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INTRODUCTION.

During recent years the literature on periphersl
vascular disease has grown enormously. fdspecially
frequent have been articles on the clinical features and
the response %o treatment, but strangely enough since the
publication of Buerger's book (1924) relatively little
has been written on the correlation of the morbid
anatomical appearances and the physiological read justment
of the circulation. this is all the more survrising in
view of the fact that so much attention has been directed
to tunctional derangement ot the arterisl circulation in
the heart and kidney, especially as it is so much siapler
to make absolute measurements of the arterial circulation
in the limb than in the other organs.

The present study is based on materisl obtained
+rom & variety of sources. My interest was tirst
sroused in the subject by experience gained in the
investigation of materisl kindly supplied by pProf. J. R.
Learmonth from his periphersl vascular diseases unit.
Apart i1rom one biopsy periormed on & superficisl vein
this materisl consisted of lower limbs amputated as a
result primarily of ischaemic gangrense. The greater
part of this work accordingly consists of an account of
observations made in exsmining this tTissue in the
Pathology Department of the University of hdinburgh.
ihe study has however been continued in the Medical unit
of St. idary’s Hospital in an attempt to answer some of
the questions raised during the course of the
investigstions made in Zdinburgh and 2 brief account of

some of this later work will saccordingly be included.



Although many specimens were svailable in the departmental
collections of the R.I.H. and the university of Hdinburgh
pathology Department the account has been restricted to
include only cases of thromboangiitis obliterans and
atherosclerosis personally studied. thus every case
on which this &ccount is basea has been investigated by
me both in the ward and in the laboratory. This is
considered to be a most valuable point, namely that both
the anatomical and physiological aspects should be
studied by one and the same person.

There are many obscure aspects of the pathology
of peripheral vascular disease and in the routine study
of the material availsble many points emerge that are
intriguing and might possibly lead to profitable lines
of investigation. In order to avoid these tempting
bypaths the scope was limited to certain definite aims.
In the first place it was egsential to acquire familiarity
with the anatomical and histological appearances of
healthy and diseased arteriss. Accordingly in the
examination or specimens received during the first part
of the s®udy relisnce was placed entirely on dissection
and histological methods. information gained in tThis
manner revealed many possible lines for further
investigation, but outv of these two were chosen for
gpecial concentration of effort; mnamely the part played
by disease in the popliteal artery in determining the
development of gangrene in the lower limb and the mode of
development and the efficiency of the collateral circulation
when the main arteries are obstructed. By the supply of
material the investigation has been limited to three forms
of periphersl vascular disease, thromboangiitis obliterans,

senile atherosclerosis and diabetic atherosclerosis.



Lhese diseases are discussed under their separate headings
put the methods ol investigstion, described subsequently,
have been directed to answering some specific gquestions
with regard to each disease. Certain general principles
however have been discovered which apply to all types of
vascular diseasgse, particularly with regard to the
development and the efficiency of the collateral circu-
lation. ‘hese general points have been described in
detail in one of the sections but have not been fully
repeated in the descriptions of the findings in each

inaividual dise=se.



Methods_of Investigation of the Psthological Anatomy.

As the study included the investigation of the
condition oI tThe arteries in both smputeted and living
ischaemic 1limbs & considerable variety of methods had to
be called into use. The well established technigues will
merely be mentioned and reference made to the original
accounts where necessary. Un the other hand for some
purposes new methods had to be evolved; greater attention
will be paid to their description, and their limitations
and accuracy will be discussed.

With regard to amputated limbs, in the first
instance the external appearances were noted and particular
attention was paid to recording any naked eye evidence of
infection in the gangrenous areas. The condition of the
guperiicial veins was glso noted, as were any scars or
alcers attributable to the long stsnding eifects of vascular
disease. PFollowing this external inspection various
further methods of investigation were utilised. they
gomprised the following:-

l. Gross dissection of the vasgcular tree.

9, Histological study of selected portions of

arteries and related structures.

4. injection oi tnhne vasa vasorum of selected

portions oi the arterial tree.

4, Lnjeétion of the arterial tree of the whole

limb wi th coloured and radio-opaque substances.

In the earlier cases the investigation was limited
fo the ¥irst two methods in order %o gain a basic knowledge
of the different types oi disease. Later these two

tundamental methods were supplemented by the injection



procedures. it wes Tound possible to make good
histological preparations atter use of the injection
techniques. the particles of the injected suspension
remained in the sections and it was thus = simple metvter
to determine the adequacy or tilling of the various
vascular charnnels. this was found to be particularly
helpful with regsrd %o tracing out the course of the
small vegsgels canalizing occluded arteries.

Gross aissection and histological study were
carried out in all the 28 limbs that have been received
for exemination and in eight limbs an injection of a
coloured radio-opague substance was also performed. The
diiierent methods oi study and types of disesse were dis-
triouted as Tollows:i-

1. uUissection and histology.

Atherosclerotic gangrene 12 limbs

bDiabetic atherosclerotic gengrene S limbs

Thromboangiitis oblitverans 5 limbs
2. Radio-opague injection followed by

digsection and histology.

Atherosclerotic gangrene 4 limbs

Diabetic atherosclerotic gangrene $ limbs

Thromboangiitis obliterans 1 1imb
These last eight limbs do not however represent 211 that
were subjected to injection as preliminary trials were made
on 1imbs removed 21t autopsies on mental patients. fhese
will be described later when the detail and limitations of
the injection technique are explained.

In dissecting a 1limb the femoral artery was located

8t the point ot section and the whole vascular tree was
séparated distally, care being taken To include the

accompanying veins and nerves. It was usually possible To



dissect on the front of the foot to the point where the
dorsalis pedis passed down between the two metatarsal
bones. Un the sole, the proximal parts of the lateral
and medial plantar arteries were included in the dissection.
8y drawing the anterior tibial artery through the
interosseous membrane the whole vascular tree was removed
intact. thereafter it was preferable to fix the tissue
in 10% formalin solution for at least 24 hours. if a
tail cylinder was used as a container the whole tree could
be kept straight which was a considerable advantage in the
further investigations. Better results were obtained if
the fixation were prolonged for four days. The vessels
were then examined either by slitting longitudinally or by
g series of transverse sections. Lhe former method was
petter suited Ior the larger vessels. Suitable blocks
were taken Ior microscopic study; they were designed to
include the artery, veins and nerve together with the
surrounding connective tissue.

rhe blocks were post-fixed in Helly's solution in
the usual manner. For examination haematoxylin and eosin,
Verheoff and Van @ieson and weigert's elastic stains were
used. Serial sections were cut from several of the blocks
to elucidate special points,particularly with regsrd to the
connexions of the new channels recanslijzing occluded arterial
segments. In addition to the blocks taken from the msin
vascular tree, vissue in selected cases was also taken from
extensor digitorum brevis for the study of ischaemic
muscular changes, from the edge of ulcerated areas, and
from the toes to show the aigital arteries.  in the las%

instance the simplest method was to remove the toe, shell

out the bone and cut & suitable transverse block.
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In studying the femoral-popliteal segment of the
arterial tree, injections with india ink were carried out
on several occasions, both in material obtained from the
smputated limbs and from autopsies. Particular attention
was paid to the part of the artery passing through the
adductor hiatus and an attempt was made to demonstrate any
peculiaritvies in the vasa vasorum of this segment. The
method employed was to dissect out about 19 cm. of the
artery centred on the hiatus, the position of which was
marked by & small suture. Gare was taken to include the
small side branches and some tissue around the artery. the
proximal end was cennulated and the distal clamped with
artery forceps. Indis ink wess then injected under a
pressure or 400 mm. oI mercury and the leaking points were
clamped With artery Iorceps and tied off. Lhe pressure
was maintained for half an hour. The artery was sub-
sequently fixed in 10% formalin solution overnight, a
procedure which sided grestly the subsequent dissection of
the vegsel trom the surround ing vtissue. +he adventitia
was tThen stripped and thé artery thus bared was dehydrated
and cleared by the bpzlteholz method. -The technique
advocated by Wintermitz and his collezgues (1938) was in
the main adopted and found satisfactiory. The artery was
thus passed through 60%, 70%, 80% =nd 95% alcohol, two
changes of absolute alcohol and benzene. Clearing was
performed in a mixture of equal parts of benzyl benzoate
snd methyl salicylate. The material was left for 24 hours
lin each solution. By this method it was possible to
demonstrate small cepillary vessels in the medis and intima
ot atherosclerotic femoral-poplitesl arterial segments.

‘he results in these and apparently normal vessels will be

discussed later. Certain difriculties however may Dbe



nmentioned here. With regard to the actual injection it

is essential To chose a water miscible India ink as the
product has to be diluted eight times with distilled water
perore use. Winternitz nad recommended the use of
Higginson's ink, an American product not resdily obtainable
in tnis country. weveral British brands were tried and
the most suitable wes found to be iWinsor and Newton's
drawing ink.

Lhe appraratus used ror injection was improvised
from material available in the laboratory and a foot-pump
Wwag used as a source ol pressure. The arrsngement is
essentisglly similar to that described by rettigrew (1934).
The leaks from the side branches of the artery during the
injection often occasioned considerable difficulty, but
usually they could be controlled fairly adequately by
£0rceps. It was always considered advisable to include
in the specimen plenty of tissue around the artery so that
the clamps might be applied at g short distance from the
arterial wall in order to avoid obstructing the vasa at
their origin from the side branches. In certain types of
case difriculties arose in stripping the adventitia. 1t
wes not possible to make a satisfactory preparation of the
vasa of an artery airtected with thromboangiitis obliterans.
The obstructed lumen prevented satisfactory injection and
the adventitia was too tightly bound to the media to &llow
stripring. Similer difiiculties arose in grossly
atherosclerotic arteries. the method was most suitable
tor moderately atheromatous vessels, and in these the most
satisfactory results were obtained. There are however
several unsatisfsctory features in the method, the most
objectionable being the excessively high pressures required

to deponstrate the small intramnural channels. It is
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difi'icult to be certain under such conditions that they
are not artefacts, Une minor disadvantage was the time
taken by the Spalteholz method to display the result of the
injection. Kapid, thouzh rather less satisfactory,
clearing can be obtained by immersion of the stripped
srtery in pure glycerine. The result of the injection can
then be seen in an hour or two.

aiter a few .dissection and histologicsl studies
it soon becameé apparent that in arterial disesse it would
pe & great advantage 10 obtain & picture of the arterial
tree 4S & whole throughout the limb. In many cases the
main vessels were grossly diseased snd it was obvious that
the major part of the blood supply must be passing through
collateral channels. Considerable interest was also
entertained in the Iunctional signiiicance of the thrombosed
but recanalized sarteries. In an attempt to elucidate such
problems 8 series ol experiments was carried out to develop
a suitable injection technique. There were two possible
lines of approach - either to inject a coloured substance
and display the arteries by dissection or digestion of the
surrounding tissues, or to inject a radio-opaque substance
and rediograph the result. Various attempts were made
with injections of a suspension of Indis ink in celloidin
(fig.15 ) and certain information was obtained in this way
regarding the signiricance oif side branches and the
recanalized main vessels. Little Turther information
could be obtained by this method regarding the circulation
to the limb as a whole. ‘he injection of 1% celloidin
coloured with alksnin wes considered. This method requires
the subsequent digestion of the tissues with concentrated
hydrochloric acid and leaves only & cest of the injected

erteries. 1t has been used successfully for the arterial
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gsystem in foetal limbs. The time required for the digestion
of & whole adult lower limb woulLd be excessively loug and
there 1s the added disadvantage that as all the tissue is
destroyed by the acid no dissection or nistological studies
are possible. oimilar objections apply to the injection of
neoprene as used by irueta snd his associates (1947) in the
dgemonstration of the renal vasculsr systenm. Accordingly

no experiments were carried out along these lines.

The ideal method obviously lay in developing a
technigue whereby pnoth radiologicel snd dissection with
clearing studies might be perrormed on the same limb. A
satistfactory solution was found by modifying the Schlesinger
method of coronary srterisl injection (Schlesinger 1938).
The modified injection mass was prepared as follows:-

Solution A: Lead acetate 60 gms.

Distilled water 172 c.c.

Digsolve by heat, filter and allow to cool.

Solution B: Anhydrous disodium hydrogen

phosphane 24 pms.
pistilled water 190 c.c.

Dissolve by heat, filter and allow to cool.

Preparation:-

l. 1°5 gms. agar-agar in 2000 c.c. flask.

2. Add 100 c.c. of sclution A and boil till

frothing ceases.

3. Add 1 c.c. of 0°06% phenol red as indicator.

4, Add 70 c.c. of solution 3.

5., Add by pipette 10% sodium hydroxide till

indicator changes pink.

6. Add aigtilled water till total is 250 c.cG.

-
.

Boil 10 minutes till ager is fully dissolved.

5. Add 2 gm. trypan blue.
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9. Heat for 1 minute and stir.
lU. Strain while hot through gauze.
1ll. Preserve at room temperature.

