occasionally
a large number of tubercle bacilli. This tubercle
bacillus content of the projection droplets will be

received on to the skin and clething of persons who are

%standing within 2 or 3 feet directly in front of the
!patient during the bout of coughing. Some of these

‘tubercle bacilli may subsequently be transferred from

‘thefskin/
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skin and clothing of the recipient inte his mouth or
nose, perhaps by the hands or by redispersion into the
air and then inhalation. Probably only a small
|proportion of the tubercle bacilli would complete this

journey to the respiratory tract of the recipient.

Cough-spray projection-droplets should not be regarded

as a vehicle whereby large numbers of ;tubercle bacilli
|may be inoculated into the respiratory tract.
Some of the infected droplets were small enough to

remain airborne as infected droplet nuclei; 9 such

small infected droplets, with calculated spherical

diametersbetween 10 and 40 microns, were collected from

1120 coughs. These small infected droplets contained
ionly a few tubercle bacilli (1 to 10). It is
jconcluded that a person standing near to a tuberculous
ipatient during a bout of coughing, will only rarely

inhale an infected droplet nucleus, and that the number

of tubercle bacilli acquired in this way will be very

ismall. i

A positive throat culture was obtained from all of

the 10 patients who expelled infected droplets, and a \

|positive anterior-mouth culture from 8 of these.

‘There was not any evidence to suggest that infected
material was atomised in the bronchi and expelled as
droplets directly from the bronchi. Formation of

|
!infected droplets probably occurred in the throat er

'in the anterior mouth, these localities having been
|

|soiled previously by sputum coughed up from the bronchi.
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Section 6: Experimental methods.

The patients were examined at a considerable
interval subsequent to their last meal or last mouth-

wash. Bach was instructed to give 6 voluntary coughs;

'these were in most cases fairly forceful, but rather

l
[weak in about a quarter of the cases, mainly among the
ichildren.

i The droplets expelled by the series of 6 coughs
iwere collected on a 10-sq.in. plate of Hoyle's laked
iblood tellurite agar; this plate was held at about
|3 inches directly in front of the mouth during the
!coughing.

, After their aerobie incubation at 37 deg.C. for
|

/48 hours, the plates were examined with a (x 20)
!

'binocular plate microscope. Separate counts were made

of the colonies resembling C.diphtheriae and of all

‘other colonies. Some of the C.diphtheriae-like
;colonies on each plate were subcultured and their
ifermentation reactions were tested; those which

i
fermented glucose but not sucrose, were recorded as

|C.diphtheriae.

Before each test of coughing, a swab was taken
;from the throat (tonsils, faucial pillars and posterior
lpharyngeal wall) and another from the anterior mouth
(inner surface of lips, inner and outer surfaces of
front teeth and gums, and tip of tongue). These swabs

were plated out on Hoyle's medium; -after 48 hours

'incubation, the C.diphtheriae colonies were identified

as just described, and their &pproximate number noted.



Part 4b Section 7 Page 2g6 I

Section 7: Observations of C.diphtheriae in cough
spray and in secretions of anterior mouth.

Observations were made of the expulsion of

C.diphtheriae during 6 voluntary coughs which were

given by each of 50 patients with faucial diphtheria.
|The patients included adults and children older than

6 years; all the patients yielded C.diphtheriae on the

|throat swab taken just before the test of coughing.
Table 65 shows for each patient the number of droplets

containing C.diphtheriae which were caught on the

10-sq.in. Hoyle plate held in front of the mouth, and

also the occurrence of C.diphtheriae in the throat and

in the anterior mouth.

Droplets containing C.diphtheriase were found to be

expelled,in a series of 6 coughs,by 10 out of the 50
patients with faueial diphtheria; only 1 infected
droplet was expelled in 5 of these casés, 2 infected
droplets in 3 cases, and, respectively, 10 and 27
infected droplets in the other 2 cases. In all,

48 infected droplets were expelled during 300 coughs,
that is about 1 infected droplet for every 6 coughs.
The infected droplets comprised about 4% of all the
droplets (which contained organisms cultivable on the |
Itellurite medium) found to be expelled by the 50
patients. It must be noted that the Hoyle tellurite

:
medium is selective for C.diphtheriae and inhibitory

|

ito many of the respiratory tract commensal bacteria.
!

EFor this reason, the number of colonies other than of

C.diphtheriae, probably underestimates greatly the

lactual / ;
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actual number of droplets caught on the plates.
Diphtheria bacilli were discovered in the
anterior-mouth secretions of 12 out of the 50 patients;
only very small numbers were present in 10 of these
patients and moderate numbers in the 2 others. There%
was not a complete correlation between the eipulsion of

infected droplets and the presence of C.diphtheriae in

the anterior mouth. Infected droplets were expelled by

6. of the 12 patients with positive anterior-mouth

cultures (in-all, 43 infected droplets) and by 4 of the
| 38 patients with negative anterior-mouth cultures (in

‘all, 5 infected droplets).




"Patient Throat [ Anferior | Colonies on
L Ne, Mouth C.di eri thers
88 many | 0 0 11
89 many | 0 0 33
90 many | few 27 24
g1 many | 0 0 :, 48
922 many | some 10 68
93 many | 0 0 { 158
94 meny | 0 0 | 32
95 many | fow 0 | 22
96 many | few 2 13
97 many | 0 0 )
98 many | 0 0 )
99 many | 0 0 3
100 many | 0 i 52
101 few | few 1 , 89
102 many | 0 0 , 1LE
103 meny | few 0 | 168
- 104 many 0 1 '5 14
- 105 many 0 1 { 72
106 many 08 0 '; 9
| 107 many 6.t | 0 10
- -109 many 0 0 29
| 110 many few 2 4l
R i many | 0 0 34
| 112 few | 0 0 16
1113 few | 0 0 3
114 many | 0.5 0 6
|- 119 many 0 0 2
| 116 many | few £ 5
| 11T few 0 0 3
= =318 many 0 2 5
119 many D] 0 3
120 few 0F- | 0 11
121 many some | 0 0
122 few | Gt 0 0
| 123 many B 0 7
124 many 6 | 0 6
| 125 many few | 1 | 3
| 126 many G 0 2
127 many 0 0 0
128 many 0 0 2
129 many 0 0 6
130 many 0 0 3
131 few 0 0 4
- 133 many 0 0 0
- 133 many few 0 99
134 many few 0 13
139 few 0 0 16
|- 136 many 0 0 0
137 many 0 0 1
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Section 9: Discussion and conclusions.

The cross-section of cough spray at 3 inches.in
front of the mouth was found in experiments recorded in
Part 2 to be about 10 sq.in.; the area of the Hoyle
plate was 10 sg.in., so that the whole extent of the
:spray would be covered by the plate if its positioning
was correct. The droplet size-=distribution measurem-
ents recorded in Part 2 (see Table 16) showed that the
"direct impingement plates" collect only about 30% of
all cough droplets, mainly those larger than 20 microns

in diameter. However, C.diphtheriae occurred in only

‘a small proportion of the larger, impinging droplets;
'the proportion of smaller droplets infected must
‘necessarily have been less, in fact insignificanfly
Elittle. For this reason, failure to collect the
ismaller droplets is not regarded as a serious defect in
ithe method of observation.

The present findings accord with those of Teague
(1913) who collected cough spray and speech spray on

Loeffler serum plates and identified C.diphtheriae

solely by its morphological appearance in methylene
blue smears. Both investigations show that only very

small numbers of C.diphtheriae—containing droplets are

expelled; in the present investigation, the aversge
number of infected droplets per cough varied among the

different patients from O to 4.5, the overall average
rate being 0.16 per cough.

It is concluded that C.diphtheriae may oécasionalh

be/
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be transmitted by projection droplets or by airborne

droplet nuclei, although only in very small numbers.

In contrast, large numbers or C.diphtheriae have

been found in floor dust and in air contaminated with

dust by sweeping (Crosbie and Wright, 1941); comparison

with the present findings leads to the conclusion that

infection by projection droplets and infection by |
Firborne droplet nuclei are less important than
|

pnfection by airborne dust.

| C.diphtheriae-containing droplets were found to be

expelled more frequently and in larger numbers by

patients having C.diphtherise in the anterior mouth than

|
by petients having C.diphtheriae in the throat only.
5 |
This suggests that the majority of droplets, including
infected droplets, originated from the anterior mouth |

Fnd that only a few originated directly from the throat.
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Section 10: Experimental methods.

The patients and "carriers" were examined at a
considerable interval.subsequent to their last meal or

mouth wash. Each was instructed to give 6 voluntary

Ecoughs; in most cases the coughing was vigorous.
|

| The droplets expelled by the series of 6 coughs
éwere collected on a 10-sq.in. plate of blood agar
}(nutrient agar with 5% horse blood); this plate was
:held during coughing at about 3 inches directly in
front of the mouth.

After aerobic incubation at 37 deg.C. for 24 hours,

separate counts were made of the beta haemolytic
:colonies and of all other colonies. Some of the beta
.haemolytic colonies on each plate were subcultured into
5% serum broth and tested for production of a soluble
haemolysin for sheep red blood corpuscles. Only those
strains which produced a soluble haemolysin were

counted as Streptl.pyogenes.

Before each test of coughing, swabs were taken

from the throat (tonsils, faucial pillars and posterioxn

|

ipharyngeal wall) and from the anterior mouth (inner
surface of lips, inner and outer surfaces of front
teeth and gums, and tip of tongue)-. These swabs were
plated out on blood agar. After 24 hours incubation,

the Strept.pyogenes colonies were identified as

described above, and their approximate number noted.
Air infection was observed by use of the slit

sampler (Bourdillon, Lidwell and Thomas, 1941), which

was/
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was operated at an air intake rate of 1 cubic foot per
minute and at a slit-plate distance of 3 millimeters.
The culture medium used for sampling was blood agar
incorporating crystal violet in a concentration of

1 in 1000, 000. A few non-selective plates, of
ordinary blood agar, were used to count "all bacteria"
in the air sampled. The amount of air dust was

judged approximately from the number of dust particles

lseen on the surface of the plates.
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Section 11: Observations of Strept.pyogenes in cough
spray and in secretions of anterior mouth.

|
|
|
|
|

;Strept.pyogenes during 6 voluntary coughs which were

Observations were made of the expulsion of

given by each of 50 patients with scarlet fever and

37 persons with chronic tonsillitis or "healthy throat-
carriage®. These persons included adults and children

older than 6 years; Btrept.pyogenes was found on the

|throat swab taken just before the test of coughing, in
!

:the case of each of the 87 persons examined. Tables
|66 and 67 show for each person, the number of

Strept.pyogenes-containing droplets which were caught

éon the 10-sg.in. blood agar plate held in front of the

mouth, and also the occurrence of Strept.pyogenes in

the throat and in the anterior mouth. Table 66 gives
the findings for the scarlet fever patients, and Table
67 the findings for the chronic tonsillitis patients
and ﬂhéalthy carriers".

In the series of 6 coughs, droplets containing

Strept.pyogenes were expelled by 39 out of the 87

persons with infected throats; 27 persons expelled
between 1 and 10 infected dr0p1ets,.9 persons expelled
between 10 and 100 infected droplets, and 3 persons
expelled between 100 and 400 infected droplets. In
all, 1109 infected droplets were expelled during 522
lecoughs: that is, about 2 infected droplets per cough.
The greatest numbers of infected droplets were
generally expelled by the coughs which were most

forceful and which produced most droplet spray. of
_%—
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all the droplets expelled by the 87 persons, those

containing Strept.pyogenes comprised only 10%. The

proportion of droplets infected, varied greatly from
case to case, between 0% and 80%.

Strept.pyogenes was found in the anterior-mouth

secretions of 13 out of the 87 persons examined.. The|

[
nunbers of Strept.pyogenes found in the anterior mouth |

were generally small; they were very large in only i

!
2 persons, and comparable with the numbers in the |
throat secretions in only 4 persons. There was not

1any apparent correlation between the expulsion of

infected droplets and the presence of Strept.pyogenes

in the anterior mouth. Infected droplets were
expelled by 5 of the 13 persons with positive anterior-
mouth cultures (in all, 63 infected droplets and 720 é
‘non-infected droplets), and by 34 of the 74 patients |

with negative anterior-mouth cultures (in all, 1046

infected droplets and 7500 non-infected droplets).
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%Section 12: Observations of Strept.pyogenes air
infection by droplet spray and by dust raising.

Three experiments were made to determine the

{three different mechanisms: (1) by the droplet nuclei
|

'amount of air infection which could be produced by

expelled by "throat carriers" in speaking, coughing,
singing and laughing, (2) by the raising of dust from

the jackets, towels and handkerchiefs of "throat

carriers", and (3) by the raising of dust from the

| floor and bedding of a room normally occupied by

g"throat carriers"”. These experiments were carried
‘out in the training institution described in Part 5,

during an epidemic of Strept.pyogenes throat infection.

The "carriers" used in the experiments were inmates of
the institution.
Slit sampler observations were made of the bacterial

content of the air in the immediate vicinity of four

' "throat carriers" of Strept.pyogenes, who, while
i
|playing a game of cards, talked, laughed and coughed

ifrequently and vigorously. The game was played in the
\middle of a 16,000 cu.ft. dormitory. Apart from the
;four "carriers" and the observer, there were not any
other persons present in the dormitory during the
experiment; the dormitory had been unoccupied for

90 minutes preceding the experiment, a time more than

sufficient for disappearance of any pre-existing air
infection. The "carriers" were grouped around the

slit sampler, being respectively 1%, 2, 4 and 4 feet

from/
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from it, and facing either half or fully towards it.
| To minimise dust-raising, movement was restricted to
the requirements of the game. The game lasted for
100 minutes.

Alr samples (each of 12 cu.ft.) were taken at
intervals before entry of the "carriers", then during
the game when the "carriers" were present, and finally

during a period after departure of the "carriers".

iTable 68 shows the level of Strept.pyogenes air

'infection at different times.

{ Few Strept.pyogenes particles were present in the

air during the periods before and after the game, when
the dormitory was unoccupiéd (on average, respectively
0.03 and 0.13 infected particles per cu.ft.). During
the 100-minute game, while the "carriers" were talking,

coughing, singing and laughing, a larger number of

|Strept.pyogenes particles were present in the air; a

'total of 84 cu.ft. of air sampled was found to contain

62 Strept.pyogenes particles; or 0.74 per cu.ft.. As

|this air infection must have been concentrated in the
;part of the 16,000 cu.ft. dormitory near to the
"carriers", the output per "carrier" was probably less
than 3000 infected particles in the 100 minutes. r
Thus, a great amount of coughing, speaking,
singing and laughing by four infected persons produced
only a slight increase in the level of air infection.

{The times at which increased air infection was observed,

did not correspond to the times of maximum coughing and

talking/
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talking; this suggests that the air infection increase

was caused by some mechanism other than droplet spray.

— o ommm m— — — mm St mmm mem mem e me mem mwm mew ewm e owe Y m wem e

small room of 1960 cu.ft. capacity (14 ft. x 14 ft. x
10 ft.) during the shaking of their jackets, towels and
handkerchiefs by four "throat carriers" of

Strept.pyogenes. The conditions of the experiment

were arranged so that air infection could not arise
except from the skin, clothing and belongings of the
"earriersh, The room had, on the previous day, been
emptied of furniture and hangings, and had been treated
thoroughly with formalin. After the floor had been
scrubbed with antiseptic; the room was left unoccupied
until the time of the experiment. Because of these
precautions, the production of air infection by the
raising of room dust was rendered highly improbable.
To prevent the expulsion of droplet spray, the
"carriers® were masked while present in the room.
"Dust raising" was effected as follows: (1) the
"carriers" marched continually round the room forxr .
6 minutes, thus agitating their clothes gently; and
(2) the “ecarriers", during 16 minutes, shook in
succession their jackets, towels and handkerchiefs
towards the slit sampler in the centre of the room.
Air samples, each of 6 cu.ft., were taken before,

during/
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during and after each "dust raising". Table 69 shows

the level of Strept.pyogenes air infection at different

times.

Only a few Strept.pyogenes particles were present

in the air before entry of the "carriers", on average
0.4 per cu.ft.. These streptococci probably were
derived from the clothing of the two observers who had
earlier been in contact with other "carriers". A

§small but definite increase in the level of
[

Strept.pyogenes air infection resulted from the

"carriers" walking around the. room, presumably due to
liberation of dust from their skin and clothing; the
air infection was increased from 0.4 to 1.8 Strept.-

pyogenes particles per cu.ft., representing an addition

ito the 1960 cu.ft. room of about 700 Strept.pyogenes

particles by each "ecarrier". When the four "carriers"
shook their jackets, towels and handkerchiefs, there
was a very great increase of air infection with

Strept.pyogenes, from 1.8 to about 200 infected

particles per cu.ft., representing an addition to the

air of the whole room of about 100,000 Strept.pyogenes

particles by each "carrier". Highl"air dust®
:measurements were obtained at the time of the high
air infection. After cessation of the "dust raising"
and departure of the "carriers", large numbers of

Strept.pyogenes particles remained airborne for at

|
|

least 15 minutes.
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and bedding. Slit sampler observations were made of

the bacterial content of the air during sweeping and

' the shaking of bedclothes, in a 16,000 cu.ft. dormitory
|
|usually occupied by 18 young men including 6 "throat

!carriers" of Strept.pyogenes. The "dust raising" was

carried out by 6 young men who were not carrying

Strept.pyogenes. These young men, and also the two '
observers, were masked to prevent expulsion of droplet
spray. No other persons were present in the dormitory
during the experiment. or during the preceding hour.
Dust was raised in three diferent ways: (1) the
youths marched continuously up and down the dormitory
during 13 minutes; (2) the youths swept the floor

towards the slit sampler during 174 minutes; and (3)

' the youths shook, close to the slit sampler, various
itl:}laarﬂs:e't'.s, towels and pillows belonging to the usual
occupants of thé dormitory, during 18 minutes.

The slit sampler was situated centrally in the
dormitory. Alr samples were taken before, during and
after each "dust raising". Table 70 shows the level

of Strept.pyogenes air infection at different times.

Strept.pyogenes was not found in the air during
the preliminary period before the activities were
begun. In marching up and down the dormitory,
presumably by raising dust from the floor, the youths
produced a small amount of air infection with

| Strept.pyogenes; on a#erage, 0.1 infected particles

were/
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were present‘per cu.ft. of air, corresponding to 1600
infected particles in the whole dormitory. Greater
air infection was produced by sweeping of the floor, [

namely, 4.9 Strept.pyogenes particles per cu.ft.,

and by shaking of the pillows, blankets and towels,

namely 4.7 Strept.pyogenes particles per cu.ft.. As

these latter high air infection levels must have been
'localised near the sampler, they correspond to an

|addition of less than 80,000 Strept.pyogenes particles

to the whole dormitory.

Total colony counts on two ordinary blood agar
plates which were exposed in the slit sampler in the
middle of the sweeping and of the bedclothes shaking,
showed that at these times there were about 2000
bacteris~carrying particles per cu.ft. of air. Thus,

Strept.pyogenes particles comprised only about 0.25%

of all the bacteria-carrying dust particles entering
the air from the floor and bedding.
High "air dust" measurements were obtained at the

times when the air infection was large.
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1 many 40 102 30
2 many 0 0 3 |
i 3 many 0 0 120 |
& meny 0 5 680
) many 0 0 42
6 -many 0 3 2400
7 few 0 3 220
8 few 0 4 125
9 many 0 0 7
10 fow 0 0 2
11 many few 15 10
12 many 0 47 23
13 many some 0 2
14 many 0 2 4
1D many 0 -0 0
16 meny 0 0 0
17 many few 0 0
18 many 0 1 3
| 19 many 0 0 6
S fow 0 0 5
= 21 many 0 0 40
22 | many 0 0 12 |
23 many 0 380 440 |
24 | few 0 0 0 ;
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28 many 0 {
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' 30 many g 1 31
31 many 0 35 485
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33 few 0 0 2
34 few 0 5 20
35 few 0 1 31
36 many 0 28 7
37 many some 0 7
38 few 0 0 9
39 many 0 0 34
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42 | few 0 0 56
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44 few 0 0 15
45 many 0 0 520
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Section 14;: Discussion and conclusions.

The observations of the expulsion of Strept.pyog-

?gggg in cough spray were subject to the limitations of |
the impingement method of collecting droplets; the
plates collect only about 30% of the cough droplets,
mainly those larger than 20 microns. However,

Strept.pyogenes was contained in only 10% of the

droplets collected (i.e. of the large droplets); . in
proportion to their lesser volume, only a much smaller
percentage of the droplets escaping collection can have

contained Strept.pyogenes. For this reason, the

findings obtained, and recorded in Tables 66 and 67,
are assumed to represent substantially the extent of

the cough-spray infection. |

The present findings are genefally similar to the
findings of Bloomfield and Felty (1924), Colebrook
(1933), Paine (1935) and Hare (1940), who examined onlyi
a few infected persons. é

The investigation showed that droplet-spray

dissemination of Strept.pyogenes was very limited.

Only a minority of infected persons, 39 out of 87,

expelled any Strept.pyogenes in a series of 6 coughs.

The number of Strept.pyogenes-containing droplets

expelled,was small, varying among the different persons
from 0 to 63 per cough, and being on average about
2 per cough.,

It is concluded that transmission of Strept.pyog-

enes by projection droplets is possible, and perhaps

also/
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|
|

also transmission by airborne droplet nuclei, but that

such cough spray infection will be infrequent and that
i
only small numbers of Strept.pyogenes will be passed to|

the recipients. Certainly, the number of infected &
droplets found to be expelled in coughing was small as |
compared with the number of infected dust particles

\which were found to be raised from floor, bedding and |
cloyhing.

The finding that Strept.pyogenes~containing

droplets were expelled as frequently by persons with
negative anterior-mouth cultures as by persons with
positive anterior-mouth cultures, suggests that at
least some of the cough droplets, including many
jinfected droplets, were expelled directly from the
throat. However, it may hawe been that the first one
or two of the series of six coughs caused movement of
infected exudate from the throat to the anterior mouth,
and that the later coughs of the series atomised this
infected exudéte from the anterior mouth.

The three experiments designed to test the
different air infecting mechanisms showed that very

little air contamination with Strept.pyogenes was

produced by the droplet-spray nuclei of "carriers"
coﬁghing, speaking, singing and laughing, that a very

great air contamination with Strept.pyogenes was

produced by the dust liberated on the shaking of
jackets, handkerchiefs and towels belonging to

"carriers", and that a moderately great air contaminat-

ion/
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|
ion with Strept.pyogenes was produced by dust raised on;
sweeping of the floor and shaking of the bedding of a {
dormitory normally occupied by "carriers". |
It is concluded from these observations that
airborne infected dust particies constitute a more
important vehicle of infection than the projection

droplets or airborne nuclei of the respiratory spray of

infected persons.
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Section 15: Experimental methods.

A prolonged and intensive study was made of two
i
'healthy "nasal carriers" of Staph.aureus; both these

were male adults. Each was examined repeatedly, on
different days throughout the period from May 6th to
June 30th, 1948. A variety of bacteriological

investigations were made on each day.

The culture medium used for all specimens was that

‘devised by Ludlam (1949) to be selective for

Staph.aureus; this is an alkaline nutrient agar

|
!containing mannitol, lithium chloride and tellurite i
(1% Evans peptone, 1% "Lab-Lemco" meat extract, ;
1% mannitol, 0.5% lithium chloride, 0.5% dipotassium
hydrogen phosphate and 2% agar; adjusted to pH 9.3
prior to sterilisation; 0.005% potassium tellurite
added just before pouring of the plates). This medium

|8rows all strains of coagulase-positive Staph.aureus as

large (2-5 mm. diam.) shiny colonies which are opaque
and black-grey umniformly from centre to periphery.

gThe total number of air bacteria capable of growing and
.forming colonies on Ludlam's medium is not so véry much
iess than the number forming colonies on a non-selective

medium such as blood agar; it is usually about 30% to

504 of the latter. However, on Ludlam's medium the

majority of these other air bacteria, including

- Staph.albus, form only very small colonies. The large

Staph.aureus colonies are thus easily recognised on

Ludlam's medium even when the plate bears numerous

colonies. /
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colonies of all kinds. Some specimens were cultured
on blood agar or heated-blood agar as well as on
Ludlam's medium.

Swabs were streaked out on the culture plates in
(the drdinary way; special methods of collecting
specimens on to culture plates are described below.

The inoculated culture plates were incubated
laerobically at 37 deg.C. for 48 hours. The colonies

resembling Staph.aureus were counted.and were

subcultured on to nutrient agar slopes. The coagulase
test was performed on these subcultures. Only those
strains which were found to be coagulase-positive were

recorded as Staph.aureus. When a very large number of

Staph.aureus colonies were present on a culture plate,

only about 5 were subcultured and coagulase-tested

;(however many, all of the Staph.aureus colonies on the

alr sample plates were tested).
The bacteriological examinations were made as
follows:-

(1) Anterior Nares: A sterile cotton-wool swab was

moistened with sterile broth and rubbed firmly over the
inner surfaces of both nostrils.