The mass now consists of about 8% precipitated lead
phosphate which is sufficient to give a clear outline of the
injected vessels on an A-ray tilm of the leg.

To perform the injection the 1imb was immersed for
one hour in a water bath maintained at 45°C, ‘'he popliteal
artery was cannulated and the vessels were irrigated with
200 c.c. physiological ssline at 4(Q0°C,. The lead phosphate
previously warmed to 400C. wes then injected at 400 mm.
pressure, the bottle being agitated during the whole of the
procedure to prevent any settling of the precipitate.

Lbout 150 c.c. was used ior each limb, but as several leaks
usually occurred Irom small arteries at the amputstion site

it was 10T possible To ascertain how much actually remained

in the limb. the foot was Iinally cooled in the refrigerator
and X-rays were then taken. A latersl view was first
photographed and depending on the results and the extent of
the injection further films were taken as required.

such has been the technigue used in performing
the injection experiments. As the work progressed and
further experience was gained several criticisms, improve-
ments and modifications became apparent. thus the
pressure of 400 mm. mercury wes probably excessive, but
as it was desirable to maintain cowparable controlled
conditions in studying the circulation in the different
diseases it was not changed. The high pressure was used
originally on account of difficulty in injecting somne of
the atherosclerotic arteries. In them the popliteal
artery was usually grossly obstructed, while the site of

amputation wes at the juncture of the middle and lower

)
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thirds of the thigh. Accordingly in many specimens the
obstruction was thus only a few centimetres below The tip
or the cannula and as the popliteal artery hss no large
side branches the injection was accordingly extremely
ditfficult,and it was not surprising that in many of the
early attempts the filling of the vessels of the leg and
foot was inadeduate. Before the injection and dissection
it is impossible to ascertsin how complete the obstruction
is in the popliteal segment. If the injection mass does
not tlow freely through the popliteal artery one cannot get
s true picture of the circulation in the leg,as the collatersl
vessels U0 circumvent the obstruction in the poplitesal
artery arise at a level sbove the site of amputation. it
is sccordingly notv profitsble to attempt an injection of a
limb amputated at the thigh if there is clinical evidence
available that the popliteal artery has been thrombosed.
Lhis probably explains why so little has been writfen on
the injection of amputated lower limbs. Horton (1930)
who used mercury as the radio-opagque materisl made no
mention of this difriculty,but rickering (personal com-
munication) encountered similar troubles and abandoned the
method. in the present study in those casesg in which the
popliteal artery was patent throughout its length the
injection mass entered Ireely and spread right down to the
tips of the toes (fig.s0 ). Similarly in the case of
gmputations below the knee lhe resuluis oI injections were
only satistactory when there was a considerable length of
patend artery distal to the tip of the cannula. The
dirtficulty about being certain of the levels of obstruction
pefore the injection is begun means that only a provortion
of the attempts on awputated limbs are successful. The

method would of course be admirable for use in the cadaver
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for_the study of atherosclerotic lesions in the limbs gs

the femoral artery which is rarely obstructed could be
cannulated at a high level. Owing to the legal vposition
regarding subsequent removal of the limb it was not possible
to carry out eny such studies.

There are several minor points in the technique
which are deserving of short mention. The use of agar in
the injection mass had certain disadvantages, especially
with regard to the tewperature that had to be maintsined
within vhe limb. Some substance that solidifies is how-
ever essential poth for the radiological studies and for
the subsequent demonstrations of the vascular chsnnels in
cleared portions of the arteries. Gelatin was nsed in
one experiment but did not prove as satisfactory as azar.
ihe selection of a colouring agent was only determined after
several trials. It was essential to have a non-diffusable
gubstance especially Tor the clearing studies. frypan blue
proved reasonably satisfactory. in the cleared specimens,
however, it did not always .give such a sharp picture as
India ink. An attempt was made to introduce a water
miscible ink into the injection mass but the chosen brand
of Winsor and wewton ink “"curdled" and the result was
obviously unsuitable. the majority of water miscible
jndia inks can only be diluted with distilled water but one
variety of Reeves' ink gave fair results which however were
not substantially better than those obtained with trypan blue.

After radiography dissection of the limb was carried
out with the films a2t hand for comparison. In the larger
arteries radiological filling defects were checked by naked
eye section to avoid drawing conclusions from artefacts due
to incomplete injection. Similarly in the smaller vessels

blocks from poorly filled areas were tsken for histological
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section To make sure that the injection mass had penetrated
into vhe arterioles, which should be filled down ©To &

diameter of4Qp (Schlesinger 1938).
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X-ray of a leg after injection of the arterial tree
through the posterior tibial artery. This artery and its
peroneal branch are clearly shown, but the filling of the
anterior tibial artery through collateral channels is in-
complete. On dissection there was no gross evidence of
arterial disease. The specimen was a traumatic amputation
below the knee as a result of an accident in a male of 21
years. In such a subject there are few collatersls between

the main arteries.
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fig. <. & section of an artery and its venae comitantes
from a cease of thromboangiitis oblitersans. The elastie
coated recanalizing vessels in the arterial thrombus snd
the accompanying veins are entirely filled with precipi-
tated lead phosphate. A lumbar sympathectomy had been
performed in this case and considerable filling of dilated
cutaneous vessels was obtained. Ihe presence of lead
phosphate in the veins nust be due to passage of the in-
jeeted material through arterio-venous anastomoses greater

than 40pin diameter. Stained haematoxylin and eosin X 60.
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PART TITI.

e e e e i

Investigation of the Pathological Physiology.

The problem of accurately assessing the dynamics of
the arterial circulation in a limb with some degree of
arterisl obstruction is considerable and no entirely satis-
factory methods have yet peen evolved. It is not proposed
to discuss in any detail the methods of recording routine
clinical observations in such cases. - these obviously
gonstitute an essential preliminary to any more detailed
investigation and their signiticance has been discussed by
numerous authorities (Pickering (1933), Lewis (1936), allen
et al.(1946]}). In the discussion of the ocases that follow
the clinical observations will only be commented upon when
they throw further 1ight upon the pathological physiology
of the circulation in the affected limb. In addition to
the routine clinics]l methods of inspection and palpation
further experimental methods have been brought into use.
These include the saline wheal (Stern 1927) and histamine
wheal (Kramer 1940) tests and the reactive hyperaemia test
(Pickering 1933). The last has been found partvicularly
useful on numerous occasions and further mention will be
made of the information that it czn yield.

There are only two reasonably accurate methods of
measuring the blood 1low through a portion of & limb and
these are either by means of a Stewart's calorimeter or a
plethysmograph. It will be noted that skin temperature
methods are not regarded as sufiiciently accurate for the
purposes of this investigation; such methods only reflect
in 8 very rouzgh manner the total circulation through a leg

or foot (Greenfield 1948). Calorimetry has been used
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extensively oy the writer in determianing the circulation
through the limb. If a suitable modification of the
original pattern (Stewart 1911) is used such as thut of
ureenfield (1948) consistent results can be obtained and
can be shown to agree with those obtained under similar
conditions by plethysmography. The method depends
essentially on the transfer of heat from the skin surface
to the water within the calorimeter. The result can be
expiressed as calories per minute. rrevious attémpts to
translate the calories per minute into blood ilow per
pinute have been shown to be unsound (Sheard 1926). In
spite of this disadvantage it is & useful method and has
been used extensively in the past for the determination of
blood flow in the lower limbs (Brown 1926). It is however
more suitable for investigations in the hand and accordingly
little further reference will be made to its use.

A plethysmograph consists essentially of = chamber
into which an organ or extremity may be inserted. LIhe
entrance must be sealed to prevent the escape of the air or
water surrounding the part and spontaneous or induced
volumé changes can then be recorded by connecting the system
to a bBrodie's bellows or & miniature paraffin spirometer.
The plethysmograph was firgt described and named by Mosso
(1879) and reference to his original illustration will make
the principles clear.(Fig. s ). sosso used his instrument
to record changes chiefly in pulse volume and did not make
any direct observations on blood flow. Brodie (19095)
demonstrated that by occluding the venous outilow the
jnitial resultsnt swelling of the enclosed part represented
the arterial inilow and used this method for estimating the
circulation to the kidney. He also mentioned the possibility

of applying the method to the liambs and this suggestion was
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taken up by Hewlitt and Van Zwaluwenburg (1909).

Numerous modirications and improvements have subsequently
been reported, the most noteworthy being those of Lewis and
Grant (1985), Grant (1938), Abramson et al. (1939) and
Goetz (1946). '

The determinations of blood flow that follow have
been made by the use of calf and foot plethysmographs. The
00T has been found peculiarly sultable for plethysmographic
studies as it contains a relatively large venous bed, and
during the rirst rew pulse beats atter the occlusion of the
veins vhe inilow tracing even at full vasodilatation can be
represented as a straight line. unce the venous bed has
become distended the tracing falls ofi in a curve {fig.5 ).
The plethysmographs used have been personally constructed of
celluloid. the difricul ty or making a watertight seal at
the ankle joint withoutv occluding the veins has been over-
come by manufacturing s thin sock of latex rubber sealed at
the upper end through a thick rubber diaphragm to the cellu-
lo0id of the instrument. Lhe construction of the apparatus
is best appreciated by a study of the diagramatic illus-
tration (fig.5 ). the thin rubber sock is collapsed firmly
gnd completely by the water on to the skin of the foot. The
outer surface of the celluloid was covered with a quarter
inch thick cork sheeting to act as a heat insulator. It is
highly essential that the local temperature surrounding the
part is kept constant throughout the observations. the
plethysmograph was always filled with water in spite of the
fact that serry (1948) has recommended air as the most
suitable medium. Lt is much siupler to keep water circula-
ting at 2 constant temperature than air and, as it has been
found that even small variations in local temperature
markedly afrect the blood flow, the former medium is always

to be preferred unless an elaborate apparatus is available
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for circulating sir at a fixed temperature. in the
plethysmographs personally constructed water st the desired
temperature nas entered at the bottom of the instrument and
escaped at the top thus enswing that the limb is maintained
at a constant temperature up to the time of the readings.

the part was always kept in the plethysmograph for at least
half an hour with the subject at rest on a couch to establish
basal conditions before any observations were made.

When 2 new pattern of instfument has been designed,
ant particularly when it embodies new devices such as the
rubber sock, it is Tirst essential to determine the accuracy
ot the records that it provides. the absolute accurscy of
measurements ot blood flow in human subjects is of course
impossible to assess but as in this study importance is only
attached to differences between normal subjects and those
with arterial disease a determination of the relative accuracy
oif the ianstrument is obviously of the highest importance.
There ure several ditriculties in msking such an assessment.
Thus it is known that in the hands and feet exposed to a
normal room temperature, about 22°C, the vasomotor tone is
continually changing. nesting blocd flowsin the hands or
feet recorded at hali minute intervals thus show considerable
differences and are only capable of comparison if an average
is taken of many readings. The tluctuations in the feet
are not so great as those in the hands (personal observation),
put even so an approximate idea of the circulation through
the foot can only be obtained by taking an average of a
1ar§e series of observations. the fluctuations in vaso-
mo Lor tone and thus in blood flow to the periphery are
getermined by the heat elimination required at the monent,
which will obviously be increased if, for instance, the

subject has recently been exercising or eating. ihe
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extreme importance of establishing basal comparable
conditions before ezch series of readings will thus readily
be appreciated. It will a1so be understood that uander
resting conditions the functions of the blood circulation

to the leg and foot differ consideraoly. The upper part of
the leg, the site chosen for the fitting of the plethysmograph,
consists laf@ely of muscle while the skin in this region under
normal conditions plays a relatively small part in heat
elimination (Grant and Pearson 1938). The circulation here
js accordingly adjusted ton meet chiefly resting muscle meta-
boliswm ana large tluctuations in & series of readings are
not to be expected. 4 series of ten consecutive calf blood
+1low tracings with the local temperature of the water in the
plethysmograph naintained at 440C gave the following figures
S, L0, 9.0, 3.1, 2.9, 5:2, 8.1, 2.8, 3.0, 3.0, average
beUC.C84/1U0 c.Cs./minute. In general it hzs been found
that after calculating the standard deviation of several
geries o1 resting calf blood flows, the coefficient of vari-
ation has not exceeded 10% and in the majority of csses it
has veen about 5j. In the csse of the foot however the
circulation pertorms two main functions, namely nutrition

of the tissues and eliminstion of hest irom the skin surface.
under baszl resting conditions the former is a constant
element while the latter is continually varying. thus in =
series of observations on the fonot in a plethysmograph at

$4°%¢ the blood flow readings at half minute intervals

tluctuate greatly. Yhis may be illustrated by the following
gseries of Ten readings trom a foot obtained under such cir-
cumnstances - 4.8, 4.5, 5.4, 4.9, 6.0, 4.0, 7.0, 4.0, 5.5, 0.9,
sverage 5.2 c¢.¢s./100 c.cs./minute. An average of ten such

readings is obviously of little statisticul significance for

comparative purposes. If however a similar series of readings
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is made with the water in the plethysmograph at 44°C to
ensure full local vasodileatation there is consideravly less
variation in the indivicual readings. i‘hus in the same
patient ien comsecutive figures tfor blood flow at 44°C read
20«4, 2L+, E20:7, 21.8, 21:4, 80.0, 20.7, £20.8, 20.5, 20.3,
average Z0.7 ¢,6s./100 c.cs./minute. the coefficient of
variation under these circumstances was 2.4% and in a large
series of observations tne coefiicient of variation has lain
between 25 and 9%. Thus, provided full vasodilatation is
ensured and maintained, it is woossible to make couwparative
observations between the blood flow in different feet. in
conclusion it will be appreciated that in one series of
observutions fairly consistent readings can be obtained in
measuring the blood Tlow in the calf at 340C, and the foot
st 440C, in normsl subjects.

The above conclusions only apply to blood flow
observations made in rapid succession, usually at half minute
intervels. Ii however the 1imb is left in the plethysmograph
and tne observations are continued over s period of about two
hours, it is found that small variations occur between the
groups of readings. In some cases the readings on the foot
at 44°C tend to increase slightly during the first hour and
to decresse slowly during the second hour. This trend hss
not been observed in every csse and in many the flow rose to
2 maximun in 45 minutes and then remained constant. bife
definite reason has been found for these changes which are
not closely associated with fluctuations in blood pressure.
the blood ilow in the calf measured at 44°C is much more
constant and this is generally accepted as the best temperature
at which to make these determinations (Barcroft snd Lidholm
1945 ) In instances where & diifereince has occurred between

groups of readings made at 44%u, the average of the highest
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group of resdings has been taken as the maximum circulstory
capacity ol the part. The variation that occurs in groups
of readings may be seen in rig.9.

The next essential is to determine the varisbility
ot observations made on diiferent days. It is obviously not
to be anticipated that exactly similar readings will be
obtained under these circumstances. If care is taken to
‘reproduce the conditions of previous readings as regsards
time of day, room temperature, and period of rest aiter
insertion or the foot and before readings are made, it has
been found that figures always agree to within flbﬁ. Many
of the cases have been subjected to repeated blood flow
determinations =nd the figures are usually within *10%.

The ditference between the blood flow in healthy and diseased
limbs is normally considerably greater than this variation.
In doubtful cases the standsard deviation of ail the readings
has been calculated and the T test of significance applied
(Chambers 1940 ).

the type of result that may be obtained Irom
observations on successive days 1s illustrated in the
rollowiﬁg case -

Jo Geo age 49 years. Right popliteal thrombosis.
Blood flow determinations were carried out on both feetl on
successive days. Pleilhysmographs were maintained at 44°¢
to ensure full vasodilstation. 'he readings in
ceCS./100 c.cs. foot tissue/minute were:-

9.9.48 R. foobt 16:4, 107, 11:8, 113, 119, 11+0; 107,
10.4, 10.1, 11.0.
Average 10.9. &oot volume 1,185 c.cs.
L. £oot 1646, 15.8, 1642, 16.5, 16.6, 16.8, 15.5,
15.8, 1660, 16.8, 15.3.

Average 16.2. oot volume 1,200 c.CS.
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1049,48. B« oot 10.7, 104, 10,9, 10.2, 10.7, 10,7,
10.8, 116, 212, 315,
sverage 10.9. £00t volume 1,195 c.cs.
L B60t 179, 1642, 16ub, TT:8; 1868, 19,8,
190, 17:4, 170, 20.4, 18,0,
Average 17.9. Hoot volume 1,200 c.cs.

The results of blood flow determinations have been
expressed as c.cs. of blood flow per minute per 100 c.cs. of
tissue. When a series of observations has to be made it is
highly important that an equal amount of the limb is inserted
into the plethysmograph on each occasion. Thus in the case
of the foot it is not satisfactory to insert for example
1,200 c.cs. on one day and 900 c.cs. on the following day
and to compare the results by dividing the total blood flow
to the part examined by 12 ané 9 respectively. In the
forme€r case a greater smount of snkle and lower end of leg
has been included. ihese tissues have a relatively lower
blood supply while the Toes and distal part of the foot with
its relatively lerge cutaneous surface snd the presence ofl
numerous arteriovenous anastomoses has a large supply. In
examining the foot the upper end oI the plethysmograph has
peen 1ixed at the narrowest portion of the leg immediately
above the prominence oi the medizl malleolus. Wwhen & series
of observations are to be made the level has been marked with
& silver nitrate pencil so that similar fittings of the
plethysmograph may be made on each occasion. When the two
feet are to be compared corresponding marks are made at the
lower ends of the legs after messuring tvhe correct distance
above the tip of each medial malleolus. In many of the
observations on blood flow measured plethysmographically
in the past sufiicient attention has not been paid to the
importance of tissue volume and it has been incorrectly

assumed thsat in a comparative series of observations
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digcrepancies in total volume can be adjusted by expressing
the result as blood flow per 100c.cs. of tissue. Attempts
have been wmade tTo record the flow in tTerms of skin surface,
but, though in the case of the hand this may be more satis-
factory, it is not regarded as sultable for the foot as
this structure contains =2 small proportion of muscle, and
in addition the blood 1Ilow To the skin is not evenly dis-
tributed, that to the toes being much greater than that to
the skin around the ankle. Similarly in investigating

the blood flow through a muscular part such as the calf

the plethysmograph must be placed high on the leg and the
uprer and lower levels of the instrument marked if repeated
observations are required. If 1t slips down towards the
+oot & hizher proportion of bone and tendon will be included
and invelidate the results.

The above points with regard to plethysmnography
have been stressed in some detail as they have been apparently
overlooked by many authorities in meking comparative obser-
vations. rhere are oi course many other points which
require attention if accurate reproducible results are to be
obtained. ‘hese have been emphasised on many occasions
(Lewis and urant 1926, wrant 1938, Abramson 1944 ). in
measuring blood tlows in limbs with obstructed arteries
certain other considerations apply. it is particularly
important in these circumstances to ensure that the venous
occlusion cuff proximal to the plethysmograph does not
occlude small collateral arteries in which the pressure may
be unduly low. In normal subjects it can be shown that the
blood flow readings are constant with a wide variation of
pressures in the venous occlusion cuff, provided that this
is kept at or below the diastolic arterial pressure. the

only etfiect oi reducing the pressure in the cufi is to
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shorten the period of the tracing which is a straight line
(figd7)as the pressure in the veins more rapidly reaches that
in the cuff. The values obtained for arterisl inflow are
usually similar between occluding pressures varying from
40-90 mem. of mercury, as 1is demonstrated in the following
gseries of observations:-

Subject J. W. B. P. 110/80. Foot in plethysmograph at 440°C,

Pressure_in_Collecting Cuff Blood Flow Readings in
in m.m. of lercury. G.08./100 cecs./minute.
90 Mm.m. &l.9, BS5.4, 22.0, 20.4

gU m.m. 24.8, 22.0, 24.7, 25.0, 28.9

70 m.m. 2548, 23.9, BL.8. 24,6, §5.2

60 MeMe Roe0, RIe4, c&.6, 5.8, 24.6

40 m.m. 5.9, R4.2, 24.6, &R.0, &B.4

%0 m.m. 1.0 (unsatisfactory tracing
owing to shortness of straight rise).

In the above experiment it will be seen that there is no sig-
nificant ditfference in the blood flow determinations over a
wide range of collecting cuff pressures. ‘the disadvantage of
usinrg the lower range of pressures is the shortness of the
measurable period of the tracing which considerably affects
the accuracy of the result. At 20 m.m. pressure a distinct
rise occurred but in the form of a curve, and no reliable
readings could be made by drawing & tangent to the first part
of the tracing. At the upper level the readings do not fall off
until at least 10 m.m. above the diastolic arterial pressure.
In cases of arterial disease it is essential 1o show that this
constancy of values at difierent pressures is maintained. O0b-
viously if the small collateral srteries are being compressed
the values for arterial iniiow at tLhe higher venous occélusion
pressures will be reduced (Grant 1988).  In the cases of art-

erial disease no such reduction was found snd the majority of

observations were made with the venous pressure between 50-70m.m.
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of mercury (£fig.6). ag will be shown later there is no doubt
that the pressure in sarteries distal to an obstruction is con-
siderably reduced in comparison with that recorded in the brachial
artery. the reduction however was not sufficiently great to
afiect the accuracy oif the plethysmographic readings. In this
connection it is worth emphasising two points, firstly that a
pressure 1n an artery below 40 an. will not be able to contribute
significantly to the nutrition of tissues if the capillary walls
and plasma proteins are in a normal state, and secondly that
owing to the presence oi pain it is not possible to measure the
blood flow in cases of incipient gangrene and that the observa-

tions have thus necessarily been confined to the relatively mild

n

eg 01 1lschaemia, in which the pressure has not been grogssly

0]

ca
reduced. It will have been noticed that the above observations
on the blood flow in the foot were carried out at 44°C. which is
in many ways an incoavenient temperature to maintain in the ple-
thysmographe. +his temperature is however essential to determine
the maximum circulation in the root. It has been Iound by
repeated observations of many cases tnal the resting blood

flow at 44°C. is freguently higher in a diseased limb than in

an unatiected fellow limb (Sharpey-Schafer 1949). 4 possible
explanation is that in the case of a mild ischaemia an additional
blood supply may be required with the limb at rest to bring

about healing of the minor lesions. The main feature of arterial
diseaseé is however the reduction in the ability of the circula-
tion to develop to its maximum. Thus if the blood flow in a
normsl foot is measured at a locsl temperature of 44°¢. to en-
sure full vasodilstation the flow may be found to have increaged
fivefold above that at 34°C. In the foot with occlusive vas-
cular disease the response will be much more limited and in

many instunces there is no increase at all. It is accordingly
obvious that if comparative measurements of blood Ilow are %o

be made in cases of occlusive vascular disease the maximun
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circulatory capacity of the 1imb must be measured. In the
case of the fTool two methods are availaole. ‘‘he circulation
may be measured with the temperature of the water in the
plethysmograph at 49-44°C, which ensures full vasodilatation
of tue majority of the arteries inough vossibly not oi those
supplying the deepest structures in the foot. This method
nas emvloyed by Xunkel and Stemd (1998). ine second method
1s 10 measure the reactive hyperaemia that developsafter a
period of arterial occlusion (Landowne 194Z%), The arteries
o1 the limb are occluded by a curf applied around the thigh
and blown up to & level above systolic pressure for five
ninutes and the blood flow into the foot after release of the
circulation is recorded at halt minute intervals, until the
previous resting level 1is reached. In this way it is possible
to record the highest blood flow level reached and also to
estimate the period of time during which the circulation is
increased and whati proportion of the blood flow debt has been
repaid. (A0ramson 1941).

Similar considerations apply in measuring the blood
tlow through the upper part of the leg. Liven in patients
complaining of severe claudication pain on exertion the
resting blood flow through the calf measured pletaysmo-
graphically at 34°C. may be found to be within normal limits.
In these cases 1t is not satisfactory to make the measure-
ments at 440C. as this will not bring asbout full vasodilatation
in the deeper arteries supplying the muscle tissue. he
greatest stimulus to dilatation of these vessels is exercise,
and accordingly measurements have been attempted after a
standard period of measured exercise consisting in contracting
the calf muscles To plantar flex the foot against a kanown
weight once per second. As with other authors the results

have been Iound very variable and it has not been possible
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to draw any satisfactory conclusions (Abramson 1944).

It had been hoped 1o make some observations as to the

extent to which the circulation was reduced before claudi-
cation was appreciated, but this was not possible. It
appeared that in many cases the pain resulting from exertion
must have arisen as the result of ischaemia of a small
portion of muscular tissue. The other method of investi-
gating the reduction in circulatory capacity of the ca;f
muscle arteries is to spply the reactive hyperaemia test

as in the foot. This will often show a reduction in the
meximum flow attained in comparison with a hesl thy fellow
1imb, but here again there may be little significant
gifference between those with symptoms of vascular deficiency
and symptom-free limbs.