(2) Throat: A sterile dry swab was rubbed firmly over
the tonsils, faucial pillars and posterior pharyngeal
wall; it ﬁas not allowed to touch the anterior parts
of the mouth.

(3) Anterior Mouth: Usually the examination was made

by swabbing; a sterile dry swab was rubbed thoroughly

over/
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over the inner surfaces of the lips, the inner and
outer surfaces of the front teeth and gums, and the tip

of the tongue. Sometimes a viable Staph.aureus count

was made on saliva from the front of the mouth,which
was eXxpectorated into a sterile botile with care to
avoid the hawking forward of secretion from the throat;
plate cultures were made of 0.05 ml. amounts of various
ten-fold dilutions of this saliva, colony counts were

made and the number of viable Staph.aﬁreus per

milliliter of the undiluted saliva was calculated.
(4) Lips: - A sterile moistened swab was rubbed firmly |
over the outer surfaces of the lips.

(5) Chin: A sterile moistened swab was rubbed firmly
over the skin of the chin.

(6) Chest: A sterile moistened swab was rubbed firmly
over about 10 sq.in. of the skin of the chest.

(7) Leg: A sterile moistened swab was rubbed firmly
up and down the skin of the shin and calf.

(8) Forearm: A sterile moistened swab was rubbed firmly
over the skin of the front and back of the forearm.
(9) Hands: All parts of the fingers, palm, ball of
thumb, knuckles and back of hand, in‘succession, were
pressed firmly on the agar surface of a culture plate.
Carrier D.pressed both hands on the one culture plate;
Carrier S. pressed the right and left hands on
different culture plates.

(10) Jacket Front: The observer picked up a culture

plate, removed the 1lid, gripped .the plate with the tips

of/
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of the five fingers of his right hand pressing the rim,|
fand rubbed the plate backwards and forwards over all
parts of the outer surface of the front of the carrier%
Jjacket, including thezlapels but execluding the sleeves.|
The surface of the culture medium was held facing the

' jacket cloth, but rarely came in contact with it. The|

rim of the plate was scraped firmly over the cloth
surface, disturbing dust particles many of which !
‘adhered to the medium. "Seraping"” was continued unti£
Ithe whole of the medium surface was seen to be lightly |
powdered with dust.

(11) Jacket Sleeves: A culture plate was scraped in

!the above manner over the back and front of both sleeves

Ibelow the level of the elbows.

‘(12) Shirt Front: A culture plate was scraped over the

|outer surface of the shirt front in the region of the

I - |
chest.

(13) Trouser Legs: A culture plate was scraped over

the outer surfaces of both trouser legs below the level

Eof the knees.

(14) Handkerchief: The carrier's handkerchief, after

it had been in normal use for a few days, was placed in
a sterile jar containing 100 ml. of sterile broth. I£
was left to soak in the broth during 30 minutes, being
stirred at intervals with sterile forceps. Finally it
was removed from the jar and squeezed with the forceps

so that most of the broth drained back into the jar.

Plate cultures were made with measured amounts of this

broth/
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broth eluate and of ten-fold dilutions of it. Colony |
counts were made and the total number of viable

Staph.aureus recovered from the handkerchief was

calculated.

(15) Sneeze (First): The droplet spray produced by a

sneeze was caught on a 10-sq.in. culture plate held at
3 inches directly in front of the mouth at the moment
of sneezing. Carrier D. induced a natural sneeze by
tickling his nasal mucosa with a cotton-wool swab.
Carrier S. gave a simulated sneeze by forming
explosively the sound "ttsch".

(16) Sneeze (Second): Another culture plate was used

to collect the spray of a seéond sneeze given as soon
as possible after the first(

1(17) 12_coughs: The carrier gave 12 forceful voluntary
coughs. The spray was caught on a 10-sg.in. culture
'plate held at 3 inches in front of the mouth during the
}bout of coughing.

(18) Droplet Nucleus Air Infection by Sneezing: The

:observations of droplet nucleus air infection were made
|in the 100-cu.ft. test chamber described in Part 3 =
(Figure 10). The carrier entered quietly, remained in
the chamber just long enough to complete his sneezing,
and then left quietly, shutting the door. Carrier D.
JgaVe two natural sneezes induced by tickling his nasal
mucosa with a small cotton-wool swab. Carrier S. gave

four simulated sneezes by forming explosively the sound

"ttsch", The sneezes were given in quick succession

and/
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and were directed towards & wall of the chamber at a
distence of 3 feet. Alr infection with dust from the | ||
carrier's skin and clothing was prevented by the |
{carrier avoiding unnecessary movement and wearing a
sterile dustproof gown (see Part 3). Air infection | |

with dust from the floor and walls was prevented by |

| treatment of these with spindle oil. With these

precautions, it seemed justifiable to assume that any |

air infection which was observed was due to the sneez j

AiT samples were taken by three instruments: a slit

' sampler (Bourdillon, Lidwell and Thomas, 1941) with an

'air intake rate of 1 cu.ft. per minute, a sieve sampler

| (modified from design of Du Buy and Crisp, 1944; see

iPart 6) with an air intake rate of 19 cu.ft. per minute

|
jand a second sieve sampler with an air intake rate of

3

;23 cu.ft. per minute. The slit sampler withdrew air
i

from the chamber by a vent through the chamber wall at |

|3 feet above the floor; this vent was screened from
| ;

(above to prevent infected particles falling directly
|

|into it. The sieve samplers were operated within the |

ichamber, discharging their exhasust air into the chambey

'the air intake openings of these samplers were 1 foot

'above the floor and were screened from above to prevent

| |

‘particlesfalling directly into them. The plan of the |

experiments is shown in Tables 73 and 74. An initial

control sample of 10 cu.ft. of air was taken by the

8lit sampler during the 10 minutes before the caa.:r':r‘-i{a'.:t-'.___I

entered the chamber; this sample was required for proof
that/
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' that Staph.aureus was not present in the air before the

isneezing. At the moment of the first sneeze, the

first sieve sampler was started;- it was alléwed to run

' for 1 minute, during which time the other sneezes were |

given; this sample would contain both the large
droplet% which were in the course of falling to the
floor and the small droplets which would remain
airborne as droplet nuclei. Taking of the other

| samples was not started until 1 minute after the last

sneeze, so that all the large droplets would have first

fallen to the floor and only droplet nuclei would

remain in the air. At the end of this minute, two 3

samplers were put into operation simultaneously, the
second sieve sampler to tzke 46 cu.ft. @f air in ;
' 2 minutes and the slit sampler to take 10 cu.ft. of

air in 10 minutes; any Staph.aureus recovered in these

_samples almost certainly must have been carried in

' droplet nuclei produced by the sneezing. Thus,

| during and within a few minutes after the sneezing,

' 75 cu.ft. of air was examined, three-quarters of the
' total air content of the test chamber.

' (19) Dustborne sir Infection from Skin and Clothing:

|
gThe observations of dustborne air infection were made

‘in the 100~-cu.ft. test chamber; the air was sampled

|

by the glit sampler at the rate of 1 cu.ft. per minutei

|on to plates of Ludlam's medium and plates of heated-

|
[blood B84BT, The carrier wearing his ordinary clothes

' infected the air by "marching", that is walking without
|

!progression/ '
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progression, raising the feet and swinging the arms.
Air infection by droplet spray was prevented by the
carrier wearing a muslin-cellophane mask over his nose

and mouth, and refraining from speech. Alr infection

by raising of dust from the floor and walls of the

chamber was prevented by treatment of these surfaces

|

i
with spindle oil. With these precautions, it seemed ;
i

justifiable to assume that any air infection which was |

observed was due to dust-raising from the skin and

clothing. The plan of the experiments was as shown i@
Tables 71 and 72. An initial control sample of

10 cu.ft. of air was taken on to a Ludlam plate during

the 10 minutes before the carrier entered the chamber
| ("Control Period"); this sample was required to prove

the absence of Staph.aureus from the air prior to

dust-raising. Puring the 10-minute "Activity Period",
'when the carrier was marching in the chamber, three
2-cu.ft. air samples were taken on to Ludlam plates and
altefnaﬁiy with these, three #-cu.ft. samples were
taken on to heated-blood agar plates. During the
30-minute "Die-away Period", after cessation of
"merching" and vacation of the chamber, three 2-cu.ft.
air samples and one 10-cu.ft. sample were taken on to
Ludlam plates and, alternately with these, four 4-cu. ft,

samples were taken on to heated blood agar plates.
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Section 16: Observations of the dissemination of
Staph.aureus on hands, clothing, handkerchief,

‘sneeze_spray, cough spray, airborne droplet nuclei
and airborne dust particles.

During the 8 weeks between 6th May and 30th June
1948, Carrier D. was examined on 22 days and Carrier S.
on 11 days; The observations are recorded in Tables
75 and 76.

At every examination both carriers gave profuse

growths of Staph.aureus from the anterior nares. The

anterior nares appeared to be the main habitat of the
staphylococcus, since other parts of the skin and
respiratory tract did not yield it in such large
numbers or on all ofasions. Among the localities

|sometimes bearing Staph.aureus were the throat,

anterior mouth, lips, chin, chest, forearm and hands.

It seemed possible that the presence of Staph.aureus on

Ithese parts was not due to its growth on them but to
its transference from the anterior nares by the hands.
In both carriers the throat usually did not: bear

any Staph.aureus, but sometimes it bore a few. The

anterior mouth of one carrier (S) contained Staph.aunaé

only rarely and in small numbers (e.g. 10 per ml. on
the occasion when a plate count was made); the

anterior mouth of the other carrier (D) contained

Staph.aureus frequently and sometimes in fairly large
numbers (190,000, 5000, 40 and 30 per ml. on four

occasions when plate counts were made).

As regards the skin surfaces, the chin and the

hands/




hands yielded some Staph.aureus on most occasions; the

lips, chest and forearm yielded Staph.aureus on only a

few occasions; the leg never yielded Staph.aureus.

Great interest attaches to the numbers of Staph.aureus

\which were transferred by direct contact from the hands

to the culture plates, since this represents about the

meximum number of Staph.aureus aggregates-which would

have been transferred to another person by direct

contact, as in shaking hands; on 18 of 21 occasions,

from 1 to 112 Staph.aureus were transferred from the

two hands, and on the other 3 occasions not any (the
|
average number transferred per contact with the hands

was 155 4).

The clothing of both carriers was found regularly

to bear Staph.aureus in moderate numbers; from 1 to

134 gtaph.aureus colonies were found on 25 of 29 plates
scraped on the jacket, shirt front and trouser legs !

|(the average Staph.aureus count per plate was 14.1). |

i
The frequent presence of viable Staph.aureus on

the clothing of carriers is related to the considerable
resistance of this organism to drying. One experiment
was made to demonstrate survival in the dried state. |
A sterile handkerchief was infected by a single =
nose-blow from Carrier D., was at once placed in a
sterile jar with a loose cap, and was kept in the da.rlci
at room temperature; elution with sterile broth and
making of plate counts showed that after 1 month the
handkerchief still contained about 4,000,000 viable

Staph.aureus/




|
staph.aureus. Apart from demonstrating the prolonged |

survival of Staph.aureus in dried nasal secretion, this
experiment showed that a nasal carrier in a single

nose-blow expelled more than 4,000,000 Staph.aureus.

A handkerchief of Carrier D. after seven days of

normal use, was found to contain over 10,000,000 viable

Staph.aureus; another two handkerchiefs after one day |

of use during a cold, were found to contain, respect-

ively, 35,000,000 and 17,000,000 Staph.aureus. ‘

Examination of droplet spray by exposure of .
culture plates in front of the mouth revealed that |

Carrier S. did not expel Staph.aureus on any occasion

in sneezing or coughing; all of 16 exposed plates were

|devoid of Staph.aureus. A possible reason for the

absence of Staph.aureus from his droplet spray was that

Carrier S. seldom carried Staph.aureus in the anterior

mouth. On:.the other hand, Carrier D. who frequently

learried a considerable number of Staph.aureus in the

janterior mouth, frequently expelled Staph.aureus in i

coughing and sneezing; from 1 to 168 gtaph.aureus i

colonies were found on 17 of 27 plates each exposed to

a single sneeze ( the average number of Staph.aureus ‘

colonies per sneeze-plate was 16.0), and from 1 to 14 |

Staph.aureus colonies were found on 4 of 7 plates each |

exposed to 12 coughs (the average number per 12-coughs-

plate was 2.6).

The observations made with the slit sampler showed

that sneezing seldom caused contamination of the air
with/

|
|
RS IR S e e e e e e
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with Staph.aureus-containing droplet nuclei, while

body movement in "marching“ regularly contaminated the

air with Staph.aureus-carrying dust particles from the

skin and clothing.

The detailed observations of droplet nucleus air
|{infection by sneezing are shown in Table 73 for 9
experiments with Carrier D. and in Table 74 for 6
experiments with Carrier S.. In 2 of the 15 experim-

'ents a single Staph.aureus particle was found in the

10-cu.ft. "control samﬁle" which was taken before the
sneezing; this represented pre-existing dustborne

contamihation of the air, but of such small amount andh
frequency that it did not obscure interpretation of the
results. The 19-cu.ft. samples taken during sneezing

lwould contain the large settling droplets as well as

the droplet nuclei of sneeze spray; these samples did

‘n?t yield many ﬁore Staph.aureus than the samples téken
lafter 1 minute after the end of sneezing, showing that
sneezing did not produce a temporary air infection with
|large settling droplets which was greater in amount or
more frequent than the droplet nucleus air infection.
The 46-cu.ft. and 1l0-cu.ft. air samples taken after 1

minute after the last sneeze yielded few Staph.aureus

and thus showed that air infection by droplet nuclei

was slight and infrequent. A few Staph.aureus- 1

containing droplet nuclei were produced on only 1 out
of 9 occasions when Carrier D. gave two sneezes, and

on only 2 out of 6 occasions when Carrier S. gave four

sneezes. /
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sneezes. In the 15 experiments a total of only 16

Staph.aureus-containing droplet nuclei were found in ]
840 cu.ft. of air sampled out of 1500 cu.ft. exposed to
42 sneezes. It may be estimated that the 42 sneezes
produced about 30 infected nuclei, less than 1 per !
sneeze.

The detailed observations of dustborne infection
of air from skin and clothing, are shown in Table 71
for 9 experiments with Carrier D and in Table 72 for 6
experiments with Carrier S.. In 6nly 1 of the 15
experiments did the 10-cu.ft. "control sample" taken
before dust-raising show any pre-existing air infection!

with Staph.aureus; this only amounted to 2 infected

|
particles per lO_cu.ft.. In:all:ef the 15 experiments,

the carrier by "marching" for 10 minutes infected the

air so that some Staph.aureus were found in the 22 cu.

ft. of air sampled during the 10 minutes of "marching" |
and the subsequent 30 minutes. In the 9 experiments

with Carrier D., a total of 89 Staph.aureus-carrying

dust particles were found in the 198 cu.ft. of air
sampled, and in the 6 experiments with Carrier S., a

total of 50 Staph.aureus-carrying particles were found |

in the 132 cu.ft. of air sampled. Thus, in the

15 experiments a total of 139 Staph.aureus-carrying

dust particles were found in 330 cu.ft. of air sampled
out of 1500 cu.ft. exposed to the carriers "marching"
for 150 minutes. It may be estimated that 630 dust

particles carrying Staph.aureus were liberated by the

150/
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150 minutes "marching", that is over 4 per minute.
Colonies of bacteria of all species were grown and
counted on the heated-blood agar plates. By comparing
the counts on equivalent Ludlam plates and blood plates
a calculation was made of the percentage of all

dustborne air bacteria comprised by Staph.aureus. in |

the 9 experiments with Carrier D. a total of 76 Staph.-

aureus particles were found in the 90 cu.ft. of air
sampled on to Ludlam plates during the 10 minutes of
"marching" and the first 10 minutes of the subsequent
"Die-away Period"; a total of 14,703 particles
carrying bacteria of all kinds were found in 19 cu.ft.

of air sampled on to heated-blood agar plates during

!about 0.11% of all bacteria-carrying dust particles

' the same period. Thus, Staph.aureus was present on |

liberated into the air from the skin and clothing of
Carrier D.. In the 6 experiments with Carrier S. a

total of 48 Staph.aureus particles were found in the

60 cu.ft. of air sampled on to Ludlam plates during the
10 minutes of "marching" and the subsequent 10 minutes;
a total of 20,389 particles carrying bacteria of all

kinds were found in 18 cu.ft. of air sampled on to

heated-blood agar plates during the same period. Thus

|Staph.aureus was present on about 0.07% of all the
bacteria~carrying dust particles liberated into the ainr
from the skin and clothing of Carrier S.. Adding the |

results for the two carriers, it appears that

Staph.aureus comprised 0.09% of all dustborne bacteria.

liberated into the air.
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'Section 18: Discussion and conclusions.

These observations on two "nasal carriers" of

Staph.aureus yield information about the relative

probability of infection being spread by each of the
|different possible routes. Tﬁey show that it is

possible for Staph.aureus to be transmitted by contact,

by the projection droplets of cough spray and sneeze

spray, by airborne droplet nuclei from sneezing, and by
spray

airborne dust particles from the skin and clothing.

The demonstration of air infection with droplet

|nuclei containing Staph.aureus is of great interest

because, in spite of droplet nucleus air infection
having been hypothesised for over 15 years (Wells,
1934), there has not been reported previously any clear
_demonstration of the production of droplet nuclei which
icont&ined pathogenic organisms.

None of the different mechanisms of infection were

found to bring about transmission of more than a small

number of Staph.aureus. Only small numbers of

Staph.aureus were obtained by contact from the hands,

lips, 'chin, chest, leg, forearm, jacket, shirt and
trousers of the carriers; the observations disprove

the common belief that "contact infection" involves

the transmission of especially large numbers of the
specific pathogenic organism.

-Immediate spray infection, by the projection

droplets of coughing and sneezing, appeared rather less

likely than "contact infection"; in coughing and

sneezing/
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sneezing, one carrier expelled only a few Staph.aureus-

containing droplets and the other carrier did not expel
any. i

The amount of air infection produced by the

carriers was not very great, never more than one or two

Staph.aureus particles per cu.ft. of air in the

100 cu.ft. chamber. However, these few airborne
infected particles would have an excellent chance of
being inhaled by persons near the carrier, and thus of

reaching the nasal passages, their most favourable

habitat. In contrast, the few Staph.aureus which were

‘transmitted by "contact" or by “projection droplets"

would reach, in the first place, only the skin and 1
clothing of the recipient, and could be transmitted to
the nose or mouth only by further transfer by the hands
by eating utensils or by secondary air infection; only

a small proportion of the few Staph.sureus received by

by the recipient would be likely ultimately to reach his
respiratory tract. 1If, as is generally believed,

Staph.aureus infection is initially nasal, the present

findings show that airborne inhalation infection is the
most likely mode of spread. If, on the other hand,
infection can primarily become established on the skinE

!' .
and the Staph.aureus multiply freely on the skin, it

may be concluded from the present findings that
infection is as likely to occur by “contact" and by

"projection droplets" as by air carriage of the

staphylococcus.

The/



|into the air per minute of “marching" by the carrier.

|infection produced by shaking of the carrier's

|of Staph.aureus were found on different parts of the

skin and clothing. Different methods were employed
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The observations make it clear that liberation of |
dust from skin and clothing is a much more important
cause of air infection than spray emission by sneezing.

On average, less than 1 Staph.aureus—confaining droplet

nucleus was put into the air per sneeze, while more

than 4 Staph.aﬁreus—carrying dust particles were put

Unfortunately, measurements were not made of air

handkerchief. Possibly this: would have been much
greater in amount than the air infection produced by
the carriér . "marching®. Dumbell, Lovelock and
Lowbury (1948) found that shaking of a dry used
handkerchief liberated into the air, on average, abouti
15,000 bacteria-carrying particles; they reported

that many Staph.aureus were included among the bacterisa

set free, but had not made counts of these.
among the potential sources of infected dust,

very large numbers of Staph.aursus were found only on

the carrier's handkerchief; relatively small numbers

for observation of the Staph.aureus,in the case of the
handkerchief, the skin and the clothing, so that
direct comparison of the counts is not warranted. It
does appear, however, that the handkerchief is the most
prolific source of infected dust. On the other hand,

shaking of the handkerchief is a relative infrequent

event as compared with movement of skin and clothing.
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Section 19: Summary of Part 4.

(a) Observations were made on the cough spray of

20 adult male patients with open pulmonary tuberculosis

The cough droplets were collected on a (3 in. x 1 in.)
microscope slide held at 3 inches in front of the i
mouth, and were examined microscopically after staining
by the Ziehl-Neelsen method; this procedure was

estimaeted to collect about a quarter of the infected
droplets which were expelled. Droplets containing

M. tuberculosis were found to be expelled by 10 out of

the 20 patients in giving 6 coughs. Of 410 droplets
collected from the 120 coughs, 36 were found to contain
tubercle bacilli: 19 droplets each containing between
1l and 10 tubercle bacilli, 9 droplets each containing
betweén 10 and 100 tubercle bacilli, 3 droplets each
contaihing between 100 and 1000 tubercle bacilli, and
5 droplets each containing between 5000 and 40,000
tubercle bacilli. The deposit marks of a quarter of
'the droplets which contained tubercle bacilli, were

less than 120 microns in diameter and these would ‘have

remained airborne as infected droplet nuclei; thus,

ia small amount of air infection would have been
produced by the coughing of some of the patients.
Swabs taken before coughing from the throat and
anterior mouth were treated with acid and cultured on
egg medium. It was found that, before coughing,
tubercle bacilli were present in the throat secretions

of 15 of the 20 patients, and in the anterior mouth

’secretions/
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| secretions of 10 of the 20 patients; presumably the |
throat and mouth had been contaminated with infected
sputum coughed up from the lungs on a previous
occasion. Of the 10 patients who expelled infected
droplets, all carried tubercle bacilli in the thtroat
and 8 carried tubercle bacilli in the anterior mouth;
it was concluded that the infected droPléts originated

from the throat and mouth, and not directly from the

bronchi.

(b) Observations were made on the cough spray of

I50 adult and child patients with faucial diphtheria.
’ ;
The cough droplets were collected on a 10-sqg.in. plate
of Hoyle's medium held at 3 inches in front of the

mouth, this being judged capable of catching most of

the infected droplets expelled. Droplets containing |

' C.diphtheriae were found to be expelled by 10 out of the
|

1
550 patients in giving 6 coughs. The 300 coughs

expelled a total of 48 C.diphtheriae-containing

droplets (0.16 per cough) and 1106 other droplets

containing bacteria cultivable on Hoyle's medium (i.e.

less than 4.2% of the droplets containéd C.diphtherise)

Swabs taken from the anterior mouth before the

coughing were cultured on Hoyle plates. It was found |

that 12 of the 50 patients carried a few C,diphtheriae

in the anterior mouth secretions. In coughing,

C.diphtheriae-containing droplets were expelled by 6 of

the 12 patients with anterior mouth infection (in all,

43 infected droplets), but by only 4 of the 38 patients

without/
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without anterior mouth infection (in all, only 5

infected droplets); probably most of the infected

cough droplets originated from the anterior mouth.
(c) Observations were made on the cough spray of |

adults and children infected with Strept.pyogenes,

/including 50 scarlet fever patients and 37 chronic ;
r Sty T

|tonsillitis patients and "healthy throat carriers". i

The cough droplets were collected on a 10-sg.in. blood |

:agar plate held at 3 inches in front of the mouth.

Droplets containing Strept.pyogenes were found to be

iexpelled during 6 coughs by 39 out of the 87 persons

with infected throats; the 522 coughs expelled a total

of 1109 Strept.pyogenes-containing droplets (2 per

cough) and 8220 droplets carrying bacteria of other
kinds (i.e. 12% of the collected droplets contained

.Strept.pyogenea). Swabs taken from the anterior mouth

before coughing were cultured on blood agar plates. It
was found that only 13 of the 87 persons with throat

infection carried Strept.pyogenes in the anterior mouth

secretions., In coughing, Strept.pyogenes—-containing

droplets were expelled by 5 of the 13 persons with
anterior mouth infection (in all, 63 infected droplets)
and by 34 of the 74 persons without anterior mouth
infeation (in all, 1046 infected droplets); either,
many of the infected droplets originated directly from
the throat, or originated from the anterior mouth after
its contamination with secretion brought forward from

the throat by the first coughs of the series.

Three/
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4
j Three special experiments were made to test the
|relative importance of the different air infecting

| _ .
mechanisms: droplet spray, liberation of dust from

cldthing and raising of dust from floor and furniture.

i) The droplet spray from 4 "healthy throat |

|carriers" of Strept.pyogenes who coughed, talked, sangj

and laughed during 100 minutes while sitting at a game;

of cards in the centre of a large room (16,000 cu.ft.),

was found to cause very little infection of the air in

'the mear vicinity (on average, 0.8 per cu.ft. of

| Strept.pyogenes-carrying particles)

ii) In contrast, very heavy infection of the air
was caused by liberation of dust from the skin,
clothing, towels and handkerchiefs of "healthy throat E
|

carriers" of Strept.pyogenes. In a small (1960 cu.ft.

Idisinfected room, four carriers, masked to prevent

droplet spray, by marching to and fro during 6 minutes

increased the Strept.pyogenes content of the air by

l.4 per cu.ft. (i.e. by at least 120 infected particles
|pér carrier per minute of marching); then, by shaking

vigorously their jackets, towels and handkerchiefs

during 16 minutes, they increased the Strept.pyogenes

content of the air by about 200 per cu.ft. (i.e. by at

least 6000 infected particles per carrier per minute of

shaking). After shaking, heavy air infection |

|
persisted for some time; 100 Strept.pyogenes particles

|per cu.ft. was found 20 minutes later. This long

duration of air carriage proved that many of the

infected/
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|infected particles were small in size (probably from

1 to 10 microns in diameter).

iii) Moderately heavy infection of the air was
caused by raising of dust from the floor and bedding
of a large dormitory which was normally occupied by
18 persons, including 6 "healthy throat carriers" of

Strept.pyogenes. Six "non-carriers" by marching up |

and down the dormitory during 13 minutes raised very
little infected dust from the floor (on average,

0.1 Strept.pyogenes particles per cu.ft.); by sweeping

the floor with sterile brushes during 174 minutes they |

increased the Strept.pyogenes content of the air t¢ an

average of 4.9 per cu.ft., and by shaking blankets,

pillows and towels during 18 minutes they increased it

again from zero to an average of 4.7 per cu.ft.

(d) A veariety of bacteriological observations were

made on 2 "healthy nasal carriers" of Staph.aureus on,

respectively, 22 and 11 days during 8 weeks in the

summer; cultures were made on the selective medium of

Ludlam (1949) and only coagulase—-positive Staph.aureus

colonies were counted. On all occasions, both

carriers bore large numbers of Staph.aureus in the

anterior nares; it was thought that the nose was the

true habitat of the Staph.aureus and that the presence

of Staph.aureus on other parts of the body represented |

only a temporary contamination from the nose. Rarely

the carriers bore a few Staph.aureus in the throat.

The anterior mouth secretion of one carrier (S.)

sometimes/
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sometimes contained a few Staph.aureus (e.g. 10 per ml.)

land that of the other (D.) usually contained a few

Staph.aureus (30, 40, 5000 and 190,000 per ml. on four

occasions).

Not much infection was found to be disseminated by

the projection droplets of coughing and sneezing. In

the case of one carrier (S.), Staph.aureus was not

found on any of 16 plates each exposed at 3 inches in
front of the mouth to one sneeze or 12 coughs. In the

case of the other carrier (D.), Staph.aureus was found .

on the majority of the plates exposed to a sneeze (on
17 of 27 plates) or to 12 coughs (on 4 of 7 plates);

on average, 16 Staph.aureus-containing droplets were

collected per sneeze and 0.2 per cough.
Obsérvations were made with a slit sampler in a
100-cu.ft. test chamber occupied by the carrier; these

showed that sneezing seldom contaminated the air with

Staph.aureus-containing droplet nuclei, while the body

|

movements of "marching" regularly contaminated the air

with Staph.aureus-carrying dust particles from the skin

and clothing.

Air contamination with Staph.aureus-containing

droplet nuclei was demonstrated under experimental
conditions designed to preclude air contamination with |
dust from skin, clothing, floor or walls. One carrier
(D.) by 2 sneezes infected the air in only 1 of 9 tests;
the other carrier (S.) by 4 sneezes infected the air in

2 of 6 tests. In the 15 tests a total of only

16/



Part 4 Section 19 Page 3yl

16 Staph.aureus-containing droplet nuclei were found in

840 cu.ft. of air sampled out of 1500 cu.ft. exposed to
42 sneezes; it was estimated that the 42 sneezes
produced about 30 infected nuclei, less than 1 per

sneeze.

Air contamination with Staph.aureus-carrying dust

particles from thé skin and clothing was demonstrated
under experimental conditions designed to preclude air
contamination by droplet spray or by dust raising from
floor and walls. By 10 minutes of "marching", the air
was infected in all of 9 tests with one carrier (D.)
;and in all of 6 tests with the other carrier (8.)« —In

the 15 tests, a total of 139 Staph.aureus-carrying dust

particles were found in 330 cu.ft. of air sampled out

'of 1500 cu.ft. exposed to "marching" by a carrier for
i
150 minutes; it was estimated that about 630 infected

dust particles were liberated into the air by the 150

minutes of "marching", that is more than 4 per minute.

| Staph.aureus was found on 0.09% of all the bacteria~

carrying dust particles liberated from the skin and
clothing of the two carriers. In 4 of the 15 tests,

Staph.aureus-carrying dust particles were found in the

air at later than 20 minutes after cessation of the
"marching"; this long duration of air carrisge provead
the small size of some of the infected particles
(probably from 1 to 10 microns in diameter).

In the case of both carriers a few Staph.aureus

usually were found on the jacket front, jacket sleeves,

shirt/
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shirt front, trouser leg, hands and chin; Staph.aureus

seldom was found on the lips, chest, forearm and leg.

The number of Staph.aureus recovered from these

surfaces by swabbing and by direct application of

culture plates was taken as representing the number

which might be transferred to another person by direct

"contact", and this number was found to be small.

Contact with the two hands transferred some

Staph.aureus to a culture plate on 18 out of 21

occasions; the number of Staph.aureug transferred per

contact varied from Q0 to 112, being 13.4 on average.
i
iSimilar numbers of Staph.aureus were transferred from

the clothing of the carriers to a culture plate on
25 out of 29 occasions; the average number of

éStaph.aureus collected per plate was 14.1. It was

concluded that "direet contact infection" normally

involves the transfer of only a very few Staph.aureus

cell aggregates.

Elution and making of plate counts showed that

three handkerchiefs of one of the carriers (D.), after

& few days use (during a cold in two cases), contained

i

respectively 10,000,000, 17,000,000 and 35,000, 000

living Staph.aureus. A sterile handkerchief was

infected by a single nose-blow from this carrier; after
standing dry in a sterile jar at room temperature in
the dark during 1 month, this handkerchief was found to

contain 4,000,000 living Staph.aureus. Heavy air

infection is likely to result from the shaking of

handkerchiefs containing so many Staph.aureus.
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Sectien 1l: General introductien.

Demonstration of the natural eccurrence of
pathegenic bacteria in air is the best possible proef
that infection may be transmitted by the aerial route.
Enumeration of the patheogenic bacteria in air enables
comparisen with the numbers found on other poessible
vehicles of infection and se yields informatien as te i
the relative probability of infectien eccurring by air
carriage. From knewledge of the average cencentration

of pathogenic bacteria in the air of a roem or building

it is possible to calculate the inhalation dese, the |

number of pathogenic bacteria which will be inhaled by |

@ person remaining in this place for a given time. For
|
%reper calculatien ef the average level of air contam—

inatien which will be experienced by the occupants eof a

certain place, it is necessary te measure the general |
level of air contaminatien in the place on many aeparati
occasions.  Accordingly, in the present investigatien,i
many air samples were taken in each room, at different

times and en different days. The air sampler was

placed near the centre of the room, the eccupants were

not allewed teo congregate near it and ne ene except the
observer was allewed to approach to nearer than about |
3 feet from it. This ensured that each air sample wasi
fairly representative of the room as & whole and was

unlikely to be loaded by some high lecalised and tempor-
Lny concentratien of bacteria liberated from an infected

person in the immediate vicinity.

By/
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By correlating the observed extent of bacterial
contamination of the air with the circumstances at the
|time of taking each sample, it is possible to learn
how air infection is influenced by such factors as
ventilatien, number of occupants, walking, talking,
;ceughing, bed-making and sweeping. The important
causes of air infection may be indicated in this way.
For this reason, the circumstances at the time of
'taking each sample were recorded.

Pathogenic bacteria are rarely present in air in
mere than very lew concentrations and they comprise
only a small preoportion of the total aerial flera.
Failure has often attended attempts te demonstrate the
presence of pathegenic bacteria in the air of infected
prenises, because fhe air has been sampled in insuffic-
.|ient amount or by én inefficient methed; when large
volumes of air are sampled on teo generally favourable
culture media the pathogenic bacteria may be overgrown
by the more numerous saprophytic organisms. Te ensuré
success in the present investigation the very efficient
.slit sampler of Bourdillen, Lidwell and Thomas (1941)
was used, large volumes of air were sampled by taking
'many samples-on to separate culture plates, and
selective culture media were used to reduce the grewfh
ief saprophytic erganisms.

The investigatien of Strept.pyogenes air infectien

in & training institution was made in cellaberatien with
Dr.C.A.Green and Dr.S.W.Challiner, and that ef Staph.

aureus air infectien in a hospital with Dr.A.T.Wallace.
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Bacterial Content of Air in a Residential Training

Institution during an Epidemic of Threat Infectiens

with Strept.pyogenes.
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ESection 2: Account of the institution and the epidc-i&

The institution provided training in mechanical
engineering for 765 men, aged 15 te 19 years. The

community was housed and trained in a permanent camp of

single-steried buildings, complete with dermiteries,
fness TOOMS, kifchens, workshops, schoelroons, swinming%
Ebaths, recreation rooms, cinema, and gymnasium. Each%
idermitory, room and hall was a separate building, and |
these buildings were linked together by covered ;
carriders; The nearest village was ene mile away,
and at four miles there was a fairly large tewn. The |
men were allowed to visit both places in their leisurei
time, but relatively few took the epportunity. The i
trainee population joined the institutien in groups eof |
50 to 70 at intervals of four to six months and
remained for three and a half years.

The health of the community was very good during
the summer menths ef 1942, but about the middle eof

October, tonsillitis became prevalent and was accompan-|

ied by the appearance of scarlet fever. A Trise in the

Iincidence of common colds had preceded the tensillitis
iware by seme weeks. By Noevember 7th there had been
49 cases of tonsillitis and 16 cases of scarlet fever.
Between November 8th and 2lst there were 26 further
cases of tonsillitis and 13 of scarlet fever. The

investigation was made between November 13th and 29th,

[

that is at the height of the epidemic. At the time of

the investigation the incidence of healthy "throat

carriers"/
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carriers" eof Strept.pyogenes in one of the badly

laffected sections of the community was about 30%;

probably the carrier rate in the ether sections was

|
similarly high.

Neither before nor at the time of the epidemic in
the institutien was there any evidence of an epidemic

in the adjacent village and town.
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Section 3: Experimental methods.

The bacterial content of air was examined by use

of a slit sampler constructed to the design of

|Bourdillen, Lidwell and Thomas (1941). The slit

sampler was operated to take 1 cubic feot of air per

|minute. The slit-plate distance was 3 millimeters i
instead of the usual 2 millimeters. The air intake of
the sampler was situated at 3} feet above the floor.
Seme of the air samples were taken on to plates oﬁ
ordinary blood agar (nutrient agar with 5% horse blood)
;and others oen to plates ef bloed agar incorperating
crystal violet in a concentration of 1 in 1000, 000.
Both these media allowed good growth of the streptocecci
and development of their characteristic haemolysis.

Colonies of Strept.pyogenes were readily recognised by

the beta haemolytic zones; it was thus easy to count

the Strept.pyogenes colonies separately from the

colenies of other bacteria. A wide variety of air

bacteria were able to grow aerobically on the ordinary
blood agar plates; the total colony counts obtained on
these plates were taken as representing the numbers of

‘“all bacteria" present in the air. The crystal violet

blood agar was inhibitery to the majority ef the air
bacteria other than the streptocecci; this medium

facilitated examinatien of the air for its streptococcus
content by allowing the sampling of larger volumes of
air on to each plate without danger of overcrowding by

saprophytic bacteria. Usually, 3-cu.ft. amounts eof

air/
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air were sampled on te the ordinary blood agar plates
and 6-cu.ft. or 1l2-cu.ft. amounts en to the crystal
vielet blood agar plates.

The plates were incubated aerobically at 37 deg.cw
for about 24 hours. After scoring of the agar surfaceg
by parallel cuts with a scalpel blade, the colenies on
each plate were counted with the aid of a binocular
(x 20) plate microscepe. Use of the micrescepe was
necessary for sure recognition_ef the smaller coleniesg
some of which were barely visible te the naked-eye ]
(colonies of diphthereid bacilli) and were difficult to
distinguish from dust particles unless magnified.. |
Incubatien for perieds longer than 24 hours was found
to give some increase in colony size, but it resulted
in frequent speiling of plates by "spreaders"; for the
latter reasen, counts were made after incubation for
enly 24 hours.

Counts were made on each culture plate, of (1) all

colonies present, (2) beta haemolytic coelonies which

resembled colonies of Strept.pyegenes, and (3) alpha |

haemolytic colonies which resembled colonies of Strept.

viridans. The results were expressed as the number of

bacteria-carrying particles per cubic foot ef air; this

corresponds to the number which would be inhaled by a

resting adult in about 3 minutes. In the tables of

results the time is shewn at which the taking ef each
sample was begun.

A proportion of the beta haemolytic celonies were

filmed, / |
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filmed, tested for soluble haemolysin preductioen,

grouped by Lancefield's method and typed by slide

|agglutination. Almost all the beta haemolytic colenies
examined were found to be seluble haemolysin producinge
streptococci of Group A; they are referred to as
Strept.pyegenes. Iyping by slide agglutinatien shewed
that the najerit} of these streptococci belonged to
Griffith's Type 1.

The observations were made as follews. The
observer entered the room at a time when it was not |
occupied. He installed the slit sampler in a central
poesition. He made observations at intervals during
(1) an initial period before occupatien, when air
infection was minimal, (2) the peried of occupatien by |
the usual eccupants of the roem, when there were
varying degrees of crewding and movement and, thus,
varying degrees of air infectien, and (3) a peried
fellowing eccupation, when air infectien diminished.

In addition to taking air samples, the ebserver noted
the number of occupants in the room, the ventilation and
the amount and kind of movement and activity. The
ebserver only approached cleosely to the slit sampler
when changing the culture plates or adjusting the air
flew; in doing this he was careful £o aveid talking
rnd unnecessary movement, so as te minimise air infect-
ien from his oewh person. At all ether times the |
observer sat quietly at about 6 feet from the sampler.

The occupants ef the room were forbidden te congregate
|

near te the sampler in order to watch its eperation.
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Section 4: Observations in a dormitory.

The dormitory examined was one used by members off
the section of the community which suffered most
heavily during the epidemic. Of the 24 men using the
dormitery, 6 were absent in hospital having contracted
tensillitis or scarlet fever; of the remaining 18, a

third were "threat carriers" of Strept.pyegenes.

The dormitory was 16,000 cu.ft. in capacity (80 f£t.
X 20 £t. x 10 ft.). Apart from the single-beds and |
clething lockers, no other fufniture-was present. Thei
wooden floor was covered with polished lineleum; this |
was swept daily. Good ventilation was secured by !
means of windows down each side of the room. uost of |
the windows were partly open througheut the 24 heours
during which ebservations were made. Even at night
when the black-out curtains.fere drawn, a slight
draught was noticeable near the windows. The slit
sampler was placed in the centre of the dermitery at
about 8 feet from the foot of the nearest beds.

Observations were made throughout a continuous
period of 24 hours during which the usual occupants of
the dormitory were present at the customary times and

behaved in their customary manner. In all, 75 air

samples were taken successfully, comprising a total ef
451 cubic feet of air. These observations are
recorded in Table 77. They fell inte 6 perieds.

(1) In the Afternoon Period, from 3.30 te 5.00 p.m.,

the dormitory was uneccupied except for three observers

rho /
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whe did not make much movement. The amount of air i
infection was small; on average, there were 0.05 per

cu.ft. (1 in 19 cu.ft.) of Strept.pyogenes, and 7 per

cu.ft. (50 in 7 cu.ft.) of "all bacteria®.

(2) In the Evening Peried, from 5.00 te 9.30 p.m.,

there was occupation of the dormitory by a number of

men varying between 1 and 18, with frequent entering

|

and leaving. For the most part, the men sat reading or

talking. From time to time they undertook mere

vigorous activities such as changing clethes or danctmé

There was some coughing. Between 9.00 and 9.30 p.m. |
the men undressed and retired to bed. The amount of !
air infection was censiderably greater than in the

Afternoen Period; on aversge, there were 0.3 per cu.ft.

(25 per 87 cu.ft.) of Strept.pyogenes, and 72 per cu.ft.

(1086 per 15 cu.ft.; of "all bacteria”. There was an

increase of air infectien between 9.00 and 9.30 p.m.

when the men were undressing and going te bed.

(3) In the Night Period, from 9.30 p.m. te 6.00 a.l
m., the 18 men were asleep in bed and the observer was
seated quietly at 6 feet from the slit sampler. The
amount of bacterial contamination of the air was very

small; on average, there were 0.0l per cu.ft. (2 in

186 cu.ft.) of Strept.pyegenes, and 11 per cu.ft.

(201 in 18 cu.ft.) of "all bacteria". it is of great

interest that air infectien was se very low during thisi
period when the maximum number of occupants were

present, but movement, talking and other activities

were/
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were minimal. Following the cessation of mevement and
activity at between 9.30 and 9.40 p.m., there was a i
rapid reduction in the previously high level of air |
infection, a reductien of about 85% in half an hour of
all airborne bacteria cultivable on ordinary Eleod agar
or on crystal violet blood agar.

(4) In the Early Morming Period, from 6.00 te 8.30

'a.m., the number of occupants and the amount and kind
of activity varied greatly. The activities included

dressing, entering and leaving the dormitory, brushing

of shoes, bed-making, sweeping of the floor, singing
and coughing. The amoeunt of bacterial contamination
of the air was very great; on average, there were

0.19 per cu.ft. (11 in 60 cu.ft.) of Strept.pyogenes,

and 145 per cu.ft. (873 in 6 cu.ft.) eof "all bacteria.

When reveille was sounded at 6.00 a.m., . all the men at
once jumped from bed and started to dress hurriedly.
This sudden burst of activity caused an immediate
increase in air infectien which was observed in the
sample taken between 6.00 and 6.06 a.m.. The large
%bacterial content of the air occurring in the period of
dressing and bed-making (6.00 to 6.30 a.m.) was rapidly
reduced after 6.30 a.m. when most of the men departed
to breakfast; within half an hour there was a
reduction of 94% in all airborne bacteria cultivable on|
crystal violet blood agar. At 7.30 a.m. and later,

the air infection was again increased; this increase

corresponded with bed-making and sweeping of the floor

by /
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by the few remaining eccupants. An especially high
!
level of air infection was observed at 8.00 a.m.; this|

may have been due to sweeping in the vicinity of the
slit sampler or te the movements of all the oeccupants
at that time returning together into the dormitory.
This high concentration of bacteria in the air was
reduced rapidly in the subsequent gquieter period;
|within half an hour there was a 98% reduction in the

number of airborne bacteria cultivable on crystal

violet blood agar.

(5) In the Late Morning Period, from 8.30 to 10.30

a.m., there were few occupants and little movement.
Air infection was slight; on average, there were 0 per

cu.ft. (0 in 42 cu.ft.) of Strept.pyogenes, and 5 per

cu.ft. (30 in 6 cu.ft.) of "all bacteria'.

(6) In the Mid-day Peried, from 10.30 a.m. to 2.ooé
ip.n., there was a varying number of occupants and
varying activity which included standing and talking,
sitting and playing cards, changing and brushing
clothes, and coughing. Air infection was moderately

great; on average, there were 0.09 per cu.ft. (5 in 57|

cu.ft.) of Strept.pyogenes, and 33 per cu.ft. (498 in

15 cu.ft.) of "all bacteria®.

In all perieds taken together a total ef 44 Strept.

pyogenes particles were found in 451 cubic feet of the

air of the dormitory. Of "all bacteria" cultivable on

ordinary blood agar plates, 2738 were found in 67 cu.ft,

of air. Of the Strept.pyogenes colonies, 12 were

found/ |



Part S5a Section 4 Page 359 I

feund on the ordinary blood agar plates used feor

sampling these 67 cu.ft. of air. Strept.pyogenes thus

comprised only about 0.5% of all the airborne bacteria.
With regard to all bacteria cultivable on crystal g
violet blood agar, 543 were found in 384 cu.ft. of airi
Alpha haemolytic colenies resembling colonies of |

Strept.viridens comprised 75% of these colonies growing

on the crystal violet blood agar plates.
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Section 5: Observatiens in the einema hall.

The cinema hall was & 1arge'and lofty room, being
167,000 cu.ft. in capacity (90 ft. x 50 ft. x 15 ft.).
Ventilation did not appear adequate. All windews were
closed and draped with black-eut curtains. Two doqrs
‘were opened only intermittently. The air became
oppressive and the temperature rose 6 deg.F. during one
heur when the roem was occupied. About 300 men, from
all sections of the community, constituted the audience
on the occasion of the investigatien. These men sat
en wooden benches arranged at either side of a central
passage which was 12 feet wide. The slit sampler was
installed in the middle of this passage.

Observations were made throughout a period eof 5%

hours, before, during and after the performance. In

|all, 33 air samples were taken, comprising a total of
183 cubic feet of air. These observations are
recorded in Table 78; they fall inte three sections.

(1) In the period Before Occupatien, frem 6.30 to

8.00 p.m., only between 2 and 4 persons were present in
the hall; these did not make much movement. Air
infection was slight; en average, there were 0.02 per

cu.ft. (1 in 51 cu.ft.) of Strept.pyogenes and 10 per

cu.ft. (126 in 12 cu.ft.) of "all bacteria*.

(2) In the peried During Occupatien, from 8.00 te

11.00 p.m., the film was exhibited and many men were
present in the hall. The men entered during the half

hoeur between 8.00 &nd 8.30 p.m.. About 300 men were

present/
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present during the performance from 8.30 to 10.40 p.m..
There was some coughing and laughing during the

performance, and some movement in and out of the hall

during each eof the three intervals. Most of the |
audience departed from the hall between 10.40 and 10.5d
PeoH. . The floer was sWept and benches were moved |
between 10.50 and 11.00 p.m.. Air infection was
great during the period of occupatioen; on average,
there were 0.33 per cu.ft. (31 in 93 cu.ft.) ef Strept.
ogenes, and 62 per cu.ft. (931 in 15 cu.ft.) of "all |
bacteria®. The highest levels of air infectien
correspinded in time with the entry of the audience,
and with exit of the audience and sweeping of the hall.

(3) In the peried After Occupation, from 11.00 te

12.00 p.m., the hall was unoccupied except for the
observer. Air infection was again very low; on
average, 0 per cu.ft. (0 in 39 cu.ft.) of Strept.pyog-

enes, and 26 per cu.ft. (79 in 3 cu.ft.) of "all bactem

ia". The high bacterial content of the air occurring
at the end of the period of occupation was rapidly
reduced after departure of the occupants; within half
an heur there was a reductien of 92% in the number of
airbormme bacteria cultivable on crystal violet blood

agar.

In all perieds taken together, 32 Strept.pyogenes

particles were found in 183 cubic feet of air. With

regard te "all bacteria# cultivable on oerdinary blood

agear, 1136 were found in 30 cu.ft. of air. There were

5/
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5 Strept.pyogenes colonies on the ordinary bloed agar

plates used to sample these 30 cu.ft. of air; StreEtJ
pyogenes thus comprised only about 0.5% of all the air
bacteria. With regard to all bacteria cultivable on

crystal vieclet bloed agar, 458 were found in 153 cu.ft.

of air. Alpha haemolytic colonies resembling colonies

of Strept.viridans comprised 74% of all the celeonies on

the crystal violet bleod agar plates.
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Section 6: Observations in a schoelroom.

The schoolroom was large, 30,000 cu.ft. in volume
(100 ft. x 25 ft. x 12 ft.). All the windows were
closed, and the two deors were opened only occasionally
Ventilation seemed adequate and the air did not become

oppressive. The desks and benches were wooded, and

the floor was of polished wood. The pupils were 52 ?
men; they were seated on benches which were distribut;
ed throughout the room. The class was divided into
three sections, each in charge of a separate master.

The masters walked about and talked a great deal.

There was little talking and éoughing by the pupils.
The slit sampler was installed a little to one side of |
the centre of the roem. Observations were made
throughout a peried of 3 hours, before, during and
after the holding of a class. In all, 19 air samples
were taken, comprising a tetal of 121 cubic feet of aimxn
These observations are recofded in Table 79; they fall

into three sectiens.

(1) In the period Before Occupation, from 5.30 to |

5.45 p.m., the room was unoccupied except for the two
observers who made little movement. Air infection was
slight; on average, there were 0 per cu.ft. (0 in 12

cu.ft.) of Strept.pyogenes.