It will be appreciated that in all the types of
vascular disease open to study by the plethysmographic
method it iz essential to aetermine the maximum circulatory
capacity of the part. In other words, the first feature
of a pathological physiology in vascular disease is a
reduction in the circulatory reserve of the limb. As
the aisease progresses the reserve circulatory capacity is
steadily reduced, but the blood flow &t rest remains within
normal limits. Presumably when pain is present in the limb
at rest and gangrene is developing the resting blood Tflows
are reduced but under such circumstances accurate plethysmo-
graphic tracings cannot be obtained. If any pain develops
in the foot while the records are being made the investigation
should be abandoned, as, under such circumstances, a reflex
Vasoconstriction occurs (Sturup 1935) and the results do not
represent the meximum circulatory capacity of the part. The
aevelopment of pain may be very troublesome while attempting

to measure the circulation in feet at 440(C, In the majority
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of cases of mild vascular disease this temperature can be
tolerated without ill efrect for tihe hour reguired to make
the observations, but in the more severe cases such a
temperature ' cannot be used.s In the latter cases the maximum
circulatory capacity can be ascertained either by applying
the reactive hyperaemia test with the plethysmograph at 34%,
or by raising the temperature gradually in the plethysmograph
in a series of steps. Thus the initial observations are
made &t 540 C. The temperature is then increased to 58°¢G.
and further readings are taken. Thereafter further rises
are made to 40°C.and 42°6. In = normsl 1imb under such
circumstances a steady increase in blood flow occurs with
each rise. In the diseased 1imb there may be 1little increase
after 38° Coor40® C. and the flow at this temperature immediately

before the development of any discomfort may be taken as

the maximum possible. The tigures for the blood flow at

the highest tTemperature reached and for ithe peak of the
flow after reactive hyperaemis are usually remarkably
similar and may thus be taken to represent the maximum
circulatory capacity of the part.

The blood flow through an artery depends chiefly

on the calibre oi the vessel, the pressure within it and the
viscosity of the blood (Poiseuille's law 1843). Qther less
important factors have also heen recognised (Bradley 1948).
Prom the point of view of peripheral vascular disease it is
important to remember that & reduction of pressure in an
artery will not only lead %o & decrease in the rate of blood
flow but will also sffect the pressure within the arterial
ends of the capillary loops and thus if the reduction is
sufiiciently great it will interfere with the nutrition of
the surroﬁnding tisgues. As a study had been made of the

collateral arterial circulation by the methods described in
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the previous section it was particularly desired to measure

the blood pressure in arteries distal to occlusions. In

man this 1s obviously extremely difficult to do by any direct
method and accordingly an indirect approach had to be developed.
Normally the blood flow estimations are made with the foot at
heart level. 4t the same time the blood pressure is mesasured
in the brachisl artery with a sphygmomanometer with the arm
also at heart level. The idea of reducing the blood pressure
in the lower limb by raising the foot of the couch was prompted
by the observation of the prompt development of gangrene in

a limb atter raising the foot of the bed on to ten-inch blocks.
in this case of diabetic vascular disease of the lower limbs
the bed had been raised in an attempt to reduce the inflam-
matory oedema around an area of_infection. The decrease in
arterial inrlow consequent on reduction of the local blood
pressure by gravity determined the onset of gangrene. A
series of experiments was accordingly designed to measure

the reduction in blood flow in the foot that could be brought
about by postural changes in subjects with normal and occluded
arteries in the lower limbs.

It can be ghown that by raising the feet to & height
of 190 m.m. above the heart level the blood pressure in the
arteries of the feet will be reduced by the affectslof gravity
a known amount provided that the blood pressure at heart level
remains constant. Assuming that the specific gravity of
blood is 1.06 and that of mercury 15.6 the reduction may be
expressed in millimetres of mercury &as 190 X %%?g, that is
15 m.m. For the purposes of the experiment the end of the
couch was raised 20 cms. to an angle of 70 and as the
plethysmograph was secured a2t the extreme end of the couch
and the axis of the tilt was at approximately shoulder level

the feet were brought about 19 cms. above the heart level.



For practical purposes the rall in blood pressure brought

about by gravity in the foot was calculated to be approximately
the equivalent of 15 m.m. of mercury. The observations of

the blood Ilow werelmade'with & local temperature of 440C. in
order tTo ensure constant full vasodilatation. vive readings
were obtained with tvhe couch level; the foot was then raised
«0 cms. and a further ten tracings were recorded; <Linally

five readings were made with the couch level. The first and
second series oi five readings served as a check that the

blood flow was constant apart trom the postural change (fig. 9 ).
A comparison of the average of ten readings in each position
was available and the percentage decrease of the blcod tlow

in the elevated pogition was calculated. The blood pressure
in the brachial artery at heart level was estimated in each
posibion. For purposss oi calculation the mean effective
srterisl pressure was regarded as the diastolic pressure

plus one third of the pulse pressure and to record the result
graphically the percentage decresse in mean effective arterisl
pressure in the elevated position was assumed to be given by
the tormula:-

195 E 11606
diastolic pressure + 1/3 (pulse pressure)

llany objections can of course be raised against the
use of this formula. In the first place it has been shown
that when the body is tilted head downwards the fall in blood:
pressure in the femorsl artery measured directly is greater
than can be accounted for by the efiect of gravity alone.
Thus Green and his colleagues (1947) showed that on tilting
the body head down to an angle of 45°C. the fall in femoral
blood pressure occurred in two stages, the first immediate
f8ll being due to Bravily and the second fall to reflexes
arising from the aortic and carotid sinuses. The angle

obtained in the above experiments was only 7°, so that the
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second Tall originating trom reflexes to protect the brain
agalnst excessive pressure 1s probably very slight. Some
controlled observations were made by raising one foot only

€0 cms. and leaving the couch level. The fall in blood flow
under such conditions was strictly comparable to those obtained
by ralsing the whole of the end of the couch. &é however

this investigation arose from a study of the eifects of raising
the foot of the bed on to ten-inch blocks, that is to an angle
of 70 the original method of study by raising the whole of the
couch 7° was continued. By plotting the percentage reduction
in blood flow against the calculated percentage reduction in
grterial blood pressure a remarkably consistent curve was
obtained in individuals without evidence of occlusive vascular
disease (fig.l0/. It will be appreciated that if the arteries
and arterioles behaved as rigid tubes the decrease in blood
+1ow would be exactly proportioned to the decrease in pressure
and the points would be on a straight line at 45° passing
through the origin. Lthe decrease in blood flow is however
proportionately greater than that in pressure, exceptl in the
case of individuals with & gross degree of hypertension in
whom the percentage decrease in pressure on raising the 1limb

is slight and in whom the arteriolar walls are considerably
thickened. The evidence at present available thus suggests
that the proportionafely greater f&ll in blood flow is due

to a partial collapse of the arterial walls with the decrease
in pressure. It will be remembered that a fluid flow through
a8 rigid tube varies as the fourth power of the radius of the
jumen (Poiseuille's law), so that even & small degree of
collapse of the arterioles on raising the feet would account
for a considerable fall in flow. The causs: of the dis-
proportion is however oeing turther investigated by raising

the limbs tvo different heights. The effects of elevating



the foot of the couch in those with occlusive vasculsar

disease will be discussed in later sections.



Pig. 3. Mosso's illustration of his original
plethysmograph. It was used only to record
arterial pulsations. the instrument was sealed
to the forearm by the rubber sleeve A. In
order to record the arterial inflow the addition
of a venous occlusion cuff immediately proximal
to 4 would be required. The chief difficul ty
with this type of plethysmograph is to maintain
a water tight seal at A which at the same time

does not occlude the veins.



fig. 4. Dilagram of the foot plethysmograph.

A connexion leading to volume recorder. B and C
outflow and inlet for circulating hot water to
maintain constant temperature. D dotted .ou‘bline
of latex rubber sock maintained in apposition to
foot by the weight of the water. K thick rubber
diaphragm to allow insertion of foot. I sliding
baffle plates to prevent bulging of rubber diaphragm.
& venous occlus ion cuff. H thermometer. J cellu-
loid wall of plethysmograph. X upper level of
water. The advantage of this type of instrument is
the avoidance of a direct water tight seal between

the skin and the ruober diaphragm.
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Fig. 8. 4 normal blood flow tracing as recorded by

the venous occlusion plethysmograph at 440C, The first
five pulse beats are in a straight line and represent

the arterial inflow up to the point when the venous bed

is fully distended. Thereafter the rate of filling falls
off in a curve until the point when the pressure in the

cuff is released. Time marker 1.5 secs.
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EFig. 6. Blood flow tracings from the foot in a
gsevere case 0I thromboangiitis obliterans. The

first parts of the two tracings with the occlusion

cuff at Y0 mm. and 50 mm. are parallel, showing that
gmall collateral arteries are not affected by this
pressure. With the lower occlusion pressure the
uniform rate oi swelling is not so long maintained

as the pressure in the venous bed more rapidly resches
that in the cuff and.return of bloond beneath the oc-

clud ing cuff sccordingly takes place. Pulsations are
absent in the tracings owing to the obstructions in the
main arteries. On the right is shown the method of
calibrating the instrument, the steps representing o5 c.c.

increments. "he rate oI arterizl blood flow in these

tracings is 3.8 ¢.68./100 c.cs./min. Yime marker 1.0 secs.
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Pig. 7. Blood flow tracings from the foot in a
case of coarctation of the aorta. Plethysmograph
temperature 44°C, In svite of the full vaso-
dilatation pulsations are almost entirely absent.
The extent of arterial rpulsation:in vascular
disease afioras no true indication of the blood
tlow and in this case, in spite of absent pedal
pulses, the flow was 26.5 c.cs./10J0 c.cs./min.

Tine marker 1.5 secs.
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rig. 8. Blood flow tracings from 2 normal foot.
Plethysmograph tempersture 44°C. ‘he left hand
tracing is with the limb horizontal at heart level;
the right hand with the foot of the couch raised

20 ¢m. o an angle of 70. ihe respective blood

flow readings are 16.5 c.cs. and 11.6 c.cs./l0U c.cs./

min. Time marker 1.0 secs.
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Pig. 9. Blood flow readings fromn the foot
of a normal subject with the couech in the
horizontal and raised positions. The esti-
mations were made at half minute intervals

and tne couch was raised <0 cm. at the foot

to an angle of 7°. ‘Uhe degree of variability

of inaividual readings and the reduction in

arterial intflow on raising the couch are shown.
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blood flow in normal and hypertensive subjects is

shown by the black dots. The method of making the
observations is described in the text. It will be
noted that a decrease in blood pressure is accompanied
by a greater percentage decrease in blood flow, probably
owing to an associated passive reduction in the calibre
of the arteries consequent on the fall in distending
pressure. This feature is least marked in the three
grossly hypertensive subjects at the left hand end of
the curve. In them the arterioles were thickened and
less liable to passive alterations in cal ibre. For

explanation of points marked o and X see fig.28.
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Thromboangiitis Obliterans.

It is with considerable difiidence that the title
of this section has been written for it is no easy matter tTo
establish a clear cut diagnosis of this condition on either
clinical or pathological grounds. Un studying pathological
reports on limbs amputated at the ldinburgh iunicipal Hospi-
tals, 1% was found that over a period of three years in a
series of eight cases originally diagnosed on pathologicsal
grounds as thromboangiits obliterans, the diagnosis was sub-
sequently changed to atherosclerosis in six of them after
consultation with the clinician. The difficulties in seps-
rating these two conditions on histological grounds in males
about middle age is so great that some authorities have ceased
to make the distinction (Gery et al. 19%9). They considered
that the pathological lesions or Buerger's disease lacked
speciiiciiy and did not feel that the disease was worth pre-
serving as a separate entity in the genersl group of juvenile
arteritides with which it is identiiied. Hevertheless there
are certain features on which a separation of this group of
cases from atherosclerosis may be attempted, and in general
it is probably convenient to try to maintain the distinction
between them. Thus in the present series 12 cases have been
regarded as thromboangiitis obliterans. The material studied
pathologically has included five amputated limbs, two being
above the knee and the rest below the knee,and two biopsy
specimens from superficial veins. 8lood flow determinations
have been carried out on eight patients, one of whom subse-
quently underwent amputation. In the other four amputation

cases no blood ilow determinations were carried out prior to

operatlon.
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With regard to the msetiology of the condition I
have nothing new to add. the present position has been fully
reviewed by many writers (Allen et al. 1946). From the
present study it is however possible to add contirmation to
the Views expressed by many authorities regarding the deleterious
influence of tobacco (Freeman 1947 ). the rive major ampu-
tations were all carried out in subjects who had continued
smoking. the other seven patients have stopped smoking
entirely and have shown no clinical features suggestive of
progress of the disease. In seversl of these cases accessory
pulses have appeared around the patella and ankle. In four
of them blood flow determinations have been made over a veriod
of a year and maintenance of the previous level or a gradual
increase in flow hag been obgerved. In one patient, studied
over a period of nine months, who has not ceased smoking,
blood flow determinations have shown a slight decrease. The
evidence 1rom such small numbéers is of course far from con-
clusive but &t least lends & 1ittle support to the view that
tobacco smoking tends to 1ead to the progress of the diseasge
whatever its prime aetiology may be. It is also interesting
to note that in the present series seven of the patients were
Jewish and that three oi them were immigrants trom Zastern
Rurope. Little signiticance however should be attached to
these observations for the proportion of Jewish reifugees
attending Stv. Mary's hospital for every type of complaint isg
high. Similarly Buerger's hospital in New York tended to
draw largely on sn uastern Huropean Jewish community. LT is
thus extremely doubtful whether there is any significant
racial incidence of the disease.

In the cases of thromboangiitis obliterans the gross
charscteristics of the vessels varied considerably depending
on the age of the lesions at the time of examination. ‘1'he

occluded segments were derinitely indurated but not brittvle

and their distribution was sirangely localised, the transiiioun



from apparently normal to obliterated artery being singularly
abruptv. In 2ll the cases the earliest lesions were in the
more distal parts of the limbs, a point that was confirmed
poth by the clinical and pathological examinations. The
involvement of the proximal portions of the tibial arteries
and popliteal artery was a late feature, though an extremely
important incident as it frequently induced the onset of
massive gangrene of the extremity. I'he early lesions of
thromboangiitis during the period while this disease is pos-
sibly confined to only one toe are thus frequently overlooked
or misdiagnogsed. ‘rom the point of view of the distribution
of early lesions the following case is of particular interest:-
. il. aged 48 years, a tailor of Polish Jewish parentapge,
porn and educated in England and first seen on 7.6.48, noticed
pain in the right calt about ten years previously. ihe pain
developed after walkxing about half a mile and subsided prompt-
1y on resting. “he attacks lasted a few months and then sub-
gided. He served tiaroughout the war in Burms and undertook
active exertion including playing football and route marches,
without developing any ieatures of intermittent claudication.
The pain in tvhe right calf returned slightly 11 years ago,
but again disappeared after a few months. Three months ago
the right second toe suddenly became blue and painiul &nd
later developed a small septic lesion Which only healed gradual-
ly over a period ol several weeks. There wag no significant
previous or family history. He smoked about 20 cigarettes a
day.

On axamination the second right toe was cyanotic and
had a small dry scab at the tip. When dependent the right
first and second toes were more deenly coloured than their

fellows and on elevation showed a mottled pallor. After

soaking in water at 4590. capillary pulsation was demonstrated



in all the tloe pulps except in these two toes. the femorsl,
popliteal and posterior tvibial pulses were present on both
sides, but both dorsalis pedis pulses were absent. A re-
active hyperaemia test showed considerable delay in return
of the circulation to the right second toe and to a lesser
extent to the right first toe. The return to the other toes
of both feet was not delayed. Plethysmographic determinations
at 4400. gave the following figures for meximal circulatory
capacity:-
R. foot 20.5 c.cs./100 c.cs./minute average of k£ readings:
standard deviation 0.7 c.c. and coefiicient of variation 3%.
L. foot 21.7 c.cs/100 c.cs./minute average of 21 readings:
standard deviation 0.8 c.c. and coefficient of variation 37.
The difference between the two circulations was statistically
signiriocant and was thus probably chiefly due to the obstruc-
tion of the digital arteris in the second right toe. The
reduction in the total circulation to the right foot was thus
minimal and the disease in the foot was limited to the small
digital vessels. oipilarly only small vessels in the calf
can have been involved as the ma jor vessels were pulsating
and the oot circulation as a whole was not grossly impaired.
It will be noticed that attention has been directed
to lesions in the small distal arteries. On clinical grounds
attempts have been made to distingulsh between proximal and
distal types of the disease (Kinmonth 1948). This distinction
is however difficult vo confirm on pathological examination
and in 211 the amputated limbs it has been possible to demon=-
strate some lesions in the digital arteries, though these may
not be extensive. It will be appreciated that symotoms of
ischaemia arise when collateral vessels cannot carry sufficient
blood distal to the obstruction to meet the functional re-

quirements of the part. Obstruction of the popliteal artery
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ig extremely difficult to circumvent, as will be demonstrated
in a later section, and immediately gives rise to symptoas.

In such circumstances minor arterial lesions in the foot may
readily be overlooked on clinicsl examination. the reactive
hyperaemia test demonstrates such obstructions in the toes by
the delayed return of blood to the affected areas and by this
test it has always been possible to demonstrate small peri-
pheral obstructions in cases where the main lesion is situated
proXximally. It is unfortunate that this test is not more
widely used for the demonstration of these small distal lesions
which may be important. They are not commonly present in
atherosclerosis, which involves chiefly the larger arteries,
but irequently constitute the earliest changes in thrombo-
angiitis obliterans. In individuals oif middle age where
distinction between the two conditvions is most difficult,

this difference in distribution of the earliest lesions may
form a most valuable diagnostic point. Apart ifrom the singu-
larly localised nature and peripheral distribution of the
lesions several other features were noted in these cases.

In the most recent arterial occlusions the obturating mass

was red or brown, while in the longer standing it was yellow
and centrally located in contrast to the bulging seen in the
atherosclerotic cases. In the amputated limpbs involvement

of the arteries was considerably commoner than of the veins.
Frequently fibrous tissue spreading out from the adventitia

of the artery encl osed the venae conitantes in a firm cord:

in such circumnstances the veins were often patent, even though
the artery was blocked by old standing disease. On the other
hand the veins might be affected in close relation to a healthy
artery. It was also noted that one vena comitans might
escape entirely while tne other was obliterated with organized

thrombus. It was only occasionally that the fibrosis was



found extending out to include an accompanying nerve, and
in the amputation cases such firm adhesion or artery, veins
and nerve occurred more rarely than in the cases described
by Buerger (19&4).

The earliest histological changes of thromboangiitis
were not seen in the amputated limbs, as naturally the disease
had been present for some time in the majority of the arteries.
Indeed I was unable, even after cutting numerous serisl sec-
tions of arteries in which recent thrombosis had apparently
occurred, to detect what Irom Buerger's descriptions might
be regarded as the earliest chunges. this diificulty has
apparently veen encountered by numerous other investigators.
wery et al. (1949) did not conrirm the acute lesions described
by Buerger who regarded the earliest change as an acute
polymorphonuclear inTiltration oi all the coats ol the vessel.
in the peripheral portions of the clot he described focal
collections of leucocytes - the so-called “purulent foci".

He did admit, however, that these acute lesions could be more
easily demonstrated in superiicial veins which were the seat
of a typical migrating phlebitis. "They are rarely to be
seen in the deep vessels fTor the reason that patients do not
allow amputation until the disease has lasted for months or
years." He claimed however to have shown that the histologi-
cal tfeatures. in the supertficial veins were identical with the
acute 1esi$ns in the deep vessels. It is nevertheless ex-
tremely aifiicult to understand why, if the lesions are
jdenvical, they are notl more readily found in the arteries.

n amputated limbs the majority of the lesions are admittedly
old, but it is usually possibie to find a few recently aifected
arteries; indeed it is freguently a final recent thrombosis
that determines the onset of massive gangrene and amputation

without undue delay. In all the cases studied pathologically



portions of such arteries were taken for serial section but
no "purulent foci" were round. It is noteworthy that in
Buerger's book no iliustrations of "acute lesions™ in sarteries
appear, even though he has described them. A11 the "“ecute™”
illustrations are coniined to veins. do later authorities
have been able tTo detect thege lesions in arteries (Allen et
al. 19&8).

an opportunity of studying the earliest changes in
atfected veins was aitorded by biopsy swpecimens taken from
two patients with migrating phlebitis, complicating thrombo-
angiitis obliterans. BSerial sections were cut fron different
portions of the veins. In a few sections small focal col-
lections of polymorphs were found, but they were not nunerous
and did not constitute outstanding features. llore prominent
were the giant cell formations which are often regarded as
typical of the condition (fig.11). these giant cell forma-
tions were also wore rarely ifound in some of the sections of
arteries in the amputated limb, but they were not so common
as in the veins and I can confirm Leriche's observation that
many sections have to be cut in order to demonstrate them
(Leriche 1940). 'he resemblance of the giant cell formations
to a tuberculous follicle is obvious in the figure, but no
tubercle bacilli could be demonstrated in the sections.
wiant cells of this type are not peculiar to thromboangiitis
obliterans and may occur in =11 types of arterial disease.
'hey were originally described in cases of "spontaneous
gangrene" by werman pathologists (von Winiwarter 1879, Haga
1898, Bunge 1901 ) and have more recently been described as
occurring in periarteritis nodosa (Grant 1940, Miller and
Daley 1946) temporal arteritis (Cooke et al. 1946) and in
other less clear cut types of arterisl disease (Gordon and

Thurber 1946, Scheinker 1945, uwilmour 1941).  The case
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described by 3arnard (1935) as tuberculous arteritis showéd
leslons very similar vo those in figure_3}1. a0 tubercle
bacilli or adjacent source of tuberculous infection were
found and Barnard's case would now fall into the category of
temporal arteritis. It is thus apparent that a diagnosis of
thromboangiitis obliterans cannot be Tounded on the presence
of giant cells a2l one. In the biopsies of the veins the
markedly cellular organization of the thrombus, the increased
number of fibroblasts in the media and adventitia and the
proliferative changes in the intimel coat were the most
pnoticeable features. Ihe mild infiltration of polymorphs
and lymphocytes was generally overshadowed by this rich
cellular organization.

In the amputated limbs several well developed yet
gtill relatively recent lesions were seen. In them there
was a deiinite proliferation of the endothelial cells of the
intimal coat and small focal infiltrations with lymphocytes
were also apparent. wiant cells were very rarely seen even
in serial sections. the lumen was occluded by thrombus in
which extensive organization was taking place with endothe-
1ial cells and fibroblasts. In these arteries the internal
elastic lamina was characteristically preserved intact. the
medial coat contained many dilated capillaries showing con-
siderable endothelial cell proliferation, but the muscle
fibres showed no definite changes in the early stages. By
contrast in the adventitia there was an extensive fibro-
blastic proliferation even at a relatively early period in
the development of the lesions. Qther noticeable features
in this coat were prominent vasa vasorum often showing intimal
proliferation and swollen lining endothelial cells. A
perivascular infiltration of lymphocytes was commonly present.

polymorph leucocytes were intrequently present in the thrombus



and arterial coats, and often they were entirely absent,

even in the apparently earliest lesiongs. It was noticeable

that when they were present there was frequently considerable
tissue ngcrosis or heavy infection in the distal part of the

limb.

In arteries in which the disease had been longer
present there was usually canalization of the thrombus by
new blood vessels with well devel oped endothelial linings.

Some of these new vessels acquired elastic and muscular
vissue within their walls and had a.definitely arterial
gtructure. Uthers, though of siailar size, had no distinct
consolidation of tissue around themn. 4s the lesions pro-
gressed the thrombus became more ILfibrous and less cellular,
pbut the internel elastic lamina and the media remained intact
and well preserved. In gome of these older lesions the dis-
tinction from atherosclerosis sometimes became particularly
difficult ag the fibrous tissue wag densest around the peri-
phery of the thrombus in close relation to the intima and a
picture that in many ways resembled certain types of athero-
gclerosis was frequently produced. sven in these cases
however the striking feature was the relatively large nunber
nf endotheliel cells and fibroblasts which were outstanding in
211 cases of thromboangiiltis.

The process of organization of the original thrombi
was studied in conjunction with Dr. Y. Y. Akrawi. In sccordance
with previous views it was Tound that the vascular supply to
the organizing thrombi came chiefly by capillaries connecting
wi th. the vasa vasorum and penetrating the vessel wall to in-
vade the blood clot (Huecking and Thoms 1887). The blood
clots were replaced by vascular granulation tissue which;,
becoming more fibrous, contracted and allowed for the forma-

tion of small and large blood spaces that gave the fully




organized thrombus its characteristic cribriform appearance.
In gtill older lesions sone of the spaces became surrounded
by elastic coats. iccordingly the following types of blood
channels were to be found in 0ld occluded vessel segnents:-
1. Small capillaries scattered in the thrombus.
2. Blood spaces or sinuses lined by endothelisal
cells only.

d. hlastic coated channels running in the long

axis of the artery.

In the cases of thromboangiitis obliterans the
elastic coated channels in the serisl sections were found to
take origin Iromn small arterial side branches of the occluded
vessel. S5ome of these elagtic coated channels in the thrombus
broke down to give rise to capillaries which were traced
draining into blood sinuses that were lined only by endothelial
cells, varied in diameter between Z00-500 microns, and ran
transversely through the thrombus towards the periphery.

These sinuses subdivided into smaller sinuses, penetrated

the internal elastic lamina, transversed the media and ended
in the vasa vasorum of the adventitia. Buch vasa were
finglly Tollowed in the sections until they Jjoined a vein.
Other elastic coated channels were seen not to divide, but
after running for a variable distance in the long axis of the
thrombus enﬂed'by communicating with one or more side branches.
The elasgstica surrounding these channels was continuous With
the internal elastic lamina of the side branches which they
joinedad. the channels were either fully patent or occluded

py vhromnbus and organization tissue of_a more recent nature
than that occupying the main vessel lumen. 'he gide branches
ware also either rTully patent, partially occluded, or occluded
by the same kind of recently organized thrombus that occupied

the elastic coated channels. 511 these side branches were



peripherally connected with fully patent small arteries. In
general it was noted that occluded segments of artery distant
irom and devoid of patent side branches showed little tendency
to recanalization by elastic coated channels.