(2) In the peried During Occupatioen, from 5.45 to

7.45 p.m., the class was held and the schoolroom was

occupied by 57 pupils, masters and observers. The {

amount of bacterial contaminatien of the air was large;

on/
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on average, there were 0.63 per cu.ft. (53 in 85 cu.ftJ

of Strept.pyogenes, and 26 per cu.ft. (309 in 12 cu.ft)

of "all bacteria". The especially high level of air

i
infection found in the last sample, taken between 7.37

and 7.43 p.m., was correlated with the disturbance

among the pupils preparing te leave.

i (3) In the period After Occupation, from 7.45 te %

8.30 p.m., the room was unoccupied except for one
observer. A considerable air contamination with

Strept.pyogenes persisted for an unusually long peried

after the termination of occupatien; on average during

|
the 45 minutes after occupatioen, there were 0.54 per |

cu.ft. (13 in 24 cu.ft.) of Strept.pyogenes. On the

other hand, there was a rapid reduction in the total
bacterial content of the air; within half an heour
after the end of the class, there was a 90% reductien
in the airberne bacteria cultivable on crystal violet
bloed agar.

In all perieds taken together, 66 Strept.pyogenes

particles were found in 121 cubic feet of air. With

regard to "all bacteria" cultivable on ordinary blood

agar, 309 were found in 12 cu.ft. of air. There were

4 Strept.pyogenes colonies on the erdinary bleod agar

plates used to sample these 12 cu.ft. of air. Thus,

Strept.pyoegenes comprised 1.3% of all the airborne

bacteria. With regard te all bacteria cultivable on

crystal violet blood agar, 180 were found in 109 cu.ft.

i
of air. Alpha haemolytic colonies resembling colonieﬁ

of Strept.viridans comprised 50% ef these latter. i
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Section 7: Observations in a recreation room.

The recreation room had a capacity of 32,400 cu.ft.
(90 ft. x 30 ft. x 12 ft.). The floor was covered ;
with lineleum. The windows were kept shut, the door
was opened only occasionally and four fan-ventilators
were in very slow operation. Ventilation appeared
inadequate, since the air quickly became oppressive on
eccupation of the room. The slit sampler was placed
somewhat to one side of the centre of the room.
Observations were made throughout a peried of 4 hours,
before, during and after occupation of.the room by a
large number of men. In all, 23 air samples were
taken, comprising a total of 120 cu.ft. of air. ‘these
observations are recorded in Table 80; they fall inte

three sections.

(1) In the peried Before Occupation, frem 4.30 te

5.00 p.m., there were only between 1 and 4 persons in
the roem and these made little movement. Air infeetion
was slight; on average, there were O per cu.ft. (0 in

21 cu.ft.) of Strept.pyogenes, and 7 per cu.ft. (59 in

9 cu.ft. of "gll bacteria".

(2) In the peried During Occupatien, frem 5.00 teo

8.20 p.m., many men were present in the roem and a
variety of activities were undertaken. The men were
drawn from all sections of the cemmunity. The number
present varied mainly between 50 and 150; the average
number present was probably about 75. Men were

frequently entering and leaving the room. Most men

spent/
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spent their time in the recreation room mainly in

sitting on the benches which were scattered abeut all
parts of the reom, smoking, talking or playing cards.
Some men danced or played table tennis. The amount

of bacterial contaminatien of the air was large; on

average, there were 0.38 per cu.ft. (34 in 93 cu.ft.) [

of Strept.pyegenes, and 65 per cu.ft. (973 in 15 cu.ftJI

of "all bacteriai.

(3) In the period After Occupation, from 8.20 to

8.35 p.m., very few occupants remained in the room.

Alr was infected with Strept.pyegenes to the extent ofl
0.3 per cu.ft. {2 in 6 cu.ft.).

In all the perieds taken tegether, 36 Strept.pyo-

genes particles were found in 120 cubic feet of air.

With regerd to "all bacteria" cultivable on ordinary

blood agar, 1032 were found in 24 cu.ft. of air.

There were 6 Strept.pyogenes colonies on the ordinary

Blood agar plates used to sample these 24 cu.ft. of aixn

Thus Strept.pyogenes comprised only 0.6% of all the

airborne bacteria. With regard to all bacteria
cultivable on crystal vielet blood agar, 181 were found
in 96 cu.ft. of air. Alpha haemolytic col¢nies

resembling colonies of Strept.viridans comprised 79%

of all colonies on the crystal vielet blood agar

plates.




able 2 - Iﬁggmbar 01 _:.:_:: a ,g'!: Particles pexr
Cubic Foot of Air of the 16,000 Cu.Ft. Dormitory at |
Various Timeg during 24 Hours of Normal Occupation
by 18 len of m O _were pyogenes 'Carriers?.
! 5 |
Circumstances | Time\gscgﬁpt N%?b.iﬂggl_ae por Cu.Ft.of
i le Occu- ' A1l A1l (Strept.
\ pants 'Bact.| on |Dpyozenes|
) !
- %ew occupan%s, 3.40] 4 < e - 0.0 ‘
little movement| 3.45| 6 s | =10.0 0.0 |
3.555 3 3 . 6 ! S O-O
Evening Period;-| 5.20| & | 11 - | 0.3 0.0 |
varying degree | 5.30! 3 | 14 27 | = 0.0 |
of occupation 5.40 6 g - | 1.3 0.7
and movement; 6.00, 6 16 - 3.3 0.3 ‘
men sit, read, | 6.20 6 | 15 =1 18] o2 |
talk, cough 6.30 3 12 48 | - 0.0 |
change clothes,| 6.40 6 | 12 = 117 62
dance etc. from| 7.00 6 11 -1 1.5 0.0 |
time to time 7,201 6 | 13 - | 2.0 0.0 |
during evening.| 7.30 3 13 ol | - 1l
7.40! 6 13 -1 1.3 0.0 ‘
9. - 3 ;. men 8.00 6 13“"1 - ,‘ 1.5 0.3 |
' undress and 9.00i 6 14 - 5.0 0.2 |
retire to bed. | 9.06 3 16 93 - 0.0
9.101 6 18 - | 4,7 0.5
At 9.30 p.m.:all| 9.20 6 18 = | 9sl 1.0
in bed. 9.30| 3 18 143 - 0.0
Nﬁmr_ug_é- 9.40! 6 19 -1 1.2 0.0
occupants {10.00| 6 | 19 - | -0:8 0.2
in bed and 10.10| 3 19 22 - 0.0
uiet from 10.30| 6 19 -| 0.2, 0.0
.30 to 6.00. [10.40| 8 | 19 13 | = - 6:0
11.00| 6 19 - 0.2 0.0
Observer sits 11.30| 6 19 - 0.2 0.0
uietly at 11,40} 3 19 6! = 0.0
slit sampler. [12.30 12 19 - | 0:5] 0.0
1.00| 12 19 -1 0.8]. 0.0
1.30| 12 19 =i 0.00 0.0
2.00| 12 19 =t 0,11 0.0
2.30 | 12 19 -1 6.1 0.0
3.00 | 12 19 - 0.3 0.0
3.30 12 19 - 0.3 0.0
3.45| 3 19 7{ =~ 0.0
4,00 12 19 - 0.3 0.0
4.30 | 12 19 - 0.2 0.0
5.00| 12 19 - 0.6 0.0
5.45| 3 19 16 | - 0.2

(Table continued overleaf)




ﬁgble 77, continued ;-

| P .
| Circumstances . Timsiggéyilmg?b‘ Humber per CP‘Ft'Of?
| "“1ed |Occu- BAI% +A11 ;Strept.
| _- ' pants Oac '! on ‘BLOE_QE&Q
| Ilg_e-a - 'y . - - -
iand dress, mégg 6.30, 6 |8-4 ) S 0.5
| beds, go out & 6.40| 3 3 187 - 0.7
| return; 6.45! 6 2 - | 1.8{ 0.0
' mch coughing &| 7.00/ 6 |[7-1 = | 0.5 0.0
| movement ; 7151 6 3 - | 0.7 0.0
6.45-7.15,quiet. | 7.30 6 4 - | 3.2 0.0
Bedmaking from 7.40] 3 4 104 - 0.3
Floor swept at 8.00, 6 |(2-19 = |18:81 0%
' 7.45 to 8.00. 8.15; 6 19 - | 2.0 0.0
1 ] ; l ]

Egig;mgzgigg%- 8.30/ 6 1 | =108 " 0.0
' Few occupants. | 8.40| 3 T S - 0.0
| Observer mainly | 8.45 6 1 =1 0:5] -0:0
| _alone. | 9.00| 6 T =001 6.0
' Door and windowd 9.30| 6 1 | =135 0:0
' open. 1 9.40| 3 2 |9 - | 0D
| 10.00, 6 4 | - =~10.5] 0.0
| 10.30| 6 4 -] 1.8 0.0
Mid-d iod;-/10.40| 3 7 44 - 0.7

brushing ¢lothes 11.30| 6 5 - | 0.8 0.0
' at 10.40-11.00. 11.40| 3 b: 5 - 0.3
' Playing cards [12.00| 6 1 - | 0.2 0.0
‘Walking and 112.36( 3 15 21 - 0.0
' talking from - 12.40| 6 20 - | 0.8 0.2
_ 112.50( 6 20 | =1 1.2 0.0
| |-1:45| ‘@ 20 o - 0.3
! _ 5 2.00, 6 20 - | 2,2 0.0

' BA:- blood agar
CVBA:- blood agar with 1 in 1000,000 crystal violet.

Hoig;— of all the colonies on the crystal violet
ood agar Elates, 75% were alpha hapgolytic and

resembled the colonies of Strept.viridans.




Table 78:- Number of Bacteris-Carrying Particles per

Cubic Feot of Air ef the 67,500 Cu.Ft. Cinema Hall at

Various Times Before, During and After Occupatien by

an Audience of 300 Men Including Many 'Carriers' ef

Strept.pyegenes.
' - —
circumstonces | Time)CucFtiNumb.|Number per Cu.Ft. ef
f { camp-| of :
'§ 1ed Occu-' All All Stmet. |
pents Bact.| on |pyogenes
_ on BA|CVBA
Before Occupatien 6.30] 6 3| =] 0.8 0.2
- - 6.38] 6 4 16 | = 0.0
| few eccupants; ' 6.47 6 4| =105 0.0
little mevement 6.55/ 9 & 2 - | 0.0 0.0
T.14 6 | 4 &6 - 0.0
7.38| 6 | “ = | 0.5 0.0
During Occupatien 8.00 6 & 6 - | 0.8 0.0 |
| 8-08;_ 3 l 12 17 | = 0.3 [
audience enter 8.15, 6 | 100 - | 4.2 0.5
at 8.00-8.30; 8.30] 6 300 - | 8.2 0.7
| 8.45| 6 | 300 - | 5.0 0.7
| 'sit watching | 9.00 6 | 300 - | 3.3| 0.7
cinema shew | 9.08| 3 | 300 63 | = 1.0
at 8.30-10.40, | 9.22| 6 300 - 1.8 0.2
with seme | 9.30] 6 | 300 - | 2.0 0.5
ceughing and | 9.38| 3 1300 | . 67 - 0.0
laughing; { 9+.45 6 300 - | 8.0 0.2
110.08 3| 300} 50| = 0.3
audience leave |[10.15 6 | 300 - | 4.3 0.2
at 10.40-10.50/10.23 6 | 300 I i 0.2
|10.30 6 | 300 = 7-3 0-3
110.38 3| 300 | 113 - 0.0
floor swept at 10.45 6 | 412 | = | 5.7} - 0.3
After Occupatien 11.00 6 =T e 5S 0.0
i11.15 6 | 1 - 1.3 0.0
ebserver alone.|11.23/ 6| 1| =350 0.0
{11.45 6 | 1| =] .2 0.0
{12.00 o e - | 0.0 0.0

? BA:- Bloed agar. i
| CVBA:-= Bleod agar with 1 in 1000,000 erystal violet.

Nete:~ Of all the colenies on the crystal violet bleod
agar plates, 74% were alpha haemolytic and resembled |

colenies of Strept.viridans.




Table 79:- Number of Bacteria-Carrying Particles per
Cubic Feot ef Air ef the 30,000 Cu.Ft. Scheelreom at
Varieus Times Before, During and After Occupatien by

. & Class ef 55 Men Including Some 'Carriers' of
Strept.pyegenes.

! gl ronNstaRoas lrimel Cu. Ft Nunb.TNunber per Cu.Ft. of
: Samp-| of |
S8 |oseusl AlT a3 Strept.
pants:B ct. | en |pyegenes
! |en BA|CVBA
Before Occupatien|5.30| 6 2 | = e.0] 0
i observers alone. | 5.37 6 2 | - | 0.2 0.0
‘During Occupation|5.45 6 57 |- = (LS 0.2
' i 7 57 | = 13,2 0.4
| class seated 6.06 6 57 | 26 - 0.3
i and quiet; 6.12| 12 57 - 1.2 0.3
| only the three [6.26 &1 57 | - [ 1.0 0.5
masters walk 6.33 e i 57 | - | 0.8 0.3
| aeut uad taik:|6.46] & | 57 | —=1-2¢3 0.2
[6.47 =57 | 26 - 0.3
; 16.54| 6 | 58 | <= | 2:2| 1.5
| class leaves at (7.15 6 | 57 | - | 0.8| 0.3
‘ 7.42-7.44. |7s22( 6| 57| = | 1.8} 1.5
| TEnEg S SRS
| T30 6 57 - | d.7) e
'After Occupatien 7 45 [ s - | 4.2 1.0
8. oo‘ gl = = =13 0.3
. ebserver alene. 8.15 6 | -1 - | 0.7 0.2
8. 305 6 | 1 - 1.2 0.7

| BA:-= Bleod agar.
CVBA:~- Bleod agar with 1 in 1000, 000 erystal vieolet.

Nete:- Of all the colenies on the crystal vielet hlooif
agar plates, 50% were alpha haemolytic and resembled
colenies of Strept.viridans.




Table 8Q:- Number of Bacteria-Carrying Particles per
Cubic Foot of Air ef the 32,400 Cu.Ft. Recreation
Room at Various Times Before, During and After its
Occupation by 50 to 150 lien Includlng Many 'Carriers'

of Strept.pyegenes.

1
1

I - CuaFtuNu-‘b- Number per Cu.Ft. ef
Circumstances |Ti-e15a‘ £ T =
p-| @

‘led Occu- All All S‘tregt. .

pants Bact. (en |pyegenes |

en BA:CVBA: ‘
Befere Occupatien|4.30 6 1 - | 0.2] 0.0
few occupants, |4.36 6 4 6 - | 0.0
little mevement. | 4.49 6 4 - 0.3 0.0
*4 57 3 2 7 - 0.0
During Occupatianis 15 6 80 - | 2.8 0.3
{5.22 3 100 111 - 0.3
most men sit and|5.30 6 | 100 - | 1.3 0.3
read, smeke or |5.38| ) 80 , 178 - 1.0
talk; seme sing 5.45| 6 60 - | 1.3 0.0
~dance or play 5.55 3 50 35 =1 =903
table tennis; [6.00 6 50 - | 0.8 0.5
16.07 | 3 50 31 - | 0.0
|6. 215 6 80 - | 1.4/ 0.2
atmesphere seon |6.28! 3 80 70 -1 0.3
becomes very 6.43 6 70 | - O.Bi 0.0
eppressive & 7.00 6 70 - 2.8{ 0.8
smoke laden; T.15 6 | 100 - | 1.5] 0.2
7-30 6 130 - 1¢5f 0¢3
| eccupants leave |7.45 6 | 150 - | 2.0, 0.2
between 7.45 8.00; 6 | few - | 4.2 0.5
ﬁ.nd 8. 20- 8010 6 few _— 403] 0.5
8.20 6 | few - 3] 0.8
After Occupatien |8.30 6 | few - | 1.2 0.3

BA:- Bloeod agar.
CVBA:- Bloed agar with 1 in 1000,000 crystal vielet.

Nete:- Of all the ceolonies on the crystal vielet bloed|
agar plates, 79% were alpha haemolytic and resembled
colenies of Strept.viridans.

-
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Section 8: Amount of air contamination with Strept.
' pyegenes and size of inhalation dese.

The chief interest of these ebservations relates

to the numbers of Strept.pyogenes which were found in

the air. A total of 875 cubic feet of air from the
dormitery, cinema hall, schoolroom and recreation room
was found to centain 178 particles carrying

Strept.pyogenes, that is 0.2 per cu.ft. of air. In

different 3-cu.ft. and 6-cu.ft. samples the content of

Strept.pyogenes particles varied from 0 to 1.7 per cu.

ft.. The Strept.pyogenes particles comprised 0.5% of
all bacteria-carrying particles in the air; out of
5215 colenies of all kinds found en ordinary blood agar

plates, 27 were colonies of Strept.pyogenes.

Of the 875 cubic feet of air sampled, 475 cubic
feet were taken from roems during normel occupatien by
many members of the community, and 400 cubic feet were
taken from rooms when few or ne eccupants were present
(214 cu.ft.) or when, in the dermitery at night, all
eccupants were asleep in bed (186 cu.ft.). This
sempling ratio of 4% parts of heavily contaminated air
to 4 parts of slightly contaminated air was theught te
correspond approximately with the division of the
trainee's daily timetable between time spent expesed to
highly infected air (i.e. when in roems eccupied at the
same time by many others) and time spent net exposed to
highly infected air (i.e. when in rooms with few
eccupants, when sleeping in the dormitery, when walking

out/
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out ef doors and when taking leave from the institut-
ien). For these reasens, it is considered that the
875 cubic feet of air sampled was a typical
"cross—-section" of the atmospheric environment
encountered daily during the height of the epidemic by
inmates of the institution. Thus, the observed

average air content of 0.2 Strept.pyogenes particles

per cu.ft. was accepted as a basis for calculating the

numbers of Strept.pyogenes which were inhaled by

persons in the institution. Assuming that an adult
inhales 500 cubic feet of air per day in normal
breathing, a persen living in the institution at the

height of the epidemic must have inhaled about 100

| particles carrying Strept.pyogenes per day. A

stranger entering the premises of the institutien

would have inhaled a Strept.pyogenes particle within

about 15 minutes of entry.

The present observations thus indicate the
frequency of inhalation infection and the approximate
size of the inhaled dose. The exact number of the

inhaled Strept.pyogenes cells can not be calculated,

because the number of Strept.pyogenes carried on each

airborne particle is net known. It seems probable
that most of the infected particles found in the air

did not carry more than a few Strept.pyogenes cells.

The Strept.pyogenes cells in discharged respiratory

tract exudate can rarely exceed 100,000,000 per cubic |
centimeter; Hamburger (1944) found that the saliva
of/
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of persons with throat infection usually contained

between 1000 and 1000,000 Strept.pyegenes per c.c. (as

colony forming units, i.e. probably single cells and
chains of up te 10 or 20 cells). The solid content
of saliva and similar secretions is abeut 1%. Thus,

the maximum Strept.pyogenes content of 100,000,000

cells per c.c. of liquid secretion is equivalent te
100,000,000 cells per 0.0l c.c of dried secretion o i
residue, that is 1 cell per 100 cubic microns eof

| residue. For infected particles consisting eof
secretion residue attached to cloth fibres, skin scales

and other dust fragments, the maximum Strept.pyegenes

content will be even less than 1 per 100 cubic microns.
The mean diameter of the bacteria-carrying particles
found in the air of the institution was probably in the
region of 10 micrens; this size would accerd with the
frequently observed air infection die-aways of 90% in
half an hour, which suggest a mean sedimentatien rate
of about 0.002 meters per second (calculated by formuls
of Phelps and Buchbinder, 1941). Very few of the
bacteria~carrying particles found in the air ceuld have
been larger than 100 micrens in diameter, since
particles of this size fall to the fleor within a few
seconds after their liberation inte the air of a room.
Accepting the calculated maximum rate of 1 cell of

Strept.pyogenes per 100 cubic micrens of dried

secretion residue, it is concluded that an airbeme

particle of 10 micrens diameter (1000 cubic micrens if

cubical/
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cubical) would contain not more than 10 Strept.pyogenes

cells, and a particle of 100 microns diameter
|
(1000,000 cubic microns if cubical) not more than

10,000 Strept.pyogenes cells. Thus it is theought that

of the Strept.pyogenes-carrying particles found in the
air of the institutien, most carried only between

1 and 100 Strept.pyogenes cells, and none carried more

| than 10, 000. An inmate of the institution inhaling
100 infected particles per day would be acquiring

between 100 and 10,000 Strept.pyogenes cells per day.

This estimated daily inhslation dose refers to the

numbers of Strept.pyogenes acquired in breathing the

air at large in rooms of the institution; it does not

include the numbers of Strept.pyogenes which might be
'inhaled by a person encountering a specially high
concentration of air infection in the immediate
vicinity ef a "carrier" or other source of infectioen.
It must be emphasised that the air infectien
measurements which have been presented, averaging 0.2

Strept.pyogenes particles per cu.ft., relate to an

advanced stage of the epidemic, to the gixth and seventh
weeks of the epidemic. By this time many prolific
sources of air infection had developed: many "carrienﬁ

and various heavy accumulations of Strept.pyegenes in

floer dust, bedding and personal clothes. Earlier in

the epidemic, the sources of air infection must have
been fewer and less productive, and thus the average

level of Strept.pyogenes air contamination must have

been less.
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Section 9: Role of airborme infection in spread of
epidemic.

Having obtained these measurements of air contam-

ination with Strept.pyogenes, it is of interest to

consider the part played by airborne infection in the
spread of the epidemic. Other possible mechanisms of

transmission are by food or milk, by immediate droplet

spray, and by centact, dirgctly or indirectly by
fomites. In the present case, the possibility of
food or milk infection had been considered by the
medical officer of the institution and excluded on
epidemiological grounds. Among the causes of droplet |
spray, talking was frequent, coughing fairly frequent,
but sneezing apparently very rare inspite of the
contemporary incidence of common colds (only one sneeze
was heard during observation in the four rooms).
There were frequent opportunities for transmission as
the result of indifect contact between these young men
living, werking, eating and playing together in common
rooms: for instance in the common handling of doors
and chairs, in the common use of bathroom facilities,
in the sharing of tools and in the exchange of beoks
and magazines.

In assessing the relative importance of each of
the possible mechanisms of transmission, particular
consideration must be given te the frequency of

transmission and the number of Strept.pyegenes

transmitted.

The/
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The frequency of occurrence of a given mechanism
of trensmission must be considered in relation to the
incidence of infection, Thus, the rapid spread of the
epidemic, the large numbers of cases of tonsillitis and
scarlet.fever, and the high "carrier" rate, are

evidence that & ready and frequent mechanism of

-

transmission was in operation. It is not possible

that the epidemic spread was brought abeut mainly by an
infrequent mechanism of transmission such as some mode
of immediate contact involving an ebvieus and gross
breach of hygiene and decent behaviour (e.g. by the
licking of a spoon just after its use by another). On

the other hand, inhalation of airborne Strept.pyogenes,

droplet spray production by talking and coughing, and
indirect contact by handling of common objects, were
each of such frequent occurrence that, as regards
frequency, any one of these modes of transmission could
by itself have accounted satisfactorily for the
epidemic incidence of infections.

In the case of airborne infection, estimates have
been obtained of the average daily dese. As shown in
Section 8, every person living in the institution at
the height of the epidemic must have inhaled per day
about 100 infected particles carrying a total of

between 100 and about 10,000 Strept.pyogenes cells.

The epidemiological significance of these figures can
not be deduced with certainty, because the smallest

number of Strept.pyogenes which will initiate infection

of/
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of the human respiratory tract, the minimum infecting

dose, is not known. On the one hand, it may be argued
that an inhalation dose of 100 to 10,000 Strept.pyogenes
cells is not sufficient to initiate either clinically
apparent infection or commensal colonisation of the
respiratory tract, that airborne infection therefore
\did‘hot play an important part in the spread of the
epidemié, and that infectioen was transmitted by other
mechanisms supposed capable of delivering much larger

numbers of Strept.pyogenes to the respiratory tract.

On the other hand, it may be argued that an inhsalation

dose of 100 to 10,000 Strept.pyogenes cells is suffic—;

ient to initiate infection or commensal colonisatien,

and therefore, in view of the numbers of Strept.pyoge

found in the air of the institutioen, that airborne
infection was largely responsible for the spread of the
epidemic. For various reasons, the latter view is
preferred and is accepted proviéionally as a basis for
discussion. It is thought that a single particle

carrying a few Strept.pyogenes cells may be sufficient

in many persons on many occasions to initiate infection
or commensal colcnisation of the respiratory tract, and
consequently that the present epidemic was spread

mainly by airborne infection.