In the injected and radiographed limbs the X-ray
photographs showed that stretches of the afiected arteries
were only intermittently filled with the opaque mass. Numerous
well-tilled side branches were however seen in relation to
the portions of the artery containing the injected substance.
After dissection of the afiected parts the main arteries of
the leg were cleared by the Spalteholz method. Lt was thus
demonstrated that channels originating from the side branches
ran through the occluded lumen for some distance. They
either ended blindly by breaking down into capillaries not
filled by the injection mass or by leading into canalizing
channels derived from other patent side branches at different
levels. Histological sections showed that canalizing chan-
nels filled with injected lead phosphate were invariably
surrounded with elastic tissue coats. Often there was no
direct connexion between these canalizing channels and the
ratent portions of the arterial lumen above and below the
obstruction. ‘he majority of the side branches attached %o
the occluded segments were filled with the injected material
that had come through tortuous collateral vessels shown in
the Z~ray photographs (fig.1l6). Qccluded segments distant
from the patent side branches usually did not contain any
elastic coated canalizing vessels but merely small capillaries
and venous sinuseé not penetrated by the injection mass.
Histological sections taken from portions of the artery seen
in the cleared preparations not to contsin injection mass
were never found to contain elastic coated channels.

The examination of these occluded vessel segments
afiected by thromboangiitis obliterans showed that when the

lumen of a main artery was occluded the side branches were



not primarily involved but generslly remsined patent to take
part in the development of the collatersl circulsation. Under
such conditions complex reversals of blond flow occurred.
(Buerger 1924 ). The side branches thus carried blood under
grlerial pressure but the flow came to a standstill near the
attachment of the branch when the main vessel was blocked by
the TUThromous. W/hen the thrombus was invaded by organizing
tissue the arterial bloocd stream eifected a passage through
it. ‘he formation ol such a passage might be helped or re-
tgrded by many factors, such as the efficiency of the collatersl
circulation and the nunver and patency otf the side branches.
The elastic coated channels ended either by breszking down in-
to capillaries or by leading into other patent side branches
at different levels. The functionsof these channels thus
appeared Tto be twotiold. In the first place they helped to
supoly The vessel walls and the tissue in the lumen with
arterisl blood, while the venous-return was affected by the

ginuses as described above. Secondly, the channels formed
shunts between patent functioning side branches and thus
appeared to act as anastomotic links between different parts
of the collateral circulation. In some instances the elastic
coated channels were affected later by the same process that
had originally occluded the main arterial lumen. They became
thrombosed and organized and some 0i them again became re-
canalized by elastic coated channels originating in still
patent side branches. When however the side branches them-
selves became extensively occluded no such recanalization was
evident as the source oi arterial blocd was obstructed.

Blastic tissue appeared around every functioning

arterial lumen whose size peramitted the blood to flow through
it under some pressure. 'he number of elastic fibres and

the thickness of such a coat depend upon this pressure and



the age oi the channel. In the case of the elastic coated
vessels within the occluded arteries it has been demonstrated
that these channels were invariably connected by collateral
pathways with the general arterial system. The new elastic
fibres deﬁeloped first around the channels nearest the side
branches and then gradually spread salong the channel wall as

it peneétrated rurther into the occluded lumen. The new

elastic Iibres appeared to Iorm extracellularly around some

of the connective tigssue cells that were outside the endothelial
lining of the channels. It thus appeared that when these
channels began to carry arterial blood under pressure from

the side branches the elastic producing cells normally present
in the intima of the vessel walls were stimulated to proliferate.
These cells; starting from the intima of the side branches,
spread sl ong the walls of the canalizing channels outside their
endothelial lining. The amount oif elastic tissue thus formed
was proportional to The importance of the channel, its age,

and the calibre of the patent side branches.

The demonstrgtion of these new arterial passages in
thrombosed arteries naturally led on to the next part of the
investigation which was to determine to what extent thrombo-
angiitis obliterans reduced the circulation in the foot before
features suggestive of tissue ischaemia appeared and what degree
of increase oi blood flow might occur a2s a result of the
development or collateral channels. In order to make these
determinations the necessity of measuring the circulation of
the foot at its maximal capacity has been emphasised. Two
pethods have been utilised for this purpose, namely, mneasuring
the blood flow either during the height of reactive hyperaemia
after arterial occlusion or a2t full vasodilatation secured by
exposing the foot to a temperature of 44°C. Using the second
method Xunkel and Stead (1938) concluded that the circulation

in the foot must be reduced at least 50% before features of
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vascular disease became manifest. In attempting to confirm
this finding many difficulties were encountered. in the
first place the disease may be extremely localised and may

for example be confined to one toe snd yet sufficiently severe
in that small region to cause severe symptoms. In such cir-
cunstances obviougly there will be 1ittle difierence between
the maximal circulatory capacity of the normal and abnormal
foot. Thege points were exempliiied in the case . iI. quoted
above.

If however the arterial lesions are at a level above
the foot it is possible to make some estimate of the extent to
which the circulation can be reduced before symptomns appear.
In six cases in whoa obstructive lesions were present above
the foot the highest blood flow obtained in the presence of
symptoms of ischaemia in the foot was 12.5 ¢.c¢s./100 c.cs./min.
The results in these cases may be tabulated as follows:-

Case age Blood Flow_st_440C, Blood #low during

reactive hyperaemia.

H&. 39 - 7.8 c.0s8./100 c.o0s./min. 7.6 c.c¢s./100 c.cs./min.
W.W., 38 18.5 c.0s8./100 c.cs./min,

G.H.R. 86 12.0 c.0s./100 c.cs./min.

J.T. 33 10.2 ¢.6s8./100 c.cs./min.

A, T W, 40 9.8 ¢.05./100 ¢.cs./min. 10,0 c.cs./100 c.cs./min.
P.5. 49 6.0 6.68./100 c.0s./min. 6.6 c.cs./100 c.cs./min.
It can thus be seen that the blood flow must be reduced to
about bO% of maximum before symptoms of tissue ischaemia appear.
This figure may well be too high as it is probable that the
syaptons that develop in the foot are not only due to the oc-
clusions in the arteries above the ankle but also to more
1ocalised obstructions in the arteries of the foot itself. The
gympltoms may thus arise only from a small area of more intense
ischaemias superimposed on & generalised reduction in the foot

circulation. the uneven spread of the colour changes observed
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during reactive hyperaemia certainly suggested that this was
so in the cases studied. It is thus apparent that a very
great reduction in the circulatory capacity of the part is
necessary before ischaemic features appear and the great re-
serve cavacity of normal vascular supply is demonstrated.
During the early stages of obliterative vascular disease the
process consists essentially in a diminution of this reserve
and while this is taking place gsymptoms are absent. When
they do first avvear it is often in an extremely localised
area, for example in a toe through extension of thrombosis
in a digital artery. The locul ised nature of such a lesion
may however be difiicult to determine and this renders any
assessment of the degree in reduction of the blood flow to a
largeé part such as the foot before symptoms appear of doubtful
valiaity. Lven a toe plethysmograph such as that devel oped
by uoetsz (1946) cannot be relied upon entirely as in many
cases, even in a toe, the ischaemia may ove confined to & small
area. WWhen the blood fl ow figures in this series of cases
were plotted against control figures for the respective ages
it was seen that the decrease in the affected feet was con-
giderable and the great reserve of vascular capacity was
clearly demonstrated (fig.17).

Plethysmographic records have been obtsined from
several of the cases of thromboangiitis obliterans over a
period of several months, but during this period there has
peen relatively little change in the maximal circulatory
capacity of the feet, except in some who have ceased smoking.
In these cases tne figures have tended to increase slightly.
ihe tfollowing case may be guoted as an example:-
H. 4. aged 49 years, a garage proprietor, Iirst noticed pain
on Walking in the right great toe in Wovember 1945. The dis-
turbance was transisesnt lasting only a fortnight. During
1946 the right little toe suffered from a siailar atiack, the

skin breaking down and the ulcer healing slowly after s course
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of penicillin injections. During uay 1947 he developed pain
in the right foot after wal king sbout 100 yards. The pain
appeared in the sole of the foot and around the tirst meta-
tarsal and promptly subsided on resting. Further small sep-
tic lesions subsequently developed on the right third and
fourth toes. In addition small red spots have been noticed
appearing aiongthe courses of the veins on the dorsum of the
right ‘foot. No troudble has been experienced at any time in
the left foot and there is no history of claudication in the
ca}ves. He has had no previous ilinesses of note and has
habitually smoked sbout ten cigarettes a day.

He was adnitted to hospital in January 1948 on account
of the pérsistent septic lesions z2bout the toes. These healed
after a course of penicillin and & period of rest in bed. A
hibpsy of a superficial vhrombosed vein presented the typical
1esions 0f thromboangiitis obliterans including giant cell for-
mations.. At that tine the relevant observations-.on the cir-

culation in tihe lower limbswere &s 10lloWs:-

fulses Right Left
Femoral 4 4
Poplitesal - =
Uorsalis pedis % a2
Posterior tibial + i+

The reactive hyperaemia tests gave the following
figures for the time for the flush of the returning srterial

inflow to resch various parts of the two limbs.

site Right Left
Calf 5 seconds. $ seconds.
Heel 15 i 10 4
Base of toes 50 X 19 o
Tips of toes 80 5 25 i

There was thus considerable delay in the right lower

limb throughout its whole length but particularly in the foot.
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Maximal circulatory capacities of the two feet
were determined by plethysmographs at 440C. om 20. 1. 48.
R.foot 7.8c.c8./100c.08./min. L.foot 17.0c.cs./100c.cs./ain.

During reactive hyperaemiz the maximum flow recorded
through the right foot was 7.6¢.¢s./100¢.cs./min.

Un medical advice he entirely gsve up smoking and
his exercise tiolerance considerably improved. Subseguent
maximal circulatory capacities have been ss follows:-

10. 2. 483 R. foot 8.0 c.cs./100 c.cs./min.
2%4. 0. 48 R. foot B.2 c.cs./100 c.cs./min.
L. foot 16.6c.c¢8./100 c.cs./min.
19. 5. 48 K. foot 8.5 c.Cs./100 c.cs./min,
L. foot 18.6c.08./100 c.cs./min.
16. 6+ 48 R. To0ot 9.3 G.Cs./100 G.Cs./min.
2., 2. 49 R. foot 10.5¢.cs./100 c.cs./min.
1+ foot 17.50.68./100 c.Cs./min.

It is of interest that in spite of the considerable
reduction in total circulatory capacity of the right IZoot he
was able to walk ten miles over rough country in June 1943
while following the 1. T. in the Isle of lian. Throughout
the period of observation there has been a slight increase
in the total possible blood flow through the right foot, doubt-
less owing to the development of collateral channels and re-
canslization of'vessels in the manner already described.

The other cases in the series have not had serial
determinations made over such a long period and have been
an@er observation for from two to ten months. In one it was
not possible to continue plethysmographic studies; he con-
tinued smoking, the disease advanced rapidly and amputatioﬁ
was 1inally necessary. In the other cases the subjects have
a1l ceased smoking, but during the time of observation there

has been little signiricent change in the cirgulatory capacities.




The collateral channels sppear to develop more
readlily in cases of thromboangiitis obliterans than in other
types of vascular disease which &ppear in more elderly in-
dividuals. these collateral channels have been shown to be
long and tortuous (fig.16) and it is accordingly not surprising
in long standing cases of thromboangiitis obliterans to find
evidence that the pressure in the arteries of the aifitected
extremity is consideravly reduced below normal levels. This
fact may be aporeciated clinically by noting the extreme pallor
appearing on elevation of the atfrtected ieet. he reduction
in blood f1ow on elevating either the foot of the couch or the
atrtected 1limb has been measured in several cases, using the
technique described in the previous section. The following
case may be studied ss an example of this technique:-

A. W. aged 40 years, a valet, firstv noticed pain and numb-
ness in the right leg during route marches in 194k. Lhe
pain on exertion gradually became more severe and in 1946 he
was experiencing pain in the right foot even while at rest.
Later a similar more severe pain developed in the left foot.
e has hapitually smoked 15-z20Q cigarettes a day.

Un examination the circulation in both feet was
obviously grossly impsaired. There was a dusky cyanosis of
the foreparts of both feet more noticeable on the left side.
iMarked pallor developed on elevation of the feet. o

srterial calcification was present radiologically.

fulses 2ight Left

f'emoral + % $ 4

Poplitesl St ! 4

Dorsalis pedis +. 4 -

Posterior tibial - + (very faint)

After soaking both feet in warm water no capillary

pulsation was visible in any of the toe pulps. Keactive
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hypersenia tests showed a considerable delay in return of
circulation To the whole of the left foot, but in the right
foot the return was prounpt down to the bases of the toes but
thereafter was markedly retarded. Saline and histamine whesal
tests showed evidence of gsevere ischaemia in the left foot.

4 diagnosis of thromboangiitis obliterans was made
in view of thne age oi the patient, the peripheral distribution
of the lesions, the absence of any radiological evidence of
arterial calcification, and the negative fests for diabetes
nellitus and other contributory diseases.