In the first place it may be stated that there is
no existent evidence which suggests that there is a
definite minimum size of infecting dese such that

10,000, 100 or even 1 Strept.pyogenes cell would

usually/
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usually fail to initiate infectien, while a larger
number, say 1000,000 or mere, would usually succeed.
Almost certainly, resistance to infection varies very
greatly between different perseons, and alse, in one
person, between different areas of the respirato:yl
tract mucous membrane and between different times,
according to circumstances such as fatigue, body
temperature and air écmperature. It seems unlikely
that, in face of such variations in resistance, the
minimum infecting dose could remain sufficiently
constant in size for infection to be caused frequently

by 1000,000 or more Strept.pyogenes and very rarely by

100 er 10,000 Strept.pyogenes.

The second reason for believing that infection may

' result frequently from inhalation of a few Strept.pyo-
|genes cells, is that a much larger number of cells
could net have been acquired regularly by any of the
other possible mechanisms of transmission which
occurred frequently enough to account for the high
incidence of infections in the epidemic. Thus, from
a consideration of the observations recorded in Parts
2 and 4, it is thought that the number of Strept.pyog-
enes which could be transmitted in the droplet nuclei
of immediate, close-range cough spray and speech spray,
would be very small. Immediate droplet spray infect-
ion with large projection droplets might transmit

larger numbers of Strept.pyoegenes, but only on te the

skin and clething of the recipient; ne more than a

small proportion/
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proportion of these would ultimately find their way
into the mouth or nese. The freqﬁently occurring
indirect contacts between different persons, as by the
handling of objects used in common, were net likely te
result in more than a few Strept.pyogenes cells
reaching the respiratory tract of the recipient.
Hamburger and Green (1946) found the average number of

Strept.pyogenes on the hands of "nose carriers™ to be

790,000 (0 to 21,000,000) and of "throat carriers" to
be 4700 (0 to 250,000). Obviously, only & small
proportion of these étreptococci will be transferred by
simple contact from the skin of the carrier's hand on tc
any object, only a small propertion of those on the
infected object will be transferred tb the hands of a
second person, and only a small proportion of those
reaching the hands of this recipient will be passed to
the respiratory mucoesa on handling of his mouth or nose.

Even if Strept.pyogenes were present on many objects

handled by the recipient and even if the recipient was
in the habit ef putting his hand to his mouth at
frequent intervals, the autodisinfecting power and
iretentiveness of the skin make it unlikely that the
hand would act as & vehicle for the introduction of

very large numbers of Strept.pyogenes into the

respiratory tract. It is of course possible, by
exceptionally direct and intimate contact, for very

large numbers of Strept.pyogenes to be aecquired. Thus

if the infector, a "carrier", contaminated a spoon or

other/
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other object with highly infected secretion, containing

perhaps 100,000,000 gStrept.pyogenes per c.c., and if

a second person, the recipient, immediately afterwards
put this spoon or object into his mouth, he might

acquire a large number of Strept.pyogenes, perhaps

10,000,000 in 0.1 c.c. of secretion. However, such
gross breaches of decent behaviour can not have been
sufficiently common to have accounted for the high
incidence of infectien in the present epidemic.

If, as these arguments iﬁdicate, infection often
resulted from inhalation of a single infected particle

carrying a few Strept.pyogenes cells, airborne

infection must have been a major cause, if not the main
cause of spread of the epidemic. All 765 members of
the community must have inhaled such a dose of

Strept.pyogenes many times a day during several weeks;

iprbbably all received Strept.pyogenes for the first

!
|time long before the beginning of the investigation on

November 13th. Whether inhalatien of an infected
particle resulted in scarlet fever, tonsillitis,
F"throat carriage", "nese carriage" or complete

elimination of the Strept.pyogenes within a few hours,

!
would depend on the contemporary state of the

recipient!s general immunity and of the local defence
mechanisms of the area of mucous membrane inoculated.
Some persons contracted a clinically apparent infection
for the first time at a late stage in the epidemic;

there were 26 fresh cases of tonsillitis and 13 of

scarlet/
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scarlet fever following the start of the investigation
on November 13th, by which time the epidemic was a
month old. Presumably these persons had acquired

Strept.pyogenes, but resisted infection, on many

earlier occasions, and had succumbed to infection with

Strept.pyogenes acquired on a later occasion:when for

|some reason the respiratory mucosa had a lessened

| stages of the epidemic when the sources of air

| single carrier may by the aerial route infect one or a

power of resistance. It is not thought that these

persons had acquired Strept.pyogenes for the first time

at a late stage in the epidemic.
As discussed in Section 8, the average amount of

air infection must have been much less in the early

infection were fewer. Whether, in the early stages,
infection was transmitted mainly through the air or
mainly by some other means can only be guessed.

Although the total Strept.pyogenes output of one or a

few carriers might not be sufficient to raise
significantly the general levei of air infection in a
large room, this output may produce a high level of air
infection in the carriers®' immediate vicinity for a
short period of time; for instance, four carriers in a
small room (1960 cu.ft.), by shaking their jackets,
towels and handkerchiefs, preduced a temporary air

contamination amounting te 50 Strept.pyogenes particles

per cu.ft. per carrier (see Part 4). In this way, a

few persons who happen to be standing close by him

while he undertakes an air infecting activity.
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Section 10: Cause of Bacterial Contamination of the
Air.

It was hoped that the sources and causes of
bacterial contamination of the air might be discovered
by correlating the contamination level with the
contemporary circumstances of crowding, ventilation,
personal movement, talking, coughing, bed-making,
sweeping and other activities. Only partial success
attended this aspect of the investigation. The main
relationships are shewn in Table'Bl, which summarises
the average findings fer the periods "before occupatien!
and "during occupation" for each of the four rooms
examined.

The observations made one thing clear beyond all
doubt: namely, that air infection depended upon
occupation. Bacterial contamination of the air was
very slight when the room was unoccupied and had been
unoccupied for some time, as in the peried "before
occupation" (the presence of one to three uninfected
observers was neglected). Contamination was great,

5 to 10 times greater, when the room was occupied by
many members of the community, as in the peried "during
occupation”. After termination of occupation, this
great contamination of the air rapidly became less and
reached a low level within about half an hour (e.g.
104 of the level "during occupation®). This
correlation .of air infection with occupation was found
in the case of a1t of the four rooms and in the case

both of Strept.pyogenes and of "all bacteria'.
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The sole exception to correlation between
occupation of the room and high air contamination, was
very instructive. At night in the dormitory when all
occupants were present, but asleep in bed, bacterial
contamination of the air was very slight, as slight as
when the dormitory was unoccupied. This observation
proves that it is not the mere presence of occupants
which produces bacterial contamination of air, but
| rather the wakeful activities of the occupants.
Comparison between the different rooms did not
{yield much information beyond an additional indication
that air infection depends more on the kinﬁ and amount
of activity of the occupants than on the number of
occupants. There was surprisingly little difference
between the four rooms in the amount of bacterial
contamination of the air. In the dormitory, cinema
hall, schoolroom and recreation roem, the average
bacterial contents of the air were, respectively,

0.22, 0.33, 0.65 and 0.38 per cu.ft. of Strept.pyogenes

and 74, 62, 26 and 65 per cu.ft. of "all bacteria.
The differences in aﬁount_of?air infection, such as
they were, could not be correlated with the differences
in number of occupants, in degree of crowding or in
amount of ventilation. The cinema hall and the

recreation room were the most badly crowded and the

most poorly ventilated, yet these rooms had less air

contamination with Btrept.pyogenes than the less

crowded and better ventilated schoolroom, and less air

contamination/
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contamination with "all bacteria" than the much less

crowded and much better ventilated dermitory.
Unfortunately, ventilation measurements were not
made. Ventilation was judged roughly according to the
number of windows and doors observed open, any draught
felt, smell and the extent of temperature rise during
(occupatioen. The difference between the well ventil-
ated dormitory and the poorly ventilated cinema hall
and recreation room, was obvious and marked. The
dormitory was at all times cool and fresh, its windows
were always open and draughts were often felt. The
cinéma hall and recreation room became het and stuffy
during occupation; their windows were kept closed.
Ingpite of this, bacterial contamination of the air was
as great in the dormitory as in the cinema hall and
recreation room. It is concluded that ventilation is

a factor of only minor importance in determining the

level of air infection.

Little informatien was obtained by correlating the
air infection levels in individual air sémples.with the
contemporary circumstances. Separate peak contaminat-
ions were not found relating to different activities
such as coughing, talking, walking, dressing, sweeping
and bed-making. These activities were not sufficient-
ly isolated; different activities occurred at the same
time and overlapped in such a way that their detailea
-correlatian with the level of air infection was not

possible. As a rule, however, air infection peaks

were/
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were observed when the total amount of activities of
all kinds was at a maximum; for instance, in the

dormitory when the men were retiring te bed (9.00 to
9.35 p.m.), when they were rising and dressing (6.00 to
6.45 a.m.) and when they were making beds, sveeping the
floor, moving about and coughing a great deal (7.40 to
8.06 a.m.); and in the other rooms at the beginning and
end of the period of occupation when many men were

walking about (entering or leaving the room), benches

were being moved and the floor was being swept.




Part Sa Sectien 11 Page 333

Section 1ll: Value of crystal violet blood agar as a
selective culture medium for Strept.pyozenes from air.

Blood agar containing gentian violet in a
concentration of 1 in 500,000 was recommended by Garrod
(1933) as a useful selective medium for isolation of ~
haemolytic streptococci. This medium was employed by

Thomas for sampling the air of occupied rooms ; it was

found to give good growth of Strept.pyogenes and teo
inhibit colony formation by 95% of the airborne
saprophytic bacteria. (Bourdillon, Lidwell and Thomas,
1941). Challinor (1943) recommended use of a related
dye, crystal violet, in a concentration of 1 in . I
1000, 000. In the present investigation, a trial was
made of this latter ﬁedium. Plates of blood agar with
1 in 1000,000 of crystal violet and plates of ordinary
blood agar were both used for air sampling. The
samples taken on each medium were distributed in a
comparable manner throughout the different experiments
and the different periods of each experiment. Thus,
the characteristics of the media may be compared in
terms of the total colmny counts obtained on each.
Ordinary blood agar was used in 39 plates to sampls
a total of 133 cu.ft. of air; these plates bore 5215

colonies of all kinds, which included 27 colonies of

Strept.pyogenes.

Crystal violet blood agar was used in 111 plates
to sample a total of 742 cu.ft. of air; these plates

bore 1362 colenies of all kinds, which included

151 colenies of Strept.pyozenes.

Thus, /
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Thus, ordinary blood agar bore Strept.pyogenes

colonies at the rate of 0.20 per cu.ft. of air (27 from
133 cu.ft.), while crystal violet blood agar bore

Strept.pyogenes colonies also at the rate of 0.20 per

cu.ft. of air (151 in 742 cu.ft.). This surprisingly

exact equality in the Strept.pyogenes recovery rate

between ordinary blood agar and crystal violet bleod

agar, suggests that the crystal violet does not inhibit

growth of any significant number of Strept.pyogenes.
Blood agar incorporating 1 in 1000,000 of crystal
violet seems fully as favorable for recovery and gr@wtﬂ

of airborne Strept.pyogenes as ordinary blood agar.

Colonies of bacteria of all kinds ("all bacteria")

were found on ordinary blood agar at the rate of
39.2 per du.ft., and on crystal violet blood agar at

the rate of 1.84 per cu.ft.. Thus, of "all bacteria"

growing on ordinary blood agar, only 4.7% grew on
crystal vielet blood agar. Crystal violet inhibited
|growth of 95% of the air bacteria other than Strept.

pyogenes.
Strept.pyogenes colonies comprised 0.5% of all -

colonies on ordinary blood agar, but 11.1% of all
colonies on crystal violet blood agar.
Alpha haemolytic colonies resembling colonies of

Strept.viridans comprised 3.3% of all colonies on

ordinary blood agar, but 72% of all colonies on crystal
violet blood agar. It is probable that a large

proportion of these colonies were not Strept.viridans,

Fbut/
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but "alpha micrococei®.
This investigation shows that the follewing
advantages attach to the use of crystal violet blood

agar in examining air for Strept.pyogenes: while

crystal violet in a concentration of 1 in 1000,000 does

not inhibit any Strept.pyogenes, it inhibits and

suppresses growth of 95% of the airborne bacteria of
other species, so that it is possible without causing
overcrowding and confluence of colonies to take on te
crystal violet blood agar plates air samples which are

20 times larger than can be taken on to ordinary blood

agar plétes.
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Bacterial Content of Air in a Maternity Hospital

Having Frequent Staph,aureus Infections.
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ISection 12: Account of maternity unit and infection
incidence.

The investigation was conducted between Liarch 12th

and July 2nd, 1947, in the maternity unit of a large

' general hospital. The maternity unit consisted of |
offices, a‘wash room, two nursery wards for the babies,
and several wards for the mothers. These different
rooms were on the same floor, oPeﬁing en to a common
corridor. This corridor was alse connected te the
rest of the hospital.

Bacteriological examination of the air was carried
out in four of the rooems, namely Nursery A, Nursery B,
8 Mothers' Ward and the Wash Room.

Nursery A was a large airy room of 5500 cu.ft.
capacity (30 ft. x 14 ft. x 13 ft.). It had four
south-facing windows and one door. The floor was
polished wood. There were Ek cots in Nursery A; the
majority of these, always over half of them, were
occupied by babies.

Nufsery B was a little smaller, being 3700 cu,ft.
in capacity (18 ft. x 16 ft. x 13 ft.). It had one
east-facing double windew and one door. Its floer
was polished wood. The cots numbered 14, and the
majority of these were occupied throughout the
investigation.

The Mothers' Ward was a large airy room of
5400 cu.ft. eapacity (26 ft. x- 16 ft. x 13 ft.). It
had twe south-facing and three ?ast—facing windows, and

two doors. The floor was polished wood. There were

s
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9 beds, most or all of which were occupied.

The Wash Room was about 1000 cu.ft. in capacity.
It was entered frequently by nurses for washing of .  »
linen and rinsing of utensils.

The babies remasined for the most part of.the day
in their cots in the Nurseries. The mothers remained
in the Mothers' Ward. The babies were brought inte
the Mothers! Ward at four-hourly intervals for feeding.
The Nurseries and the Mothers' Ward were entered f
frequently by doetors, nurses and domﬁstic servants.
The common activities were medical examinations, bed-
making, "bed-panning", serving of meals, toilet,
sweeping and dusting. i

The Nurseries and the Mothers' Ward were well
ventilated. The windews and doors were usually partly
open during the daytime. The air was Judééd "fresh"
at all times.

Mothers and their babies remained in the hospital
only for a few weeks, so that there was a rapid
turnover of the population.

In the months prior to March 12th, 1947, the
maternity unit had‘reported & high incidence of

Staph.aureus infections among both mothers and babies.

Staph.aureus infections continued te occur throughout

the 3% month period of the investigation. Among the

babies, in this period, there were several cases of

Staph.aureus conjunctivitis, several cases of "septic

spots" on the skin infected with Staph.aureus, and one

case/
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case of fatal Staph.aureus pneumonia. Among the

mothers, there was one case of Staph.aureus breast

abscess, one case of a boil due to Staph.sureus, one

case of Caesarian operation wound infection with

Staph.aureus and one case of Staph.aureus conjunctivitis;

in addition, Staph.aureus was found in small numbers in

high vaginal swabs taken from 13 mothers.

In addition to this high incidence of clinically

apparent Staph.aureus infectien, there was a high rate

of "healthy carriage" of Staph.aureus among the babies,

For instance, on one occasion

mothers and nurses.

(July 1lst), swabs were tsken frem both nostrils of 7 ‘

nurses and 26 babies. The presence of Staph.aureus

was demonstrated in 2 of the nurses (29%) and in 11 of

the babies (42%).
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Section 13: Experimental methods.

Two methods were used for examining the bacterial

‘content of the air, namely exposure of culture plates

jto direct sedimentation of infected particles

|

|("settling plates"), and use of the Bourdillon slit
!

|

| The "settling plates" had a diameter of 3} inches

gsamplcr.

‘and presented about 10 square inches of culture medium

‘surface. They were left open lying on a table at

|
‘about 3 feet above the floor and in a central position

'in the room.

| The slit sampler, constructed according to the

|
'design of Bourdillon, Lidwell and Thomas (1941), was

;run.with a slit-plate distance of 2 millimeters and at
ian air-flow of 1 cubic foot per minute. The slit
sampler was placed centrally in the room; its air-
intake was about 3 feet above the floor. Persons
other than the observer were forbidden to approach the

(slit sampler closely.

Four different culture media were used: (1) plain
|

nutrient agar (14 meat extract, 1% peptone, 3% sodium

chloride and 2% agar), (2) ordinary blood agar (nutrient

agar and 5% horse blood), (3) MacConkey'!s bile-salt

neutral-red lactose peptone agar, and (4) salt-milk

medium (nutrient agar with 20% milk and 7% sodium

chloride). The nutrient agar and the blood agar were

regarded as generally favorable culture media. The

MacConkey's medium and the salt-milk medium were

thought/ ; e
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thought to be somewhat selective for Staph.aureus;

they are inhibitery to bacteria of many other species
and they enhance development of the golden pigment

which is characteristic of Staph.aureus. It was

|intended, by using these media in parallel to compare

their value in the examination of air for Staph.aureus.

Plates were incubated aerobically at 37 deg.C. for
24 hours and were then left at room temperature for a
[further 24 hours. Each plate was scored by parallel
cuts with a scalpel blade and:observed . with a (x 20)
binocular plate microscope; the total number of
colonies of all kinds was:counted. The plate was theq

examined with the naked-eye for golden colonies

resembling Staph.aureus; all such colonies were

%subcultured and tested for coagulase production. Only

;co§gglase—gosit;vc gtrains were counted as Staph.aureus.
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Section 14: Observations made with 24-hour settling

plates in two nurseries, a mothers' ward
and a wash room.

A series of observations was made with settling
\plates. A MacConkey plate and a salt-milk medium
plate were placed side by side in each of the rooms
being examined. They were left uncovered continuously

throughout a 24-hour period. This procedure was

repeated on each of 40 days chosen at intervals during |
the peried 12/3/47 to 2/7/47. On each day a pair of ?
plates were exposed in Nursery A, in Nursery B and in
either the Mothers' Ward (14 days) or the Wash Room
(23 days). The numbers of coagulase-positive

Staph.aureus found on these 24-hour, 10-sg.in. plates

are shown in Table 82.

The number of particles carrying Staph.aureus

which settled in 24 hours on a 10 sg.in. plate varied

on different days between 0 and 7. Staph.aureus was

found in at least one room on 36 out of the 40 days.
It was found with more or less similar frequency
throughout all periods of the investigation, except for?
the three weeks from 30/5/47 to 23/6/47 when it was
found with a somewhat greater frequency than at the
other times.

Staph.aureus was found with equal frequency in the

four different rooms; for the whole investigation, the

average number of Staph.aureus found per 24-hour 10-sq.

|

in. plate was 0.97 (73 per 75 plate-days) in Nursery 4,

0.87 (66 per 76 plate-days) in Nursery B, 0.88 (23 per

26 plate-days)/
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26 plate-days) in the Mothers' Ward, and 0.80 (33 per
41 plate-days) in the wash Room.

Staph.aureus was found with almost equal frequency

on llacConkey Plates as on salt-milk plates. For the

whole investigation, the average number of Staph.aureus

found per 24-hour MacConkey plate was 0.85 (99 per 117
plate-days) and per 24-hour salt-milk plate was 0.95
(96 per 101 plate-days). The proportion of all

colonies on each plate comprised by Staph.aureus was

the same for the MacConkey medium as for the salt-milk
medium (see Table 82, bottom row). These findings
indicate that MacConkey medium and salt-milk medium are

of equal value in examining air for Staph.aureus.

Presumably the total number of colonies developing
on these selective media was somewhat less than the
total number of bacterie—carrying particles settling on
the plates. Accordingly, the percentage of the

colonies which were found to be §tiph.auraus (see Table

82, bottom row), must be greater than the percentage of

all airborne bacteria comprised by Staph.aureus. It

is concluded that Staph.aureus particles comprised less

than 1% of all bacteria-carrying particles settling

frem the air.

A total of 195 Staph.aureus colonies were found on

218 plates each exposed for 24 hours in one of the four
Trooms. Thus, the average deposition rate of Staph.aur-

eus particles in the maternity unit was 0.9 per 10-sq.

in., plate per 24 hours, or 0.037 per plate per heur.
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Section 15: Observations made with slit sampler and
settling plates in the twe nurseries |
and mothers! wgrd.

In the second series of observations the slit
sampler and settling plates were used in parallel. In

each experiment, observations were made continuously

for 5% to 6% hours in the morning between 7.30 a.m. and

l2.00 peMm.. Observations were made on twe days in

|Nursery A, on two days in Nursery B and on three days

|in the Mothers' Ward. In 6 of these 7 experiments,
MacConkey plates were exposed in the slit sampler; in
1 experiment (in the Mothers' Ward), nutrient agar
plates were exposed in the slit sampler. On each
plate in the slit sampler, a 25-cu.ft. air sample was
taken during the first 25 minutes of each successive
half hour, the last 5 minutes of the half hour being
allowed for the changing of plates; about 300 cu.ft.
of air was taken by the slit sampler each morning.
Settling plates were exposed beside the slit sampler;
two 1l0-sg.in. MacConkey plates were exposed continuouéh{
throughout the whole 5% to 6% hours of the experiment,
and one blood agar plate was exposed during the first
25 minutes of each half hour (a fresh blood agar plate
each half hour). Except when changing the culture
plates and adjusting the sampler, the observerlstood
outside the room being examined so that he would not
himself contribute to the air infection. He was
dressed in his ordinary clothes covered by a sterile

surgical gown, and wore a sterile cap and mask. A

record/
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record was made of the number of times that a nurse or
any other persen entered the room; the number of such |
"entrances" during the time of sampling was taken as a
rough measure of the amount of activity in the room
during phat time.

The detailed findings for each of the 7 experiments
are shown in Tables 83-89, and the average findings for
all 7 experiments are shown in Table 90.

The slit sampler observations will be considered
first. A total of 2125 cu.ft. of air was examined in
the 7 experiments and was found to contain 85 particles

carrying Staph.aureus, on averasge 0.04 per cu.ft..

Some Staph.aureus were found on each d#y and in each of
the rooms examined; the average numbers for the
different rooms and days ranged from 0.010 te 0.10 per
cu.ft. (see Table 90). About half of the individual

25-cu.ft. samples did net eontain any Staph.aureus;

the positive samples contained between 1 and 8 particles

carrying Staph.aureus.

A total of 15,615 bacterial colonies of all kinds
were found on the plates exposed in the slit sampler
for examination of the 2125 cu.ft. of air; the average

air contamination with "all bacteria® was thus

7.4 bacteria—~carrying particles per cu.ft.. The avemge

numbers of "all bacteria“ ranged in the different

experiments from 1.5 to 14.2 per cu.ft. (see Table 90);
the numbers in the different 25-cu.ft. samples ranged

from 0.56 to 22.4 per cu.ft. (see Tables 83-89).

Taking/
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Taking all experiments together, Staph.aureus i

comprised 0.54% of ®all bacteria" found in the air by

use of the slit sampler; in the 7 experiments, the

Staph.sureus percentage ranged between 0.14% and 1.1%.

1
! A search was made for correlation between the air

infection level and the contemporary circumstances,
both with regard to the individual 25-cu.ft. samples
\and with regard to the average findings for &ach of the
different experiments. Correlation was not found
between the level of air contamination with Staph.aureus

and the level of air contamination with "all Bacteria",

lor between the amount of air contamination and the

)amount of ventilation or the amount of activity.

Comparison of the average findings for each of the 7

:experiments revealed correlation only in the case of
one experiment (No.4, Table 90); in this experiment,

the levels of air contamination with Staph.aureus and

with "all bacteria" were both very low and, appropriat-

ely, the amountd#ventilation was great and the number of

"entrances" small. On the other hand, the greatest

air contamination with "all bacteria" occurred on the

same occasion as a slight air contamination with

Staph.aureus (Experiment Ne.7, Table 90). The most

striking discrepancy was apparent in another experiment
(No.5, Table 90), when a very high air infection was

associated with conditions which seemed ideal as ragardé
air hygiene; on this day the amount of air contaminat-

ion with Staph.aureus was the highest encountered on

any/
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lany day and the amount of air contamination with

"gll bacteria" was greater than the average, yet the

'number of "entrances" was not very great, bright

sunlight was streaming into the room, the doors and

|windows were wide open and ventilation was obviously

IVery great as evidenced by a perceptible breeze.
In proportion to the recovery rate on the

contemporary blood agar settling plates, the slit

sampler recovery of Staph.aureus was only very slightly

I
less on MacConkey plates (0.045 per cu.ft. to 0.55 peri

plate-hour, average for Experiments No.l-6, Table 90)
than on nutrient agar plates (0.020 per cu.ft. to 0.20
‘per plate-hour, Experiment No.7). This suggests that
MacConkey medium is as suitable for growth of Staph.~;ﬁ
aureus as the generally favourable nutrient agar.

The observations made with settling plates exposed
beside the slit sampler may best be considered in
‘relation to the average findings summarised in Table 90.