In June 1948 the maximal circulatory czpacity of the
right foot was determined plethysmographically at 440C. and
tound to be Y.7 c.c8./100 c.cs./min. rhat of the left foot
could not be determined at 4400. owing to the severity of the
digeas€ and the danger to the 1life ol the foot at such a
temperature. AL 340C. the blood flow to the left foot was
3.80.08., at 380C. 4.3 c.0s8., and at 409C. 4.4 c.6s. During
reactive hyperaemia the maximal flow wag 4.30.05./1000.05./m1n.
The maximal circulatory capacity of the left foot was thus
regarded as ovetween 4.2 and 4.4 c.cs./100 c.cs./min. A left
lumbar sympasthectomy was carried out later in_the month but
had no effect on the resting blood Ilow or total circulatory
capacity which both‘remained in the range of 3.8 to 4.2 c.cs.
showing that the vessels were incapable of further dilatation.

After bilaterzal sympathectomies postural tests were
carried out ss previously described to determine the eifects
of reduction of blood pressure on blood 11 ow. the prachial
artery pressure during the investigation was 115/80, giving a
mean pressure or 95 m.m. of mercury. Assuming that this
mean pressure holds throughout the arteries the anticipated
decrease in mean pressure on raising the feet would be 16%,

and from & study of figurelu the decrease in blood flow
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anticipated would be approximately 25%. In actual fact the
decrease in blood flow in the right foot was 28% and in the
1eit foot 40%. The actual reduction in blood Flow in the
rignt foot thus corresvonded to about an 18% decrease in mean
pressure. In other words the effective mean pressure in the
grteries of the right foot was sbout 90 m.m. of mercury. A
large reduction wag obviously not to be expected in this foot
as the dorsalis pedis artery was pulsating freely. In the
left foot on the other hand, where only a very faint posterior
tibial pulse was palpable, the decresse in blood flow was much
greater and beyond the rasnge encountered in normal subjects.
for such a decrease 1in flow to occur the actual mean arterial
pressure in the arteries of the left foot was probably approxi-
mately 75 m.m. of mercury.

The above case illustrates many of the fundamental
features of the physiopathology of thromboangiitis obliterans.
in both feet the maximal circulatory cspacity was reduced below
that o a2 normal subject of his age. ihe arteries in the lef%t
100t Were considerably aifrected and even in the resting state
were obviously carrying blood at full capacity. ihere was thus
virtually no response on heating the limb, under the stimulus
of reaction to complete ischaemia, or after a lumbar sympa-
thectomy . In other words the large normal reserve oI the
arterial circulation had been completely lost. The blood
was reaching the left foot mainly through collateral channels
and the pressure in these arteries was considerably reduced
leading to & slow rate of blood flow and a diminished exchange
ot fluids between the capillaries and tissue spaces as shown
by the saline and histamire wheal tests. in the right lower
1imb the popliteal and dorsalis pedis arteries were pulsating
strongly and with this free channel there was accordingly
1ittle reduction in the arterial pressure in the right foot.

The right posterior tibisl pulse was absent accounting for his
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sympton of intermittent claudication in the right cslf. 'The
smaller digital srterioles were alfected on both sides as
shown by the reactive hyperaemia test.

1T will be realised thst by & combination of methods
described above a very full picture can be constructed of both
the anatomical and functional changes that develop in thrombo-
angiitis obliterans. In this way it has been possible to
demonstrate a great deal of the mechanism of the disease. Un-
fortunately this throws little light on the aetiology. Tobacco
smoking undoubtedly hastens the progress of the condition but
seemns unlikely to be the sole determining cause of the onset.
It csn be shown that smoking a cigaretie causes & temporary
reduction in the blood flow to the footl as measured plethys-
mogrsaphically but this reduction is only temporary. The
reduction in thromboangiitic subjects is no greater than that
in normal individuals. Nevertheless the present study has
shown that the most important measure in the treatment of the
condition is o pérsuade the patient to abandon entirely the

tobacco habit.



Big. 11. Biopsy of a superficial vein from
a case of thromboangiitis obliterans. Heveral
giant cell formations of the "tuberculous”

type are shown. The richly cellular organi-
zation of the thrombus is apparent. There is
an inliltfation of small round cells in al11 the

coats but few polymorphs are present. Stain

haematoxylin and eosin. X 120.
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£ig. 1ls. Transverse section of an artery from a case of
thromboangiitis obliterans. The continuity of the channel
in the thrombosed main vessel with a small patent side branch
is clear}y s hown. The condition is long-standing and the

~original thrombus has been replaced by fibrous tissue which

shows no features characteristic of the disease. Stainii

haematoxylin and eosin. X 40.

Pig. 18. Iransverse section of an artery from another case

of thromboangiitis obliterans. Three episodes of thromboan-
giitis have obviously occurred. The last attack has also
involved a small branch which has been serving as a collateral
channel until a relatively late stage in the disease. Weigert's

elastic stain. X 40.
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fig. 14. A portion of the peroneal artery from a
case of thromboangiitis obliterans, injected with
lead phosphate coloured with trypan blue and cleared
by the Spalteholz method. The relation of the

patent channels in the msin vessel to the side branches

is c¢learly demonstrated. Natural size.
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Pig. 15. Portions of arteries taken irom cases of
thromboangiitis obliterans showing patent arterial
channels injected with Indig ink suspended in celloidin.
The connections of new or persisting channels with the
side branches is demonstrated. Subsequent microscopilc
sections demonstrated that the non-injected portions of
the arteries were entirely blocked with thrombus and

contained no new elastic coated channels. Natural size.
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Fig. 16. & lateral view of an amputated limb from a case of
thromboangiitis obliterans after injection of 1lead phosphate.
lhe popliteal artery snd its bifurcation are seen to be un-
aifected by the disease. The patechy nature of the condition
can be seen in the upper parts of the anterior and pogterior
tibial arteries. On close inspection recanalized passages
~filled with lead phogsphate can be discerned lying in the course
of the obturated tibial arteries and their relation to the well
filled muscular collatersls traced. The exceed ingly tortuous

course of many of the collateral arteries is also noticeable.
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Pig. 17. Maximal circulatory capacities of feet
of normal subjects (+) and of those suffering from
thromboangiitis obliterans (x) at the time when the
disease was 1irgt diagnosed. In five of the thrombo-
angiitic cases the disease had affected the major

arteriegs of the feet and the maximal possible blood

flow was greatly reduced. In the sixth case the
circulation was only markedly impaired in one toe and

the total circulatory capacity of the foot was accordingly
not noticeablj affected, In all the thromboangiitic
cases the circulation in the more affected 1limb only has
been plotted. In the normal subjects it will be noted
that the maximgl circulatory capacity tends to become

reduced with advancing years.
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Fig. 18. Response of the circulation in the

foot to local heat. The continuous line represents
the changes observed in a normal subject. ihe
interrupted and dotted lines are taken Irom two
severe cases of thromboangiitis obliterans in whoa
the circulatory reserve was almost entirely abolished
as shown by the insiganificant incredase in blood flow
on heating the water in the plethysmograph. It was
not considered advisable to raise the local tempera-
ture in these cases to 44°C. The blood flow during
reactive hyperaemia did not exceed that obtained at
400C. and the flows at this temperature were accord-
ingly taken as the maximal circulatory capacities of

the feet.
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Pall IV,

atherosclerosis.

The lesions associated with the development of
atherosclerosis are exceedingly complex and still occasion
much dispute as to their interpretation. It is not proposed
to enter into a discussion of the nature of the earliest
lesions and it is sufficient to state these are the atheromas,
the small slightly elevated yellow plaques and streaks which
can be seen on the intimal surface of the arteries.  These
elevations constitute definite thickenings of the intima and
consist of connective tissue and fat-laden phagocytic cells.
a8 the disorder progresses these yellow patches grow larger
and tend to become confluent, developing particularly on one
side of the artery rather than concentrically. These early
atheromatous lesions have 1little effect on the function of
the arteries, but they are sluost invariably present to some
degree in all male subjects beyond middle age. 4s they be-
come more extensive in older age it is possible to demonstrate
& corresponding reduction in the maximal circulatory capacity
of the foot (fig. 26). Similar observations have been made
on the reduction in the blood flow through the hand with ad-
vancing years (Pickering 1936). In snite of this reduction
in the blood flow the features of arterial disease do not
usually appear until the atheromas become complicated by
superimpogsed thrombus formation. The patient thus usually
first becomes aware of symptoms following the obstruction of
one of the larger arteries in the lower limb.

In all the amputated limbs there were advanced
atherosclerotic lesions but as the features were so varied
it is difficult to give an all-embracing description. It
is accordingly proposed to concentrate on certain features
that aroused special interest. In the intima the advanced

atheromatous lesions consisted of large areas of relatively
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acellular substance having & somewhat hyaline appearance with
irregular deposits of cholesteral and fatty acids, occasional
patches of fibroblasts and irregulsr collections of foamy
lipophages in various stages of degeneration. Small capillary
channels, often surrounded by lymphocytes, were freguently seen
in the deeper parts of the intima and sometimes they attained

a relatively large size, particularly when the original lumen
was greatly reduced in calibre. Haemorrhages in the deeper
part of the intim were'frequently seen arising from these
small vessels. They were only seen in advanced cuses and were
apparently late manifestations and not concermned with the ori-
ginal development of the atheromatous lesions. They were im-
portant in that on occasion they were seen rupturing inwards
through the degenerate intima and had thus paved the way for
the development of thrombosis.

Lhrombosis was an almost invariable accompaniment of
atherosclerosis of any degree of severity. The earliest
thrombi appeared to be of the mural type and in some fortunate
sections their origin could be traced to haemorrhages deep
within the intima. In many cases however these appearances
were deceptive. The orgsnization of thrombus within atheros-
clerotic vessels was extremely slow and irregular, and the
thrombus usually became agglutinated and fused into a hyaline
mass long before organization tissue had penetrated at all
deeply. It was of ten difficult to determine how much of
the ocecluding mass was old thrombus and how much atheroms, as
the histological apoearances were essentislly similar. A
gmall island of thrombus, which had undergone fusion unduly
slowly, might persist in the midst of the hyaline materisl and
consequently give the appearance of an intimal haemorrhage.
Duguid (1946) drew attention to the appearances resulting from
mural thromboses in the coronary arteries and pointed out that
meny of the lesions classified as atheromatous were really

grterial thrombi which by ordimary processes of organization
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eventually became transformed into fibrous plaques. Cer-
tainly in the cuases gstudied many instances of what were at
first sight intimal haemorrhuges proved cn further investiga-
tion to be the results of irregulsr fusion of the thrombus.
These thrombi were undoubtedly prone to softening with fatty
degeneration, while the intimal haemorrhages underwent similar
changes. The latter could only be diagnosed with certainty by
their deeper position in the intimsa and their relationship to
an intima]l capillary vessel. Many of the atheromatous patches
found in the arterial thickenings appeared to be a result of a
combination of both these processes. The thrombus and intims
were usually relatively poor in cellular tissue even in old-
gtanding cases in which recanalization hsd occurred. Thisg

was the characteristic differsnce between atherosclerosis and
thromboangiitis obliterans, but it was not slways present(fig.20)

Changes in the internal elastic lamina were character-
jgtically vnresent esrecislly beneath the deeper atheromatous
plaques. In such positions the sl terations consisted in
fragmentation, interruption, or fraying qf the lanina into
gaveral thin layers which frequently united again at ihe other
side of the plaque. The fragmentation of the internsl elastic
lamina was occasionally associated with spread of the athero-
matous process into the medis.

The me@ial coat of the artery often showed survricingly
little change when it was in relation to a relatively early
stage of the formation of an stheromatous plague. However in
the more advancerd lesions changes ware freqguently observed in
the media nf the arteries of the amputated limbs - =2 marked
contrast to the features often found in the coronary arteries
in the caseg of myocardial infarctions. The muscela of the
med ia was frequently fragmented or thinmed with replacement by
fubrous tissue or calciun deposits. lore striking were the
inilammatory changes that were oiten present around the degenersa-

ting: mugcle. These consisted in Tocal accumulations of



lymphaggtes and occasional polymorphs usually aggregated around
dilated vasa vasorum that had developed in the media (#ig. 19).
The significance of these changes has been difficult to assess,
but they were observed especizally Iin relation to obliterated
arteries, though not restricted to this condition entirely.
dowever, when the lumen was patent the lymphocytic collections
were not so marked. In the thrombosed arteries, the foei of
small round cells typically had a perivascular distribution in
that a small vegsel was found within their midst. such foci
were traced extending in rows of cells between the more cen-
trally placed muscle fibres of the media snd gseparating them
considerably. In addition there was often an increased number
of migrating cells scattered here and there throughout the
middle coat.