The average recovery rate for all 7 experiments was

0.097 of Staph.aureus and 34 of "all bacteria" per

10-sq.in. MacConkey settling plate per hour, and 0.46

of Staph.aureus and 71 of "all bacteria" per 10-sq.in.

blood agar settling plate per hour. At first
|

consideration, the difference in recovery rate between

'the two media suggests that MacConkey's medium grew

only 20% of the Staph.sureus and 50% of "all bacteria"
which were able to grow on blood agar. However, it

can not be concluded that MacConkey's medium is less

efficient/ \i
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efficient than blood agar for recovery of Staph.aureus,

'because the media were not tried under strictly ;
compafable conditions; each blood agar plate was
exposed for only 25 minutes, while each MacConkey plate
\wa.s exposed for about 6 hours. The greater crowding
on the MacConkey plates, by confluence, dwarfing and
zsuppression of colenies; may have been the main reason

for the lower Staph.aureus counts. The Staph.aureus

;recovery rate on these MacConkey settling plates [
exposed for 6 hours in the morning (0.097 per plate per
hour) was considerably greater than that on the |
MacConkey settling plates exposed for 24-hour periods |
(0.035 per plate per hour, see Table 82 and Section 1&:
The lower rate on the 24-hour plates may have been due
in part to the exposure covering the quiet night hours

when air infection was minimal, but probably also to

the very_great colony crowding.

These comparisons suggest that, because of colony

crowding, the Staph.aureus counts obtained on the

6-hour and 24-hour settling plates considerably

underestimated the number of Staph.aureus particles

which actually settled on the plates.




Table 82:-

Number of Particles Carrying Ceagulase

i Pesitive Stgph.aureus_gettliqg_fron Air en te

! Single 10-Sg.In. Culture Plates Expesed During

i 24 Hours in Roems ef a Maternity Hespital.

: |
‘Date{
|

Nursery A

Me.

Plate

. SM.
Plate

Plate

, Nursery B jMothers' Ward
y Mc.

SM.

Wash Reom |

Me.

SM. Mc. SM.

112/3|
114/3
17/3
L9y B
\21/3|
|124/3 | |
126/3| |
128/3| |
31/3| |
2/4 |
654’!
| 8/4
10/4 |
14/4 |
16/4 |
'18/4 | |
121/4 ||
2374
25/4
28/4 |
30/4 |
2/5
5/5 |
8/5
9/5
(12/5] |
(16/5 | |
19/5 |
23/5 |
126/5 |
"30/5 |
| 6/6]
' 9/6 |
'11/6 |
13/6
16/6 |
20/6 |
23/6
27/6

i

HNOQNOHI—‘I—'NOU‘OOHOQNHOUHOHHI—'\AOO%'HOOOOOCDNOO

HFHENNOUWWVINI VUV OOOHROFOOODOOOOOKROI lcOHROOOO 1l oco

OO-FOHNHHHUI""'"""OOOOOQOOHHNOI—‘HNNOOOOOOOOHOQO

Plate Plate‘ Plate|| Plate| Plate

OFHFEFNH~NNUWIl VWOl ocworHMHMDOFOCOOOOFRNMNUWO !l OFOODOO ! OW

11
luHUONNONOHOHOCOQOHOhODO

HFNWOoOOHOKROFOFOolIol 1L 11
coamHFEEFENpDOI IO O

T HFHRWOoOO Il FRuUuNI |l oOoFOoOOO Il CO

30/6

Tot- |
al ||

43

A
o

26

| 40

10 | 23 1 20 13

per
40

per |

35

i

per
40

per |

- 36

_deys days days days

| Staph.aureus % ef All Colonies from 23/5 te 30/6.
|[1.3% |1.1% |0.7% |0.8% | 0.2% | 0.2% || -

-

per | per | per | per
=34 | 92 Fo {38 |
| days days |days |days

Mc.:~ MacCenkey Medium.

SM.:= Salt Milk Medium.
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Table 83:- Number of Coagulase-Positive Staph.sursus-
| Carrying Particles _and All Bacterie~Carrying Particles
per 25 Cu.Ft. of Air and per 25-Minute 10-Sq.In. .
Settling Plates at Various Times during Merning of _
| 18/6/47 in 5500 Cu.Ft. Nursery A Containing 26 Babies'
Cots Mest of Which Were Occupied.

Number of Colonies eniNumber of Celonies
MacConkey Plate per | per 25-Minute 10-Sq.

.: 0 |
| ' 8! 25 Cu.Ft. of Air by In. Bloed Agar !
| Time + g4 S1it Sampler | __Settling Plate

g | 4 , ‘
*” Staph. All ~ Staph. All :
'§| aureus Bacteria @ aureus | Bacteria |

1 ? -

; : :
07.30-5515| 0 180 | e 15
08.00-25 2or§ 0 160 o if gt
08.30-55|17 0 140 0 23
09.00-25| 7| 0 196 1 33 }
| | o
09.30-55| 6 0 1205 -~ | 0 6 |

| | | [

J ' 1
10.00-25|12 0 200 | G 26 |
110.30-55 5[ 1 132 | 1 22 |
11.00-25 11 ‘_ 0 2i6. ] 0 19
11.30-55;13 1 200 | e e
12, 00-251'14|= N 4 | 1 25 |
12. 30-55| 7 .- [i s ] 0 T

! . !
o1. 00-25| 7 1 8 | 3= B~
01.30-55| 2 6 Zok gl g
| | |
I3 [ aseg. 5 239
Tetal:- per l per | per per
325 _cu.ft..325 cu.ft.i 5% hours{ 5% heurs
0.040 | 5.9 0.9 43
| Average:- per { per per per
f en.fts | eu.tt. hour hour
07.30=-2, 00
1 per- Staph.aureus:- 1
Twe 10-Sg.In. All Bacteria:- 280
g::g;ggey Staph.aureus:- 0.077 per plate per hour
4
Plates All Bacteria:- 22 per plate per heur
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|
I

Tahle 84:~ Number of Ceagglase—?esitive Staph.aureu&-

| Carrying Particles and All Bacteria-Carrying Particlea

"per 25 Cu.Ft. of Air and per 25-Minute 10-Sqg.In.

| Settling Plate at Various Times during lMerning of

25/6/47 in 5500 Cu.Ft. Nursery A Containing 26 Babies'|

Cots Mest of Which Were Occupied.

Number of Celonies on
MacCenkey Plate per

Number of Celenies

Plates

] per 25-iiinute 10-8q.
S| 25 Cu.Ft. ef Air by |[In. Bleood Agar
Time 18 Slit Sampler Settling Plate
£ : ' S
A Staph. ] All Staph. All
& aureus Bacteria | aureus | Bacteria
08.00-25 4 2 152 | 0 11
08.30-55| 6 3 T S 15
09.00-25| 1 0 160 | 0 6
09.30-55 5 0 go--il- e 11
10.00-25! 4 0 100 ] 0 12
10.30-55 4 0 86 f 9 14
11.00-25 2 0 148 | 0 21
| i
11.30-55 13 1 108 | o | 7
| . | i
12.00-25| 5 1 132 | 05 31
12.30-55| 9 3 156 1 17
| |
01.00-25 1 1 220 | 0 10
0l.30-55| 1 0 60 | - -
11 i572 | 1 135
Tetal:- per per ! per per
300 cu.ft.4 300 cu.ft. 4% hours| 4% heurs
0.037 5.2 ' 0.2 30
Average:- per per { per per
cu.fts cu.ft. | hour hour.
08';2;?'00 Staph.aureus:- 0
Twe 10-5q.1In. All Bacteria:- 180
MacConkey S :
Settling Staph.aureus: 0 per plate per hour

All Bacteria:- 15 per plate per hour




Cerrying Particles _and all Bacteria-Carrying Particles

Table 85:~ Number of Coagulase-Pesitive Staph.aureus-

per 25 Cu.Ft. of Alr at Varieus Times during Merning
of 14/5/47 in 3700 Cu.Ft. Nursery B Centaining 14
Babies' Cots Most of Which Were Occupied.

Number of Colenies on MacConkey Plate
per 25 Cubic Feet of Air by Slit Sampler

Time
Staph.aureus All Bacteria
| 07.30-55 | 0 207 : ‘
! I
08.00-25 | 0 162 |‘
! 1
08.30-55 | 0 163 ‘
| |
09.00-25 i 0 151 |
09.30-55 | 0 78 |
| 10.00~25 ) 61 ‘
| 10.30-55 ' et 91 |
11.00-25 0 SR T |
[ 11.30-=55 0 192
12.00-25 (0] 113
12,30-55 5 85
01l.00-25 1 101
: 8 1534
Total:- 1 per per
300 eu.ft. 300 cu.ft.
0.027 ' S5ed
Average:- per per
cu.ft. cu.ft.




|Tahle 85_7

Number of Cosgulase-Positive Staph.aureus- |

Carrying Particles and_All Bacteria—-Carrying Particles

| per 25 Cu.Ft. of Air and per 25-linute 10-Sg.In.

Settling Plate at Varieus Times during Merning of

21/5/47 in 3700 Cu.Ft. Nursery B Centaining 14 Babies'

Cots Most of Which Were Occupied.

| Plates

All Bacteria:-

6.8 per plate per heur

Number of Colenies on| Number of Colonies |
| n| MacCenkey Plate per per 25-Minute 10-Sgq.
i | 81 25 Cu.Ft. of Alr by In. Blood Agar !
| Time =1 _Sl1lit Sampler Settling Plate
| | 5| Staph. All Staph. all |
| = aureus Bacteria aureus Bacteriai
| | _ |
08. 00-25 S 2 68 0 12
08.30—55: 7 0 49 0 8
09.00-2510, 0 46 0 8
09.30-55 2 1 45 0 6
10.00-25 5! 0 44 0 9
10.30-55 3| 0 35 1 12

| |
i11.00—25 2 0 33 0 16
11.30-55 8 0 60 0 8
| | : _
12.00-25 2] 0 14 0 8 .
i3.2.3o-55 2 0 18 0 S|
I
| 1.00=25| 3 0 16 0 yig
1.30-55| 3 0 22 0 8
3 450 1 107
Toetal:- per per ; per per
- 300 cu.ft. 300 cu.ft. 5 heurs | 5 heura l
0.01 1.5 0.2 21 '
Average:- per per per per
cu.ft. cu.ft. heur hour
08.00-2. 00 Staph.aursus:- 1
per All Bacteria:- 81
&we 10-Sq.In.
k .
‘gzzsign:y Staph.aureus:- 0.08 per plate per hour |




Table 87:~

Number of Ceagulase-Positive Staph.aureus-

Carrying Particles and All Bacteria-Carrying Particles

per 25 Cu.Ft. of Air and per 25-Minute 10-Sg.In.

Settling Plate at Various Times during Morning of

28/5/47 in 5400 Cu.Ft. Mothers' Ward Centaining 9 Beds

All of Which Were Occupieé.

E Number of Colonies on]Number of Colonies
= MacConkey Plate per |per 25-Minute 10-Sq.
| © 25 Cu.Ft. of Air by |In. Bleod Agar
Time . Ej Slit Sampler Settling Plate
E | Staph. J All Staph. | a1l
: aureus | Bacteria aureus | Bacteria
Csameses f —— . .
07.30-55| 5| 8- =538 1 96
08.00-25 [14 | 2 | ars 0 67
08.30-55 |11 | 5 496 = -
i
09.00-25| 3/ 1 146 0 36
09.30-55 (12 T T 0 43
10.00-25| 4 1 158 0 38
F _
10.30-55| 3 3 144 0 23
!
11.00-25| 6| 3 123 1 62
11.30-55| 3 1 242 0 45
12.00=-25| 7 0 119 2 38
12.30-55 |14 | 1 111 0 24
01.00-25 (15 0 128 0 27
01.30-55| 3 7 173 1 51
35 2984 5 550
Total:- per per per per
325 eu.ft.s325 cu.ft.4 5 hours | 5 hours
0.10 9.2 L 110
Average:- per per per per
cu.ft. . cu.ft. hour hour
07';2;?'00 Staph.aureus:- 1
one 10-Sq.In. All Bacteria:- 440
| g::g;giey Staph.aureus:- 0.15 per plate per hour
| Plate’ & All Bacteria:- 68 per plate per heur




Table 88:- Number of Coagulase-Positive Staph.aureus- I

Carrying Particles and All Bacteria-Carrying Particles

per 25 Cu.Ft. of Air and per 25-Minute 10-Sg.In.

Settling Plate at Various Times during Morning ef

4/6/47 in 5400 Cu.Ft. Mothers' Ward Containing 9 Beds

All of Which Were Occupied.

Number of Celenies en

, Number of Colonies

per 25-Minute lo-ng

w| MacCenkey Plate per
S| 25 Cu.Ft. of Air by |In. Blood Agar
Time = Slit Sampler Settling Plate
.
| = Staph. ! All - | Staph. All
Eéi aureus Bacteria aureus | Bacteria
08.30-55|13 0 ; 362 0 55
09.00-25| O 1 158 0 8
09.30-55| 3 0 380 0 81
10.00-25| 7 4 435 0 61
10.30-55 5 1 314 0 33
11.00-25 7 0 246 0 31
11.30=55 9 1 114 1 26
12.00-25 13 1 93 0 25
12.30-55 10 1 92 0 24
01.00-25 9 1 432 - -
101.30-55i 4 1 292 0 26
L
11 2918 1 370
Total:- per per per _per
275 cu.ft.4275 cu.ft.{ 4% hoursi 4% hours
0.040 10.6 0.24 87
Average:- per per per per
cu,.ft. cu.ft. heur hour
9§=§%§3=99 Staph.aureus:- 2
Twe 10-5g.In. All Bacteria:- 664
lacCenkey i
Settling Staph.aureus:- 0.18 per plate per hour

 Plates

All Bacteria:-

60 per plate per hour




l

Table 89:~ Number of Coagulase-Positive Staph.aureus-
Carrying Particles and All Bacteria-Carrying Particles
per 25 Cu.Ft. of Air and per 25-Minute 10-Sg.In.
Settling Plate at Varieus Times during Merning of
2/7/47_in 5400 Cu.Ft. Mothers' Ward Centaining 9 Beds

7 of Which Were Occupied. '-
Number of Celonies on|Number of Celonies
w| Nutrient Agar Plate |per 25-Minute 10-Sq.
,‘ 3| per 25 Cu.Ft. of Air |In. Bleod Agar
| Time p §b__ by Slit Sampler Settling Plate
&| staph. | all Staph. All
= aureus Bacteria aureus Bacteria

07.30=55} 3 3 360 1 35
08.00-25| 24 0 400 0 170

08.30-55 - - & =

09.00-25|12 0 320 0 84

09.30-55 1 560 0 100

10.00-25| 15 0 400 0 80

10.30-55 0 240 0 24

11.00-25 1 200 0 15

11.30-55 1 280 0 28

12.00-25 0 280 0 30

12.30-55| 21 0 380 0 27

01.00-25({12 (6] 560 0 29

0l.30-55 0 270 0 20

- 3 4250 1 662

Total:- per per per per
300 cu.ft.41300 cu.ft.{ 5 hours { 5 hours

0.020 14.2 0.2 132

Average:- per per per per
cu.ft. cu.ft. heur hour
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Section 17: Amount of air contamination with Staph.
aureus and size of inhalation dose.

|
|

The observations recorded above give a measure of

Staph.aureus contamination of the air in the rooms of

the maternity hospital. The hospital air was infected

with Staph.aureus more or less constantly throughout

the 16 weeks of the investigation. Similar small

numbers of Staph.sureus were found settling from the

air of one or more rooms, on 43 out of 46 days when

observations were made. The amount of Staph.aureus

air contamination was similar in each of the four rooms
examined; namely, two nurseries, a mothers' ward and a |
wash room. |
The observations made with 24-hour settling plates

showed an average deposition rate of Staph.aureus

particles per 10 sg.in. érea per 24 hours of 1.2 in
Nursery A, of 0.75 in Nursery B, and of 0.2 in the
Fothers' Ward. For reasons already discussed (Section
35), these figures probably underestimate the true
deposition rate. Thus, on average in each 24 hours,

more than 7100 Staph.aureus particles fell on the

420 sq.ft. floor area of Nursery A, more than 3100

Staph.aureus particles fell on the 288 sq.ft. floor

area of Nursery B, and more than 1100 Staph.aureus

particles fell on the 416 sq.ft. floor area of the
Mothers' Ward. The number of particles falling out of
the air represents the number put into the air less
the number lost by ventilation. It may be concluded

that/
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that the average daily rate at which Staph.sureus-

carrying particles were liberated into the air, was

more than 7100 per day (300 per hour) in Nursery A,

=
more than 3100 per day (130 per hour) in Nursery B, and

more than 1100 per day (45 per hour) in the Mothers'

Ward. These calculated rates are probably much lower |

than the actual rates because of incomplete counts
being obtained from the crowded 24-hour settling plates.

Staph.aureus deposition rates calculated from the countg

on the 25-minute blood agar settling plates, were much
higher and probably more accurate. These indicated

that during the morning Staph.aureus particles were

liberated into the air at a rate of more than
3300 per hour in Nursery A, at a rate of more than
830 per hour in Nursery B, and at.a rate of more than
3000 per hour in the Mothers' Ward.

The slit sampler observations showed that the
average daytime air contamination in rooms of the

maternity unit was 0.040 Staph.aureus-carrying particles

per cu.ft. (i.e. 200 in a 5000 cu.ft. room). Assuming|
l

that there was not any Staph.sureus contamination of the

alr during 10 hours at night, an adult respiring some.
500 cu.ft. of air per day would inhale during each day
of residence in the hoépital, on average, 12 particles

carrying Staph.aureus; he would inhale about 1 Staph.

aureus particle per hour during the daytime. The new

born child respiring 44 cu.ft. of air per day would

inhale, on average, 1 Staph.aureus particle per day.

The/
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'The adult's daily respiration rate of 500 cu.ft. per

1day was calculated for a respiration frequency of 20

2per minute and a tidal air of 500 c.c.. The new born

ichild's daily respiration rate of 44 cu.ft. per day was

calculated for a respiration frequency of 44 per minute

and a tidal air of 19.0 c.c. (data from Nelson, 1946).
If it is supposed that each infected particle

|carries between 1 and 10,000 Staph.aureus cells, this

may be regarded as the average daily inhalatien dose of
the new born babies during their stay in the hospital.

On average for the whole investigation, particles

carrying Staph.aureus comprised 0.54% of all bacteria-
carrying particles found in the air by use of the slit
sampler with MacConkey plates, 0.84% of those settling
from the air and growing on blood agar plates, and 0.7%
of those settling from the air and growing on MacConkey

plates. It is concluded that Staph.aureus comprised

about 3% of all the bacteria in the air of the
maternity hospital.

Positive information about the causes of air
infection was not obtained in attempts to cerrelate the
amount of air infection with the contemporary circumst-
|ances. It was noted that ventilation did not play a
major part in determining the level of air infection;
'the very heaviest air infection was observed in the

Mothers' Ward on a day when the doors and windows were

wide open, and a breeze was perceptible within the rOOﬁ
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Section 18: Role of airborne Staph.aureus in spread
of the infections.

Previous investigations of the spread of

Staph.aureus infections among mothers and babies in

maternity hospitals have revealed that such hespitals

contain many sources and reservoirs of Staph.aureus and

that the pattern of contagion may be fairly complex

(Duncan and Walker, 1942; Allison and Hobbs, 1947).

Productive sources of Staph.aureus include the open

infected lesions in.babies (e.g. conjunctivitis -and -

Iseptic skin lesions), the breast milk of mothers' with
|
mastitis, the nose or threat of the usually numerous
"healthy carriers" among the babies, mothers, nurses,

other attendants and visitors (the Staph.aureus nasal

carriage rate often exceeds 50%), and the breast milk
|of & large proportion of mothers with apparently normal
breasts. Among reservoirs and vehicles of Staph.aur-
eus are hands, clothing, blankets, floor-dust and the
air.

There is no general agreement as to what is the
main and usual pattern of contagion, whether from
mother to baby, nurse to baby, baby to baby, baby. to
mother or baby to nurse, or whether spread occurs in

all ways indiscriminately. Duncan and Walker (1942)

found that the Staph.aureus strain in a mother's milk

was almost always of the same serological type as the

Staph.aureus strain in her baby‘s throat, but usually |

of a different type from the Staph.aureus, if any, in

her own throat; these authors concluded that the babies

were/
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'were infected mainly from other babies in the common

nursery ward and occasionally from the nose or throat
of nurse or mother, and that the infected baby caused
infection of its mother's breast in suckling.

Allison and Hobbs (1947) concluded from the

widespread occurrence of Staph.aureus carriage in the

nursing staff and also from observations of ward
jpractice, that the babies were infected in the common
nursery and not from their mothers, . The observations
suggested that the main source of infection was the
nasal passages of the nurses and that infection was
transferred_to the babies probably via the hands;
:infection from baby to baby by indirect contact through
fomites, communal bath and towel, was thought to play a

jpart. Because the numbers of Staph.aureus in the air

appeared to be small, Allison and Hobbs did not regard

airborne infection as playing an impertant role in the

pattern of contagion.

The main habitat of Staph.aureus is the anterior

nares; nasal "carriage" is commoner than parasitisation
of any other part of the body. The nose appears to be
the most favourable site for reception and growth of

Staph.aureus. This suggests that the usual course of

infection is for a few Staph.aureus from an environment

al source to gain access in the first place to the nose
of the patient (baby), to reproduce in the nose until
large numnbers are present, and then, as opportunity

offers, to spread to any other part of the body having

low/
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low resistance and there produce an infective lesion,
‘for instance through a skin abrasion to produce a
-pemphigous bulla as described by Knott and Blaikley
1(1944). This view is supported by the finding that

babies with Staph.aureus infections of the skin usually

yield Staph.aureus of the same type in swabs taken from

|the nose; for instance, on examining 66 babies with
‘pemphigus neonatorum, Aliison and Hobbs (1947) found

that culture of the skin lesion yielded Staph.aureus

in all 66 cases (of the epidemic type in 61 cases), and

that culture from the nose yielded Staph.aureus in 60

jcases (of the corresponding epidemic type in 37 cases).
It is possible, of course, that the nasal infection in

these cases was secondary to the skin infectioen. The

absence of "nasal carriage" of Staph.sureus inisome of |

‘the babies having Staph.aureus infection of the skin,

'indicates that sometimes the skin may be infected

directly with Staph.aureus received from the environ-

ment.

Infection of a baby follows reception into its

nose, into its mouth or on to its skin, of Staph.aureus

from the nose, throat or infective lesion of nurse,.

|
mother or another baby. The two likely modes of

transmission are, firstly, airborne infection by Staph.

aureus carried in dust particles (or possibly droplet
nuclei) which are inhaled directly into the nose or

‘throat, and, secondly, contact infection by Staph.aureus

-

carried on the nurse's fingers, on towels, on utensils,

!in/
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in bath water, or on the feeding bottle teat, and
introduced into the baby's mouth or nose, either
;directly or by the baby's own fingers.

The main interest of the present investigation is
that a measure has been obtained of the freguency and

amount of Staph.aureus contamination of the air in a

tmaternity hospital. This constitutes an advance
towards elucidation of the pattern of contagion and
towards evaluation of the role of airborne infection.
‘Unfortunately, there is not yet available adequate

information about the number of Staph.aureus which are

transmitted by contact, to make possible by comparison

'a definite assessment of the relative importance of
iairborne infection and contact infection.
The settling plate observations made in the

ipresenb investigation showed that Staph.aureus particles

'were falling from the air of the nurseries on to the
skin and other exposed surfaces of the babies at the
rate of 1 t0.10 per day per 10 sq.in.. The slit

sampler observations showed that each baby was inhaling

each day, on average, 1 infected particle which carried

between 1 and, perhaps, 10,000 Staph.aureus cells. If

such & small dose, 1 infected particle per day, is not
sufficient to initiate infection or commensal
colenisation, then airborne infection can not have been

of any importance. On the other hand, if one infected

particle is sufficient te initiate infection or

\commensal colonisation, airborne infection must surely

have/
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have played a most important part in spreading disease
in the maternity unit, since all babies must have
inhaled an infected particle within a day or se after
_birth; the air of the hospital contained suffieient

.Staph.aureus to ensure universal infection of the

'babies, the mothers and the nurses. 1If this latter
|
|view is accepted, it must be assumed that esny inmatesof

!thc hospital remaining free of Staph.aureus infection
|
|and "carriage", such as the babies and nurses yielding
|

:negative nasal swabs, were uninfected because they had

resisted infection; none could have avoided encounter—

;ing and inhaling Staph.aureus.

There are various reasons for acaepting this view

that a single Staph.aureus-carrying particle may

'suffice to initiéte nasal toloenisation in susceptible
persons, especially babies, and that airborne infection
\was therefore of great importance. There does not. .-

appear to be any other mode of transmission which would

|
‘introduce much larger numbers of Staph.aureus into the

|infant's nose, and which would do this se frequently as
to account for the very high incidence of nasal
infections (50% on July 1lst). Occasionally, under

special circumstances, very large numbers of Staph.aur-

eus may be put into the baby's mouth or nese by contact:
'as when the nurse's finger, liberally smeared with
éinfected exudate from her nose or from the lesion of
another baby, is without washing put into the baby's
mouth or allowed to touch the feeding bottle teat.

However/
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However, such a gross breach of nursing technique can
not have happened with the very high frequency
necessary to account for the incidence of infection.-
The operation of a more ready mechanism of transmission
seems indicated. The more indirect modes of contact
|infection must have occurred frequently, but it is not

likely that large numbers of Staph.aureus cells were

|transferred. The experiments recorded in Part 4

showed that only small numbers of Staph.aureus colonies

(e.g. 1 to 100) developed on culture plates which were
heavily handled by nasal carriers. Thus, in the
absence of gross smearing of the fingers with infected

exudate, only a few Staph.aureus would be transferred

to a baby's mouth on introduction of the finger of a
nurse who was & nasal carrier.
For these reasons, it is concluded that airborne

Staph.aureus played an important part in the causation

of infections in the maternity unit.
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medium, suggested that these two media were equally
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Section 19: Comparison of the different culture media |
used for isolation of Staph.aureus from the air.

It must be stated that this aspect of the present

investigation was not satisfactory. Analysis of the |

basis for conclusions as to the relative value of

nutrient agar, blood agar, MacConkey's medium and

salt-milk medium for the isolation of Staph.aureus froq
air. The observations made with 24-hour settling
plates (Section 14 and Table 82) showed the same

Staph.aureus recovery rate per plate-hour and the sameﬁ

Staph.aureus percentage of all colonies, when MacConkey

medium was used as when the salt-milk medium was used.
However, most of these 24-hour plates were overcrowded
and this may have altered the selective properties of
the media. Comparison between the slit sampler

recovery rate on nutrient agar and that on MaecConkey

effective for isolation of Staph.aureus (Section 15);
however, the comparison was based on only a single.
experiment with nutrient agar plates, so that much
significance can not be attached to the findings.
Comparison between the settling plate recovery rate on:
6-hour MacConkey plafes and that on 25-minute blood
agar plates, suggested that MacConkey's medium grew

only 203 of the Staph.aureus which grew on blood agar;

however, the poorer recovery on the MacConkey plates is
thought to have been due more to the overcrowding which

resulted from the longer exposure than to the nature of

the medium (see Section 15).
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Part S5c

Bacterial Content of Air in a Fever Hospital Ward

Occupied by Infants with Intestinal Infection with

Salm, typhimurium.
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Section 20: Account of ward and incidence of infection.

Observations were made in & ward of an Infectious
Fevers Hospital. The ward was large and well
ventilated; all of the several windows on each side of
it were partly open. There were 8 babies present in
the ward, and not any other patients; the babies' cots
were spaced well apart. 0f the 8 babies, 7 had

intestinal infection with Salm.typhimurium as result of

@ ward epidemiec.

Section 21: Experimental methods.

The air was examined with a sieve sampler as
described in Part 6. This sampler was operated at a
sieve—-agar distance of 2 millimeters and at an air
"intake rate of 19 cu.ft. per minute. The observer
&or; a sterile dust-proof suit while making the
pbservations.

The culture medium used for isolation of

Salm.typhimurium was the desoxycholate-citrate agar of

Leifson as modified by Hynes. The very high
selectivity of this medium for Salmonella organisms
afforded good hope for successful isolation of the
pathogenic bacterium in this outbreak.

Some air samples were taken on to blood agar for

measurement of the total bacterial content of the air,
Lnd some samples were taken on to the alkaline tellurite

medium of Ludlam (1949) for isolation of Staph.aureus.
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Section 22: Bacterial content of the air.

Observations were made in the ward on siarch 24th,
1948, between 11.30 a.m. and 12.30 p.m.. During this
Imidrd@y hour, two doctors and the ward sister were on
:their "ward round", examining babies and disturbing the
bedclothes to do se; nurses were busy changing and
feeding the babies.

Inhall, 8 desoxycholate-~citrate plates were
exposed in the sieve sampler; 20 cu.ft. samples of air
'were taken on to 7 plates and a 60 cu.ft. sample on to

1l plate, making a total of 200 cu.ft. of air examined.

0f the 8 samples, 3 samples were taken with the sampleg
!in the centre of the ward, 4 samples were taken with |
;the sampler held immediately over the cots of babies
who were being examined, and 1 sample was taken with

ithe sampler held just beside a seated nurse who was

Iil’)c:ldz‘.rx,g and feeding a baby. Salm.typhimurium was not

found in the 200 cu.ft. of air. On the 8 desoxychol-
ate-citrate plates, there were only 9 colonies of all
kinds, and none of these was a Salmonella colony.

Two further desoxycholate-citrate plates were

used for sampling, respectively, a roller towel which

\was used by persons washihg their hands after examining
or attending the babies, and the front of the gown of a
nurse who had just been bathing, changing and feeding

babies. The samples were taken by Yvacuuming" the

cloth surface with the sieve sampler. Salm.typhimurhd

was cultured from both the towel and the nurse's gown.

Two/
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Two blood agar plates were exposed in the sieve
sampler in the centre of the ward; 20 cu.ft. samples
of air were taken on to each plate. The first plate

yielded 136 colonies of saprophytic bacteria (7 per qu

i
ft.) and the second plate yielded 304 colenies (15 peri

eu. f1.). -
|

Three plates of Ludlam's medium were exposed in
the sieve sampler; two samples of 20 cu.ft. each werei
taken with the sampler held just above babies who were |
being fed and one sample of 60 cu.ft. was taken with

the sampler in the centre of the ward at the end of the

"ward round". On these 3 plates corresponding te _
i
100 cu.ft. of air, there were 2 colonies of coagulase-

positive Staph.aureus (1 on the 60 cu.ft. plate) and ‘
558 colonies of other bacteria; that is, there were-

0.02 sStaph.aureus per cu.ft. and 5.6 "other bacteria®

per cu.ft..




Part oc oection <o rage L4y

Section 23: Discussion and conclusions.

Gram-negative bacteria are less resistant to light
and drying than are the Gram-positive bacteria. For
this reason, pathogenic intestinal Gram-negative

|bacteria seldom have been found in the air.

The ﬁresent ward epidemic seemed to offer the most
favourable conditions for air infection with a
\pathogenic intestinal Gram-negative bacterium. The
jair samples were taken_at 8 time when the babies, their
clothing and their bed-clothes were being disturbed;
many of the air samples were taken in the immediate
vicinity of the babies while these dust-raising
lactivities were in progress. It was thought that at

least slight air infection with Salm.typhimurium might

'be produced by liberation of dust from clothing which
had been subjected to faecal dontamination.
However, in spite of the presence of many infected

babies and in spite of the sampling of a large volume

of air, Salm.typhimurium was not found in the air.
This may.be taken as a confirmation of the generally

|
accepted view that Salmonella infections are not

|airborne.

The finding of Salm.typhimurium on the ward towel

and on a nurse's gown, accords with the belief that

the Salmonella infections are commonly spread by

contact with such objects, especially when soiled with

excreta and damp.
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Section 24: SUMMARY OF PART 5.

|Part 5a: Observations were made with a slit sampler of

the bacterial content of the air in rooms of a

residential training institution during an epidemic of |

'Strept.pyogenes throat infections. The institution

housed 765 young men. The epidemic occurred in

}October and November, 1942; 58 cases of tonsillitis,

'29 cases of scarlet fever and a high incidence of
|

'"healthy carriers" were reported between October 1lth

|

'and November 21st. The observations were mede at the
‘height of the epidemic between November 13th and 29th.
‘ A total of 875 cubic feet of air, in 150 samples,

'was examined and found to contain 178 particles

|carrying Strept.pyogenes, that is 0.2 per cu.ft.. f

' Strept.pyogenes-carrying particles comprised only 0.5%

of all bacteria-carrying particles in the air, as
revealed by counts of colonies on ordinary blood agar
Iplates.

From the various measurements of air infeetion,
it was calculated that each inmate of the institution
at the height of the epidemic must have inhaled every
day, on aversge, about 100 particles carrying Strept.-

pyogenes. The significance of this inhalation dose
has been discussed and reasons have been given for
believing that it would be sufficient to cause
infection in many persons. It is concluded that
airborne infection played an important part in the
'spread of the epidemic.

The/
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! The average amounts of air infection in a |
dormitery, cinema hall, schoolroom and recreation room |
were, respecti&ely, 0.22, 0.33, 0.63 and 0.38 Strept.- |
.Exogenes-carrying particles per cu.ft., when these 1
rooms were occupied to the extent of 0.8, 3.8, 1.9 and

2.3 persons, on average, per 1000 cu.ft. of room space.|

The amount of air infection with Strept.pyogenes

and with "all bacteria® was large only during periods
'when the rooms were occupied; after the occupants had
|depqrted and the rooms were left unoccupied, the air
|infection diminished rapidly to reach a very low level
within 30 minutes (e.g. 10% of the level "during
occupation")., . Air infection depended not only upon
occupation, but also upon the movements and activities |
of the occupants; there was very little infection of
the air in the dormitory at night when the occupants
were all present, but were asleep in bed. The amount
of air infection in the different rooms was not.

proportional to the degree of crowding; apparently,

the amount of air infection depended less on the number
of persons present than on the amount and kind of their
activities. The influence of ventilation on the

amount of air infection appeared to be very slight;

air contamination with Strept.pyogenes and other

bacteria was about as great in the very well ventilated

dormitory as in the very poorly ventilated cinema hall |

and recreation room.

Of the 150 air samples, 39 samples comprising
133 cu.fte/
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133 cu.ft. of air were taken on to ordinary blood agar
plates, and 111 samples comprising 742 cu.ft. of air
were taken on to plates of blood agar incorporating

crystal violet in a concentration of 1 in 1000, 000.

The overall average number of Strept.pyogenes recovered
per cu.ft. of air was the same on the crystal violet
blood agar as on the ordinary blood agar; apparently,

none of the Strept.pyogenes were suppressed and missed

because of the crystal violet. On the other hand, the
crystal violet suppressed growth of all but 5% of the |
other kinds of airborne bacteria which grew on the

ordinary blood agar. Strept.pyogenes comprised 0.5%

of all colonies on ordinary blood agar, but 11.1% of |
all colonies on the crystal violet blood agar. Thus,
the crystal violet blood agar proved very satisfactory

as a selective medium for cultivation of Strept.pyogenes

from the air; its inhibition of other bacteria was
such as would allow a 20-fold increase in the volume of
air sampled per plate, as compared with ordinary bloed

agar, without danger of colony overcrowding.

Part 5b: During a l6-week period from March 12th te
July 2nd, 1947, observations were made of the bacterial
content of the air in rooms of a maternity hospital.

Many cases of Staph.aureus infection occurred both

before and during the period of investigation; the i

Staph.aureus infections included conjunctivitis, septic

spots on the skin and pneumonia among the babies, and

boils/
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boils, breast abscess, Caesarian wound sepsis and

vaginal infection among the mothers. There were also

many healthy carriers of Staph.aureus; on one occasion

(July 1st), 2 out of 7 nurses and 11 out of 26 babies

yielded Staph.aureus on swabs taken from the nose.

Observations were made in four rooms, a 5500 cu.ft.
nursery (A) which contained 26 babies' cots, a 3700 cu.|
| ft. nursery (B) which contained 14 babies' cots, a
2400 cu.ft. ward for mothers with 9 beds, and a 1000

cu.ft. wash room which was entered by nurses to wash

|
|

linen and utensils. The space per person, the
ventilation and the cleanliness of the rooms was judge&
very good. |
| On each of 40 days at intervals between March 12tﬂ
and July 2nd, observations were made by simple exposure
of 10-sq.in. culture plates for 24 hours in both

nurseries and in either the mothers' ward or the wash

room. Small numbers of Staph.aureus particles, from
1l to 7, fell on to these 24-hour #settling plates" in
at least one room on 36 of the 40 days; similar

numbers of Staph.aureus were found at different times

throughout the period of investigation, and similar
numbers in each of the four rooms. The overall
average rate of deposition observed was 0.037 Staph.-
aureus particles per 10-sg.in. plate per hour; however,

it is thought that many Staph.aureus were missed

because of colony overcrowding on the 24-hour settling |

plates.

Observations/
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Observations were made with 25-minute settling }
plates and with a slit sampler throughout a morning 1
period of 6 hours, on two days in ﬁursery A, on two ‘
days in Nursery B and on three days in the Mothers!' |

Ward. Small numbers of Staph.aureus were found in the

air of each room on each day. The 25-minute settling
plates showed an average deposition rate of 0.46 Staph-

‘aureus particles per 1l0-sq.in. plate per hour;

Staph.aureus must have fallen at about this rate on the|

exposed skin surface of the babies, perhaps one or two

infected particles landing on each baby'!'s face per day.
In the three rooms and on the seven days, a total
jof 2125 cubic feet of air was examined with the slit
sampler and was found to contain 85 particles carrying

Staph.aureus, that is 0.040 per cu.ft.; the average

numbers for the different days ranged from 0.01 to 0.10
per cu.ft.. It was calculated from these measurements
that an adult inmate of the hospital at that time must

have inhaled, on average, about 12 Staph.sureus

particles per day, and a baby about 1 Staph.aureus

particle per day. The significance of this small
inhalation dose has been discussed. It is thought to
be sufficient to initiate infection in many persons;

thus, airborne Staph.aureus proebably played an important

part in the spread of infections in the hospital.

Staph.aureus—-carrying particles'were found to comprise

about %% of all bacteria~carrying particles present in
ithe air.

Ity
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It appeared that ventilation did not play a major
|part in determining the level of air infection; the
heaviest air infection occurred on the day when the
Ventilat;on was greatest.

Four culture media were used in sampling, nutrient
agar, blood agar, MacConkey's medium and salt-milk
medium; the latter two were thought to be selective

for Staph.aureus, but, although the results obtained

did not permit of a conclusive comparison, they did not

appear to confer any appreciable advantage over the

non-selective media.

Part 5¢: Observations were made with a sieve sampler
of the bacterial content of the air in an Infectious
Fevers Hospital ward which was occupied by 8 babies of |

whom 7 had intestinal infection with Salm.typhimurium;

the air samples were taken during an hour at mid—-day
while the babies were being examined, changed and fed.
Using 8 desoxycholate-citrate agar plates, a total of

200 cubic feet of air was examined; Salm.typhimurium

was not found in the air. This finding accords with

the general belief that Salmonella infections are not

airborne. Culturesfrom the ward roller towel and from

a nurse's gown both yielded a growth of the Salmonella.
Using 3 plates of Ludlam's medium, a total of

100 cubiet feet of air was examined and found to contain

2 particles carrying Staph.aureus and 558 particles

carrying bacteria of other kinds.
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Part 6

DEVELOPMENT OF A MODIFIED "SIEVE SAMPLER" FOR

RAPID BACTERIOLUGICAL EXAMINATION OF LARGE

VOLUMES OF AIR.
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Section 1: Introduction. ﬂ

‘ Many different instruments have been designed for

}bacteriological examination of air. By far the best

}is the "slit sampler" described by Bourdillon, Lidwell

|and Thomas (1941). This sampler operates by impingem-
i

lent of a jet of air on to a collecting surface. Air

isucked from the ocutside at the rate of 1 cu.ft. per
| |
\minute, passes through a slit intake and impinges on |
| |
the surface of an agar-containing Petri dish (3% in. |

|
diam. ). The dish is situated so that its radius liesi

parallel to the slit and its agar surface at 2 milli- |
meters from the slit; it is rotated to secure uniform |
distribution of bacteria. The rate of air intake is

iregula‘ted by adjustment of a "leak" in the connection

| to the suction pump; by this, a certain constant
%pressure difference, observed by a manometer, is
Imaintained across the slit intake. The slit sampler
ihas a high collection efficiency, recovering from the
Iair more than 94% of even the smallest bacteris-carrying
’particlés.

A slit sampler was used in carrying out the
investigations which already have been described
(Parts 2=5); it was found to be an excellent
instrument for most purposes. For some special

purposes, however, need was felt for a sampler of

another kind. In particular, for "field observations

(i.e. in hospitals, schools and other places outside |
i
the laboratory) a sampler was desired which was E

cheaper, / [

R
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cheaper, simpler in operation, more portable, and more

rapid in sampling large volumes of air.

The slit sampler is expensive to buy; a simple
jmodel is advertised by one manufacturer at £100 and by

another at £40. The weight and bulk of the slit

isampler and its acessories, including suction pump,
|

qump motor, plate-rotating motor and Petri dishes, is

just not too great to make impossible carriage by a

single person; however, it isalaborious and difficult |

itask for one person, without help, to carry, instal,
operate and remove the slit sampler. The delicacy ofi
some of the fitments, the manometer and plate-distance
|indicator, necessitate. care in handling, a container
for tts transport and, preferably, a trolley for moving
|it within the premises being examined. Operation of
the slit sampler requires some little care and
lexperience, and can not safely be delegated to partly
trained assistants; apart from the loading and
unloading of culture plates with aseptic precautions,
ladjustment of the slit-plate distance, sealing of the
door and adjustment of the air flow must be carried out
correctlye.

The limitation of the ordinaery slit sampler to an
air-inteke rate of 1 cu.ft. of air per minute is often
found to be a disadvantage. Usually when makiﬁg field
observations, the time available for observation is
limited (e.g. by the duration of the occurrence being
observed, as "time of bed-making", "meal-time", etc.).

Thus/
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‘Thus, the volume of air sampled depends on the rate of

}sa.mpling. If this is small, difficulty may be met in

idemonstrating and counting the pathogenic bacteria in

gthe air, sinee these are usually very scanty. The

‘advantages in this respect of a rapid intake sampler
iare very great. Furthermore, for special kinds of !
experimental work in the laboratory, a rapid-intake
sampler is required; for instance, in measuring the
!amount of air infection produced by a given momentary
action (as by a sneeze; see Part 44), it is necessary, |
if the air infection is 1little in amount and rapidly

disappearing, to sample as large as possible a

|proportion of the exposed air in as short as possible
'a. time following the action. br. O.M. Lidwell
I(unpublished; personal communication) has designed a
imodified slit sampler which, by making use of a 6-in.
diameter dish, samples 20 cu.ft. éf air per minute
'instead of 1 cu.ft. per minute.  Although use of such
a large dish gives better separation of colonies, it
entails cgrtain incoweniences, especially at the
present time when it is very difficult to procure
dishes of other than the standard size (3% in. diam.).

To meet these special requirements, a sampler was |
developed by modification of the "sieve-plate sampler"
design of Du Buy and Crisp (1944). The sampler of
Du Buy and €risp in many respects resembles the

Bourdillon slit sampler; it operates by impingement of

air jets on to solid culture medium and thus has a high

collection/
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'collection efficiency; the air intake rate is about

El cu.ft. per minute; the intake-plate distance is

iobserved by a special indicator. The sieve sampler

ldiffers from the slit sampler with regard to its air '
- |
| |
intake orifice. Instead of being a single slit, the

iair intake consists of 300 small holes. The holes &rq

|distributed uniformly in a plate with area rather lessé

!than that of the Petri dish; this arrangement gives

|
|
|
|

a fairly uniform distribution of the bacteria on the i
|

'surface of the culture medium without rotation of the !

iPetri dish as in the slit sempler. The motor and |

|mechanism used in the slit sampler to effect rotation
iare dispensed with in the sieve sampler; for a "field
Isampler", the consequent advantage in portability

outweighs the disadvantage of the rather less even |
'] .

| [
|distribution of bacteria.
Certain modifications were made in the design of |

iDu Buy and Crisp (1944). Firstly, the sieve-agar ]
; |
|distance indicator and the mechanism for adjusting this

idistance were omitted. A sieve-agar distance of about

2 |
'2 millimeters (2-2% mm.) was achieved with regularity |
l |}

by the pouring of all culture plates to a constant I

|
'depth.
|

|sampler were both simplified.

Thus, construction and operation of the

1 The second modification also simplified ‘
|
i

1

construction, but was directed primarily to a more ;

important end, namely to increasing the air intake rate

|
1
A small-sized vacuum |

|

|
|
]from 1 to 20 cu.ft. per minute.
lcleaner/
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cleaner was used as the suction pump. This could

readily suck 20 cu.ft. of air per minute through the
300 air-intake holes which had a combined cross—sect104

| areaof 1.5 sq.cm.. However, in the original design of

Du Buy and Crisp the suction pump was connected to the
|sampler chamber by a tube of only 0.1l3 sg.cm. in
cross-section; this did not allow an air flow |
approaching 20 cu.ft. per minute. To obviate this

Irestriction, and also to increase portability, the

sampler unit was built into the front of the vacuum

cleaner, as one unit instead of two, so that there was |
|
free and ample communication for the air escaping !

|
round the edges of the culture plate to pass back into |

|
the pump. The electric motor and pump were found to |

‘give a fairly constant rate of air intake, so that it

was possible to dispense with means for observing and

controlling this.

! This modified sieve sampler was found to fulfil

\all the important requirements of a "field sampler".

Its only defects as compared with the slit sampler were
lower collection efficiency, lesser accuracy and less
even distribution of colonies on the culture plates.

On the other hand, it was much cheaper than the slit
sampler; £10 was the average cost of three sieve

samplers made by a commercial firm, the cost of labour,

materials and a second-hand vacuum cleaner being
included in this figure. The sieve sampler was much

lighter, more robust, more easily carried about and

more/




Part © mection 1 rage L2

more easily operated than the slit sampler. Its
portability was increased by the provision within the
- lvacuum cleaner cylinder of space for carrying up to
about a dozen spare culture plates, which therefore did
not require to be carried in a separate package. lost
important of all, the modified sieve sampler dealt with
Iair at the rate of about 20 cu.ft. per minute, using
standard 3% inch diameter culture plates.

Design and calibration of the modified sieve

[sampler was carried out in collaboration with

Dr. A.T. Wallace.
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Section 2: Construction and Use of Sieve Sampler.

Three sieve samplers were made (No.s 1, 2 and 3).
\Sieve sampler No.l was built into a small-sized
{cylinderhtype vacuum cleaner (Electrolux, Series 524,

'No. 38,960). Sieve samplers No.2 and No.3 were built |

iat different times into another small vacuum cleaner

‘(Electrolux, Model 1144, No. E 44,046; Volt. 230-250

'end Watt. 240; A.C.=D.C.). ‘ i

: The sieve plate of sampler No.l was made of

]perspcx. The sieve plates of samplers No.s 2 and 3

}were made of brass. Both materials were found to be i
Eperfectly suitable. |

The design and construction of sieve sampler No.3
'is shown in Figures 21, 22, 23, 24 and 25; the other
imodels were very similar. \

The overall design is best appreciated from
iFigures 21 and 22. The sampler weighed 11 pounds.
Its dimensions were 17 in. long x 7 in. high x 6 in.
'wide. The vacuum cleaner cylinder had been shortened
ito secure this small size which was desired for the
fsake of portability. The dust bag of the vacuum
:cleaner had been discarded. An'air deflector was
iattached to the outlet at the rear end, as shown in
‘Figure 22; this threw the exhaust air-stream upwards
'and thus prevented raisihg of dust from the surface on |
2which the sampler was lying.

The final and main alteration to the vacuun

?cleaner was the mounting of the sieve-plate unit into

| the/
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the "cap" on its front end (i.e. air-intake end). The
front "cap" of the vacuum cleaner was made of aluminium
It was held in position by two lever clasps (shown in i
Figures 21 and 22), which pressed it firmly on to a |
rubber-washer mounting so as to give an air-tight joint.

Opening of the vacuum cleaner by removal of this "cap" |

was easy and rapid; the arrangement was retained in

the sieve sampler to allow quick changing of culture |
plates. A central and circular hole 125 mm. in

diameter was cut in the aluminium "cap"; the sieve-
plate unit was mounted into this hole as shown in i

Figures 21 and 23. The constructional details of thel

| completed sieve-plate cap are shown in Figure 25, which

'is a drawing to actual scale of the sieve-plate cap anq
|culture plate in median section and which shows the
path of the air being sampled (in red).

The sieve plate was a circular, flat brass plate,

3 mm. thick and 80 mm. in diameter. It was pierced
by 300 vertical holes which were 0.8 mm. in diameter
(0.796 mm., drill No.68); these holes were distributei
in parallel lines and at uniform spacing over the
whole plate. The sieve-plate was mounted at the

bottom of a wide and shallow airintake cylinder; this

was 16 mm. deep, 80 mm. in external diameter and 77 mm.|
l
in intermal diameter. Its free front end was fitted |

|
into an 80 mm. diameter hole in a brass front plate {

which occupied the 125 mm. diameter hole in the

aluminium "cap" of the vacuum cleaner.

On/
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On the periphery of the air-intake cylinder and
resting on the back of the front plate, were three
brass blocks, or "stops", 15 mm. X 5 mm. X 5 mm.. The |
‘free (back) surface of each stop was exactly 8 mm. in
front of the free (back) surface of the sieve plate.
The function of the stops was to support the rim of the
Iculture plate, as shown in Figures 24 and 25, so that
there was a gap of 5 mm. between the rim of the culture
plate and the front plate, for free escape of air. The
culture plate was filled with agar to the depth of

10 mm. below its rim; constant depth was achieved by

use of an indicator in pouring, as shown in Figure 26. |
1Thus, when the culture plate was in position on the

:st0ps, the surface of the medium was 2 mm. away from

the surface of the sieve plate (usually increased to

' 2% mm. or even 2% mm. by shrinkage of medium on drying

l
‘of the plate). The culture plate was held in position

lby pressure of a rubber stopper beneath a strong rubber

"‘band which was attached at its ends to two hooks set

'at opposite edges of the front plate (see Figure 24).

The culture plates had an internal diameter of about
90 mm. (3% in.), so that when fitted over the sieve
plate (80 mm. diam.) they left a gap 5 mm. wide all

round the periphery for the escape of air.




Figure 21:- Photegraph of Sieve Sampler Neo.J5 Shewing |
f the Sieve-Plate Air Inteke at the Front End.
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lgigpru 22:~ Photegraph eof Sieve Sampler No.3 Shewing_!
| the Sieve-Plate Cap Held on by Twe Lever Clasps at

the Front End (Left) and the Air Exhaust Deflecter

at the Extreme Rear End (Right).
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|
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Lower Photograph Shows Cap with Agar-Containing
Disgh in Positien fer Sampling.

Figures 23 and 24:- Phetegraphs ef Sieve-Plate Cap from|
Inside Showing the Three Petri Dish Supperters and|
the Rubber Band with Stepper for Holding the Dish |
in Place; Upper Photegraph Shews Cap witheut Dish; |
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Figure 26:- Photograph Illustrating Method of Peuring

Agar Plates te Constant Depth.
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Section 3: Calibration of Rate of Air Flow.

-~

The rate of air inteke of the sieve sampler was

measured by use of a vane anemometer (Negretti and

Zambra, London: N0.9273). This instrument measures in

linear feet the air which passes it. The anemometer

E
was placed against the air-intake orifice of the sieve i

1
sampler, as shown in Figure 27; the guard rim of the

anemometer was fitted within the sampler orifice to thef

|
!depth of a few millimeters.

On each occasion the rate of air intake was

measured as follows. The sampler was loaded with a

culture plate. The electric motor was run for a minute

or so before taking the first reading. Then the E

passage of 100 feet of air into the sampler was observed
%ith the anemometer and the time of this was measured
with a stopwatchs. Six such readings were taken
consecutively for each culture plate tested and the
average time for passage of 100 feet was calculated.
The volume of air passed in this "average time" was
calculated by multiplying 100 feet by the area of .

cross-section of the sampler's air-intake orifice;

from this, the number of cubic feet of air passed per

minute was readily calculated. Thus, for sampler No.3,

%he rate of air intake in cubic feet per'minute was

:
éiven by 304 divided by the average measured time in
seconds for passage of 100 feet of air (for samplers
No.s 1 and 2, which had slightly smaller intake

orifices, read 292 instead of 304).

Many /
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Many observations were made, each with a different
iculture plate poured to give a sieve-agar distance of

iz millimeters. Some observations were made with

l

lculture plates poured to give other -sieve-agar
/distances, so as to ascertain the influence of this
'distance on the rate of air flow. Several observatﬁmé'

were made on each day with each sieve sampler, and

observations were made on many different days in oxrder

| :
;to ascertain the full range of variation in the suction|
|

écapacity of the pump and motor.
|

The air-intake measurements for a sieve-agar

distance of 2 millimeters are shown in Table 91. The

ioverall average rates of sampling were 19.0 cu.ft. per
Eminute for sieve sampler No.l, 23.3 cu.ft. per minute
for sieve sampler No.2, and 21.6 cu.ft. per minute for
sieve sampler No.3. For the three samplers, the
maximum variations in rate of sampling were,
respectively, 17.1 to 22.3 cu.ft. per minute, 19.6 to
26.3 cu.ft. per minute, and 20.0 to 22.9 cu.ft. per
minute. Very few of the observed air-intake rates
were more than 10% above or below the average for the
particular sampler; inaccuracy resulting from such a
variation was considered unimportant.

The comparative observations made for different
sieve-agar distances, are shown in Table 92. The
rate of air intake was little reduced by the presence
of a culture plate at all sieve-agar distances down to

2 millimeters, but was considerably reduced by a culture

plate/
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plate at the distance of 1 millimeter. For this
reason, routine air sampling was always carried out at
a sieve-agar distance of 2 to 2% millimeters; a small
variation in distance at this range was considered

unlikely to influence greatly the rate of air intake.




| -
‘Table 9l Calibration ef Sieve Sampler Air Flew in
: Cubic Feet per Minute by Vane Anememeter.

(All readings made for sieve-agar distance of 2 mm.)

Sieve Sieve Sieve
Sampler Sampler Sampler

Ne.l Ne.2 Ne.>3

20.4 24.0 - 20.0

20.0 24.8 21.0

19.6 19.6 22.9

19.6 25.0 22¢5

19.7 24.6 21.1

18.3 23.2 21.3

18.3 23.2 _22.2
; 19.1 24.3
| T 24.1
i 16.9 24.3
18.1 24.5
17.7 24.1
17.5 24.3
18.6 23.8
18.4 24.1
17.3 24.1
18.7 24.3
18.5 235.2
18.7 25.2
8.3 25.8
18.5 26.3
18.9 3 25.4‘
17.5 20.8
! 19.0 24.1
| 19.0 21.8
i 20.4 20.4
; 225 21.0
! 19.5 21.6
20.1 21.2
19.5 20.8
19.3 22'3
20.6 20.3
20.0 23.3
19.3 21.6

Average:- 19.0 23.3 ' 21.6

Each reading was made with a different agar plate.

The separate sectiens of the table which are marked
of f by herizental lines represent ebservations made
on different days.




!Tahle 92:~ Air Flew in Cubic Feet per Minute threugh
' Sieve Samplers Ne.l and No.3 at Different |
Sieve-Agar Distances.

Sieve-Agar Distance in Millimeters

Ne Agar
1 mam. 2 mm. 3 mm. 4 mm. Plate
20.4 20.4 20.4
20.0 20.0
19.6 20.3
19.6 20.1
19.7
18.3 18.6
S 18.3 | 18.0
NO.I 12.1 19-1
12.4 01 fegd 16.9 17.4 18.5
1l.1 16.9 17.5 18.7
17.8
14.6 18.1 17.2 18.1 g o
= el 11.2 16-9 19-6
14.5 177 173 17.4 i |
16.2 17.5 17.6 18.0 19.0
14.8 19.0
' Average:-| 13.9 18.6 18.4 17.6 18.9
|
i 20.0 21.5 21.4 22.0
21.0 2l.1 21.7
22.9 22.9 23.2 23.8
SIEVE s 225 22.9
SAMPLER 15.5 211 23.0 22.5 23l
' ' 22.2 22.8 23.2 25:6
Average:- 17.7 21.6 2253 22.6 22.9

Each reading was made with a different agar plate.
The sectiens of the table marked eoff by herizental
lines represent ebservations made en different days.




Figure 27:- Photegraph of Vane Anemometer Applied te

Sieve-Plate Air Intake for Celibratien

of Sieve Sampler Air Flew. .
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Section 4:; Calibration of Collection Efficiency.

The collection effieiency, or recovery efficiency,
of the sieve.s&mplers was estimated by comparison with
a slit sampler. The slit sampler was considered very

suitable as a standard for comparison because it has a

very high collection efficiency, recovering over 94%
éof even the smallest bacteria-carrying particles
é(Bourdillon, Lidwell and Thomas, 1941).

| As collection efficiency may vary with the size

and kind of infected airborne particleg, efficiency

measurements were made separately for (i) newly raised |
dust containing both large and small particles, (ii) i
small dust particles which remained airborne for

35 minutes after their liberation into the air, and

| (1ii) small droplet nuclei which remained airborne for
90 minutes after their production by sneezing.

The observations were made in the 100-cu.ft. test
chamber described in Part 3 (Figure 10). The slit
sampler was situated outside the chamber and drew air
through the chamber wall from an intake opening at
3 feet above the floor. One or more of the sieve
samplers were placed inside the chamber with their air

intakes at 3 feet above the floor.

S e s S ema T e e mme tem mmm wm mem mmm wmw s e e
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Clothing. The observer wearing his ordinary (non-

— e m— ——

sterile) clothes entered the chamber and loaded culturé

plates into the sieve samplers. These movements

liberated/
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liberated a sufficient amount of infected dust into the
air. At once the observer left the chamber, closed
the door and put the samplers into operation; the slit
sampler and the sieve samplers were run simultaneously
during 1 minute. In all cases, the slit-agar and ;
sieve-agar distances were 2 millimeters. Ordinary
blood agar plates were used. After incubation at
37 deg.C. for 24 hours, the colonies on each plate were
counted with aid of a (x 20) binocular plate microscope.
The results obtained in 19 experiments are shown
in Table 93. The colony counts per l-minute sample

are shown in the first three columns. The colony

icounts per cu.ft. of air were calculated from the

!l-minute counts by dividing the latter by the number ofj
cubic feet of air sampled per minute by the sampler in j
question (average results from Table 91; see Section BLi
i?he count per cu.ft. for each sieve sampler was then |
calculated:as a percentage of the coﬁnt per cu.ft. for
EIthe slit sampler; these percentages are shown in the
last two columns of Table 93; they represent the
collection efficiencies of the sieve samplers for large
and small bacteria-carrying dust particles.

The average collection efficiency of sieve sampler

No.l was 46% and that of sieve sampler No.2 was 47%.
The individual collection efficiency valﬁes shown in the
different experiments ranged from 26% to 81% for

sampler No.l, and from 30% to 70% for sampler No.2.

This wide:variation is perhaps in part due to the

smallness/
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smallness of the slit sampler counts which makes

maximum the effect of random sampling errors.

The observer wearing his ordinary (non-sterile) clothi
entered the test chamber and loaded culture plates into
the sieve samplers. Then, while still in the chamber,i
he "marched" during 10 minutes to produce a large
amount of dustborne infection of the air. An intervali
of 35 minutes was allowed between the end of "marching®
and the beginning of sampling; in this interval the

large dust particles would settle to the floor and when

sampling was begun, only the small particles would stilll
1

%e present in the air. After the 35-minute interval, ?
a 5-minute (Sncu.ft.) sample was taken with the slit
sampler and a l-minute sample was taken by each of the
sieve samplers during the third minute of operation of
the slit sampler (i.e. 19 cu.ft. by sieve sampler No.l,
end 23 cu.ft. by sieve sampler No.2). The counts per
cu.ft. of air were calculated, and those for the sieve
samplers were expressed as percentages of that for the
slit sampler; these percentages represented the

collection efficiencies of the sieve samplers for small

bacteria—-carrying dust particles. The results of

5 experiments are shown in Table 94. The average
collection efficiencey of sieve sampler No.l was 49%,

end that of sieve sampler No.2 was éﬁ.

— o m— mmm e Sem Gm Smm w— —— e e mmm e S w—

— e mm— - —
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Carrying Droplet Nuclei. The observer loaded the
sieve samplers with culture plates ét some considerable
time (e.g. 1-2 hours) prior to the experiment; the
chamber air was thus allowed to become free from

infected dust. After this interval the observer

opened the chamber door and, without entering, delivered

| :
|four simulated sneezes into the chamber; he then shut

%the chamber door. The chamber was left undisturbed
:for a further 90 minutes before air sampling was begunj
Only the very smallest bacteria-carrying droplet nucleil
Jcould still be airborne after this period of settling
(probably only from 1 to 4 microng in diameter). At
the end of the 90-minute interval, a 5-minute (5 cu.ft.)
sample was taken with the slit sampler and a l-minute |
sample was teken with .each. of the sieve samplers during
the third minute of operation of the slit sampler (i.e.
19 cu.ft. by sampler No.l and 23 cu.ft. by sampler
No.2). Blood agar plates were used. After
incubation at 37 deg.C. for 24 hours, the colonies on
each plate were counted.

The colony counts obtained per sample in
19 experiments are shown in Table 95 (first three
| columns) . The counts per cu.ft. of air were calculated
and those for the sieve samplers were expressed as
percentages of that for the slit sampler; these
percentages represented the collection efficiencies of

the sieve samplers for small bacteris-carrying droplet |

nuclei. The average collection efficiency of sieve

sampler/
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sampler No.l was 61% and that of sieve sampler No.2
was élﬁ. The individual collection efficiency values
given in different experiments varied from 33% to 108%
for sampler No.l, and from 29% to 103% for sampler
No.2.

It is concluded that the sieve samplers operated

with about 50% to 60% of the collection efficiency

of a slit sampler; as the collection efficiency of a
slit sampler approaches 100%, the absolute collection
efficiency of the sieve sampler must be about 50%.

| This 50% collection efficiency of the modified sieve
sampler compares favourably with the collection

| efficiencies of most other samplers, excepting the slit
sampler; for instance, the collection efficiency of
the widely used "air centrifuge* (Wells, 1933) is only
24% to 41% for small bacteria~tontaining droplef nuclei

(Phelps and Buchbinder, 1941).




' Table 93:- (Calibration of Recovery Efficiency of Sieve
Samplers (S.S.Ne.l and S.S.Ne.2) for Airborne
Bacteria-Carrying Dust Particles by Cemparisen
with Recevery by Slit Sampler.

_ Colony Ceunts for Simultaneous|Efficiency of Sieve
 Exp. One Minute Samples Samplers as % of
| Ne. S1lit Sieve Sieve Recovery by Slit
Sampler: |Sampler 1|Sampler 2 Sampler
l cu.ft. (19 cu.ft. |23 cu.ft.|{S.S.No.l |5.S.Ne.2 |
1 23 267 - 61% -
2 37 230 - 33% L -
> 20 155 - 41% -
|4 20 200 o 53% -
= 30 310 - 54% -
b 46 711 _= 81% =
(T 52 600 831 61% 70%
8 | 22 125 173 30% 345 |
9 | 21 153 208 38% 43% |
10 | 30 - 303 - 44% ‘
el 21 212 263 53% 54% |
s 28 _ 204 264 38% 4149 |
| 13 21 - 240 - 49% |
14 37 185 253 26% 308 |
39 32 258 446 43% 61%
A6 ] 34 257 420 40% 54%
LT 59 463 646 41% 48%
18 | 61 433 529 371% ~ 38%
19 ] 41 349 446 45% 47%
Average:- 46% 47%

'The air was infected with dust frem the observers skin |
! and clething by bodlily mevement immediately prier te

| taking samples; experiments made in 100 cu.ft.chambern
Blood agar plates were used.

‘The sieve-agar distance was 2 millimeters in all cases.
‘The horizental lines mark off observatiens made en

. different days.




‘Table 94:~ Calibration ef Recevery Efficiency of Sieve
Semplers (S.S.Ne.l and S.S.Ne.2) feor Small Airberne
Bacteria-Carrying Dust Particles by Cemparisen with
Recevery by Slit Sampler. '

Coelony Count per Sample Efficiency of Sieve
‘Exp.y Slit Sieve Sieve | Samplers as % of
. Ne.| Sampler iSampler l{Sampler 2 |Recovery by Slit
| 5 cu.ft. |19 cu.ft.|23 cu.ft. Sampler
! in 5 min.|in 1 min.|in 1 min. |[S.S.Ne.l }S.S.Ne.2 |
1 183 313 438 45¢ 524 |
2 203 416 540 __54% 58% |
9 352 602 799 45% 506 |
1 123 251 277 543 49 |
5 324 587 816 48% 55% |
Average:- 49% 53¢ |

|Sieve samplers were run during the third minute of the
5-minute slit sampler run.

'Air of 100 cu.ft. chamber was infected with dust frem |
. observer's skin and clething by vigerous bedy no7enenﬂ
. ("marching") fer 10 minutes.

!Larger dust particles were allowed te sediment from thq
. air fer 35 minutes befoere sampling was begun. :
'The sieve-agar distance was 2 millimeters in all cases.
‘Heated bloed agar plates were used.

'The herizental lines mark off observations made en

. different days.




‘ .
Iable 05:- Calibration of Recovery Efficiency of Sieve |
|~ samplers (S.S.Ne.l and S.S.Ne.2) for Small Airborne |
‘ Bacteriarcentainlng Draplet Nuclei by Cemparison

: with Recovery by Slit Sampler. i
|

| |

| Colony Ceunt per Semple Efficiency of Sieve
Exp.4 Slit Sieve Sieve iSamplers as § of |
' Ne.| Sampler ;Sampler liSampler 2 |Recovery by Slit :
5 cu.ft./19 cu.ft.| 23 cu.ft. Sempler
. in 5 min. | in 1 min.iin 1 min. SeS.No.l | SeSeNOs2
JLisT 116 334 - 76% =
=2 25 - T4 - 64%
3 520 964 1043 49% 44%
4 46 122 149 70% 70%
5 569 964 - 45% =
|_6 95 358 452 99% 103%
[ 59 124 - 55% -
=48 60 95 146 42% 53%
|19 33 100 139 80% 92% |
| 10 156 410 498 69% 69% |
11 308 419 970 36% 69% |
112 313 458 504 33% 29% |
| "13 112 31 433 78% 84% |
14 288 633 944 58% T8 |
15 128 258 375 53% 64% |
16 40 164 178 108% 97¢ |
17 36 56 86 41% 52% |
| 18 84 196 o 243 61% 63% |
119 88 124 182 31% 45%
| Average:- 61% 67%

|
'The sieve samplers were run during the third minute of |
| the slit sampler run. ;
The air of the 100 cu.ft. chamber was infected with f
. droplet nuclei by & single simulated sneeze. ‘
'The larger droplet nuclei were allewed te sediment frem
' the air fer 90 minutes befere sampling was begun. ;
|The sieve-agar distance was 2 millimeters in all cases;
'Blood agar plates were used.
‘The herizental lines mark off ebservations made en |
| different days.



| this instrument was based on that of the "sieve-plate

air infection in hospitals, schools and other places

outside the laboratory, and also for laboratory use
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Section 5: Summary.

A description is given of the design, construction,
use and calibration of a new instrument for the

bacteriological examination of air. The design of

sampler" of Du Bﬁy and Crisp (1944). The main
modifications on this design procured simpler
construction, greater portability and a much greater
sampling rate, namely 20 cu.ft. per minute instead of
1l cu.ft. per minute.

Calibration of this "modified sieve sampler", by
comparison with a Bourdillon slit sampler, showed.that
its collection efficiency was about 50% to 60% for
large and small bacteria—-carrying dust particles and
for small bacteria-carrying droplet nuclei.

This "modified sieve sampler" is recommended as a
cheap, simply operated, highly portable air sampler of
satisfactory collection efficiency and high sampling

rate; it seems especially suitable for observation of

when a very high rate of sampling is required.
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GENERAL SUMMARY

A detailed summary of observations has been given

at the end of each part of the experimental record; a

general summary indicating the scope of the various

investigations, is given below.

PART 2:-

The secretion droplet-spray produced by sneezing,
coughing, speaking, laughing, breathing and other
expiratory activities was studied by a variety of
microscopical and cultural technigues. In particular;

a new technique was developed whereby droplet-nuclei

could be observed, counted and measured microscopically¥
droplet-nuclei were thus demonstrated for the first |
time in photomicrographs.

lleasurements were made of the numbers of droplets
and droplet-nuclei produced by different kinds of
expiratory activity, the proportions of droplets and
nuclei which originate from different parts of the
respiratory tract, the sizes and size-frequency
distributions of the droplets and nuclei, the
propertions of droplets and nuclei containing commensal
bacteria and the numbers of these bacteria in droplets
and nuclei of each size, the proportions of droplets

and nuclei likely to contain pathogenic bacteria, the

duration of air-carriage and the sedimentation rate of

droplets and nuclei of each size, the projection

'distance/
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distance of droplets and the travelling distance of
nuclei, the time required for droplet evaporation and

droplet-nucleus formation, and the maximum size of

{droplet capable of becoming a droplet-nucleus.

i It was found that speaking, coughing and sneezing
gaach expels from the front of the mouth many salivary
droplets which are small enough to evaporate at once
!to form minute droplet-nucleil capable of remaining
suspended in the air for several minutes or several
hours. However, by calculation it was shown that only
| a smail proportion of the droplet-nuclei will contain
any pathogenic bacteria, even when anexceptionally

large number of these is present in the secretions

being atomised.

PART 3:-

Infection of the air by liberation of dust from
e person's skin and clothing was studied by making
slit—-sampler observations in a small test-chamber.
Heasufements were made of the numbers 6f bacteria~
carrying dustQParticles liberated during different
kinds of bodily activiiy, and of the duration of
air-carrisge of the infected dust-particles. These
measurements indicated that dust-particles from the
skin and eclothing will be comparable to sneeze-produced
droplet-nuclei in providing the physical means for
airborne transmission of infection.

Salivary streptococci were found on a small

proportion/

I . . i ii




GolohaAlL oUNMMANRL g rage Lo

proportion of the dust-particles, proving that the
respiratory-tract bacteria normally are disseminated
in this way via the skin and clothing into the air.

It was found that the air contamination with

dustborme bacteria from the skin and clothing was

Ereduced only a little by the wearing of a sterile
%loose surgical gown, but was reduced very much by the
| =7

Ewearing of a sterile "dust-proof gown" which was

designed speeially for this purpose.

[
|

% Observations were made of the dissemination of
[certain pathogenic bacteria by infected patients and
"healthy carriers"”. Examination of a microscope slide
or culture plate held at 3 inches in front of the mouth
revealed that in the droplet-spray from 6 coughs,

| M. tuberculosis was expelled by 10 out of 20 patients

with open pulmonary tuberculosis, C.diphtheriae by

10 out of 50 patients with faucial diphtheria,

Strept.pyogenes by 39 out of 87 persons with scarlet

fever or chronic tonsillitis, and Staph.aureus by

1 out of 2 healthy nasal carriers. Only 5 to 104 of
the collected cough-droplets contained the specifie
pathogenic bacteria. Micrometric measurement of the

M.tuberculosis-containing cough-droplets from

tuberculous patients revealed that 25% of these (each
containing 1-10 tubercle bacilli) were small enough to

be capable of remaining airborne as droplet-nuclei. i

' In/ ; :
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In special experiments with throat carriers of

Strept.pyogenes and nose carriers of Staph.aureus, it

[
\
|
's
=
i

was found that the air could be infected more readily
and to a'greater degree by the raising of dust from the
iskin, clothing, handkerchief, bedding and floor, than
iby the droplet-spray of spesking, coughing énd sneezing,
In the case of two nasal carriers, repeated
Iobservations were made, during an 8-week period, of the

‘distribution of Staph.aureus on to the hands, other

body surfaces, different articles of clothing and the
haﬁdkerchief, in the projectile droplets of cough-spray
and sneeze-spray, in airborne droplet-nuclei produced
by sneezing, and in airborne dust liberated from'the

gkin and clothing.

PART 5:~

By use of a slit sampler and of “settling dishes",
'bacteriological examinations of the air were made in
érooms of a residential training institution during an

epidemic of Strept.pyogenes throat infections and in

=rooms of & hospital maternity-unit having a high

incidence of Staph.aureus infections among both the

mothers and the babies.
In the training institution a total of 875 cu.ft.
of air, in 150 samples, yielded 178 particles bearing

Strept.pyogenes, that is 0.2 per cu.ft.. It was

calculated that a person living in the institution at

the height of the epidemic must have inhaled about 100

infected/




ML LAl WU RRNIALY L Fage L /7§

infected particles per day. Strept.pyogenes was found

to comprise only 0.5% of all the airborne bacteria.
The amount of air infection in a room varied greatly
from time to time throughout a day, generally in
proportion with the number of persons present and the
amount of their movements.

In the maternity unit, "settling dish" examinations

revealed the presence of Staph.aureus in the air on

36 out of 40 days during a 4-month period. on 7 of

the days, a total of 2125 cu.ft. of air was examined

|with the slit sampler and was found to contain ?
.l |
85 particles bearing Staph.aureus, that is 0.04 per

cu.ft.. It was calculated that an adult inmate of the
|hospital must have inhaled on average about 12 infected
particles per day, and a baby about 1 per day.

§taph.auraus was found to'comprise only about 0.5% of

all the airborne bacteria.

PART 6:-
A modified "sieve sampler" was designed and

constructed for rapid bacteriological examination of

i
'large volumes of air; the instrument was cheap, simple

to operate, highly portable, and sampled at the rate of

!
|Bourdillon slit sampler, the "sieve sampler" was found

about 20 cu.ft. per minute. By comparison with a ?
to have a collection efficiency of about 50 to 60% for
bacteria-carrying particles of the largest and smallest

sizes normally found in air.