Most authors have described these leucecytic infiltra-
tions in atherosclerosis of the arteries of the iower limbs
and remarked on the fact that they are not nearly so commonly
observed in atherosclerosis of the visceral arteries. Hgne
hag expressed any definite opinion as to their significaﬁce.
wery et al (1949 ) described leucoGytic infiltrations and giant
cells (fig. 21) in such conditions, but stated that they had
no gpecific character and were found at all ages and in every
type of constricted artery. In the present series of cases
these medial inflammatory lesions were particularly noticeable
in one case in which extensive infection had been present, but
they were later found iﬁ cases in which the skin was entirely
intact. The possibility arises that they might be due to &
mild infection, but this seemed unlikely for several reasons.
An infection from an ulcerated area would presumably have
spread by the perivascular lymphatics and would have involved
at least equally severely the adventitial coat. furthermore,
no continuity of inflammatory reaction could be traced along
the arteries from any ulcerated area, and, as previously men-

tioned, these changes occurred quite apart from infected



cutaneous lesions. The possibility that infection might be
conveyed by the blood stream must also be congidered. If

it were from within the lumen the absence of inflammatory
lesions in the intima is difficult tc explain, If it were

by way of the vasa vasorum the escape of the adventitia seems
strange. In short, the evidence is against the inflammatory
infiltrations of the media being regarded as a response to -
bacterial infection. It might be possible to observe experi-
mentally in animals the response of an artery to infection
with non-virulent organisms. In this connection, hoWwever,

it should be noted that the arteritides that sometimes develop
in gubacute bacterial endocarditis are of quite a different
nature, being essentially a panarteritis.

The collections of lymphocytes were always most no-
ticeable around degenerate muscle fibres or in the region of
plaques of medial calcification. The function of the lympho-
cytes is not fully known and, apart from infection, it is dif-
ficult to afford an explanation for the ir presence. Never-
theless it seems that necrosis of the musculature might
attract them in much the same way as when they appear in a
myocardial infarctafter a few days. Thrombosis within the
lumen may well aitfect the nutrition of the arterial wall,
hasten the degeneration and necrosis of the musculature of
the media, and thus lead to the attraction of the lymphocytes.
4dnother possibility is that the lymphocytic infiltrations may
be concerned rather with the development of the thrombosis
but, though lymphocytes in smaller nuumbers have been observed
in the media of patent arteries, there is 1little to support
this view. The truth is that 1little is known about the rea-
son for, or the function of, these collections of lymphocytes.
A study of the cases has indicated that they are in some way
connected with the thrombotic process whicﬁ is such a vital
factor in determining the onset of gangrens. They may thus

be of considerable importance and are certainly worthy of

further study.
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The adventitia in atherosclerosis frequently showed
no definite changes, but in & proportion of cases, especisally
those with thrombosis, there were irregular patches of
fibrosis and small collections of lymphocytes around markedly
congested vasa vasorum. LThe fibrosis was never marked and
did not extend out to include the veins or nerve.

The veins in the cases of atherosclerosis did not
all show consistent changes, but a common finding was & mild
endophlebitis with thickening of the intimal coat, dus to
connective tissue hyperplagia. Cases in which venous
changes were marked were complicated by purulent infections
in the feet or by subcutaneous thrombophlebitis in the atro-
phic skin over the tibia.

The above remarks have applied chiefly to the main
vessels of the lower 1imb down to the dorsalis pedis and
plantar arteries, but mention must also be made of the changes
in smaller arteries such as the digital and its branches.

In some cases the digital artery showed changes characteristic
of the disease in the main vessels. Often however the lesions
in these small vegsels were not specific, and if they alone
were 2vailable for examination, the diagnosis was diffioult.
In such circumstances, the lesions were reactions to a slowed
blood flow, a type of endarteritis obliterans showing definite
proliferation of the intimal cells with occasional small col-
lections of lymphocytes in isolated portions of the artery
where cellular proliferation was most marked. In the adven-
titia, there were also sometimes small collections of lympho-
cytes around the vasa vasorum.

In studying the present series of cases special atten-
tion has been paid to the popliteal segment of the arterial
tree as there are many indications of its importance in the
development of obliterative arterial disease. Buerger (1924)

in particular has emphasised its key position with regard to
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the blood supply of the 1limb and his observations have been
confirmed by numerous subsequent authorities, e.g. Allen et
al (1946), Learmonth et al (1944). With these points in
mind it is profitable to consider the cases in which there
was definite evidence of obstruction at this level either in
the amputation specimens or on unequivocal clinical grounds.
out of the 45 cases regarded as atherosclerotic vas-
cular disease there were 18 amputations performed at the mid-
thigh. Of these three were cowplicated by diabetes and will
not be considered at present. In sixteen of the amputation
cages there wag definite evidence of recent obstruction of
the popliteal segment as shown by the presence of adherent
red thrombus. This acute blocking of the artery was the
event that necessitated the amputation. In the ma jority
this was a simple thrombosis developing within the lumen of
& grossly atherosclerotic artery and the process could
usually be traced proximally, either from old atheromatous
obstruction at the bifurcation of the artery, or from a
bulging atheromatous plaque at a slightly higher level (fig.
23) . In these cases of recent obstruetion by blood clot,
it is frequently impossible to decide whether the lesion is
either entirely a primary thrombosis or embolism complicated

by secondary thrombosis. This point particularly arose wWhen

aur icular fibriilation was present, as in four of the cases
studied. In those coming to amputation it may be possible,
if the occlusion is very recent, to dissect out a definite
embolus, but if it has been present for more than a few days
this is usually iampossible. In none of the amputation spe-
cimens was it possible to isolate an embolus and as local
arterial disease was present at the site of obgtruction it
was thought that the lesion was thrombotic in all the cases.
In two only of the atherosclerotic amputation cases

no acute obstruction was found, though in all the lumen was
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grossly narrowed by disease. In one of these there was a
spreading suppurative cellulitis in the foot which was the
chief factor determining amputation. In the other, though
no recent thrombosis was found on dissection of the vascular
tree, it was noted at operation that the artery at the point
of division was not pulsating, but that a femoral pulse was
present in the groin. as there had been a recent severe in-
crease in ischaemic pain all the available evidence pointed
to an acute thrombotic event in the femoral artery somewhere
immediately above the point of section. ¥rom a study of the
atherosclerotic series of cases it was thus apparent that when
a2 1limb succumbed to the mortifying process, the usual finding
in the vascular tree was s recent thrombosis which acted as
the final precipitating factor. When such a finding was
absent there was invariably some other explanation which fre-
quently took the form of a marked increase in the circulatory
demands of the limb resulting from infection. Depressed cir-
culation, either as a result of a cardiac disorder such as
auricular fibrillation or surgical shock following operation,
may 8lso play a part in determining the onset of ischaemic
gangrene.

The development of aneurysms of the popliteal artery
is a well recognised complication of advanced atherosclerosis.
Thrombosis is & common event in aneurysms and such an event
may well prove the precipitating factor in the development of
gangrene. It was noted in two of the cases in this series.
In one the condition was not suspected clinically but on dis-
gection of the amputated limb recent thrombosis was found in
a popliteal aneurysm. (¥Fig. &&). In the other an aneurysm
was palpable during life, at first pulsating, but later the
gudden cessation of pulsation was noted by the patient and
signs of ischaemia in the leg and foot became apparent. The

limb however survived and measurement of the maximal blood



flow through the affected foot two years later gave a figure
of 6.5 c.c./100 c.c./min. Syphilis as & cause of aneurysm
was excluded in both these cases. Aatherosclerosis is indeed
practically the sole cause of aneurysm in the popliteal artery
in those more than sixty years of age (Allen et al 1946).

In this connection it is interesting to note that in the
second case mentioned above the patient had multiple choles-
teomata on the bony prominences, hypercholesterolaemia, and s
past history of thromboses in the coronary and cerebral arte-
ries. The tirst case came to post mortem examination and
advanced atherosclerosis of all the larger arteries with
sneurysms on the internal iliac arteries were found. It is
difficult to understand what determines the site of develop-
ment of these aneuryswms. The artery in the popliteal space
has less protection by muscles than the arteries in other re-
giﬁns of the lower extremity and also it is subjected to fre-
quent bending. It is possible that this repeated strain on
a digseaged artery is a factor in weakening the wall to the
stage at which dilatation takes place. Thrombosis is the
common complication in such aneurysms; rupture is rare.

In many of the cases on gross dissection of the arte-
rial tree small haemorrhages were visible in the intima. In
some it was possible to trace a continuity through a rupture
in the intima between the haemorrhage and thrombus within the
arterial lumen. In one amputation specimen this appearance
was very striking and was the apparent cause of an acute ob-
struction in the popliteal artery. This intimal haemorrhsage
had spread over a distance of about 5 cm. and had formed in
reality & small dissecting aneurysm. The elevated intimal

layer almost completely blocked the lumen. another interest-
ing point concerning this finding was that the patient had
been receiving anticoagulant therapy in the form of dicoumarin

shortly before the amputation. This is the only case in the
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series ol amputation specimens in which dicoumarin had been
given, though a few had previously been treated with heparin.
Obviously it is a theoretical possibility that dicoumarin might
increase the 1liability to large intimal haemorrhages wnich play
a part in the developuent of atheromatous plagques and arterial
thromboses. It is accordingly highly important to have pre-
cise iniorwmation on the action of dicoumarin inm this respect,
but no definite conclusions can be drawn irom 8 study of this
one case. Wrignt (1946), in studying coronary arteries in
cases 0l myocardial infarction treated with dicoumarin, found
no evidence of 1lncrease in nuaber severity, K or extent of intimal
haemorrhages as 4 result of the therapy.

the importance of the popliteal segment of the arterial
tree in the final development ox gangrene of the extremity has
peen fully demonstrated. ‘The difiiculties in circuaventing
an obstruction in this artery have long been known from surgi-
cal and experimental practice and have been fully studied. In
the 18th century John Hunter observed the changes that ensued
in the circulation after experimental ligation of an artery.
Porta in 1845 demonstrated the developuent of collateral avenues
from small pre-existing channels and in 1919 Bolognesi confirmed
and extended these observations by experimental ligation of the
external iliac artery of dogs. The animals were killed after
varying periods of time and the vascular systems of both
ligated and control limbs were studied by dissection and X-ray
arteriograpny. aven at that time this was nc new method, for
grteriography is almost as old as radiology itselt, as it was
only about eleven weeks after Roengten's discovery that Haschek
and Lindenthnal in 1896 reported the radiographic visualization
of the arteries of an amputated forearm following the injection
of a radio-opaque substance. It has provided one oi the chief
methods for the.stady of the development of a collateral circula

tion in obliterative arterial disease. The amputations
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necessitated by the development of atherosclerosis of the
popliteal artery were performed at the mid-thigh and the proxi-
mal origins of possible collateral arteries were not included

in the specimens. It was thus not possible to investigate in
any detall by an injection method the response oif the vascular
gystem to obstruction in the popliteal artery. In meny cases
in 1itfe however 1t is possible a few weeks after an acute ob-
struction of the popliteal =rtery to detect an accessory pulse
present at the medial side of the patella due to enlargement

of the small artery accoupanying the saphenous nerve. Anstomy
text books describe the circumpatellsr anastomoses in the_reginn
of the knee joint. Lhese channels, though sufticiently large
for anatomical disgection in a normal subject are few in number
and often do not suffer when sudden occlusion of the popliteal
arter} eceurs. Multitudinous small muscular branches aprear

to be more imvnortant in obliterative vascular disease in
forming collateral channels than the larger and discrete anasto-
motlc branches nourishing tendons;fascia and bone. ihe popli-
tesl artery, lying in the midst of tendons has practically no
muscular branches and, when obstructed, cannot easily pe by-
passed. Surgical experience acquired iIrom deal ing with Wounds
of arteries has shown that in healthy adult males it is possible
to tie off the common femoral artery without much risk to the
limo. Ligation of the femoral below tne proiunda branch is
dangerous, while ligation of the poplitegl artery 1s irequently
followed by gangrene.

While the dangers oi a couplete obstruction of the
popliteal artery are thus obvious the significance of this
segment in the early development of atheromatous lesions is
not so aoparent. Is this artery the site of predeliction for
the development of atheromatous degeneration in the lower 1imb?

It has been suggested that the point where the artery passes
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through the adductor hiatus might be peculiarly exposed to
trauma and congequently predisposed to the development oif
disease in this region. ihe localization of srterial degenera-
tion is usually patchy and difiicult to 4ssess. Concerning
the sequence and irequency in which this process affects the
arteries there seems to be little or no unanimity of opinion
and the aegree and site of involvement of the several arteries
of a 1imb appear to follow no known laws. This distribution
was studied to =z iimited extent by dissecting out the femoral
and popliteal trunks in 40 routine autopsies irrespective of
age and sex. Bpecial atiention was directed to the vessel
wall in the region of the adductor hiatus. In four cases
early atheromatous degeneration was found in this region while
the rest of the arterial tree in the limb was free from disease
and in particular no abnormal itiss were present in the femoral
arteries. In five cases no atheroma was aprarent, whilst in
the others one quite definitely gleaned the impression that the
lower part of the vopliteal, esvecially immediately above its
bifurcation, was more heavily involved in the degenerative pro-
cess than the upper part of the poplitesal and femoral arteries.
This is ia agzreement with the views of Buerger (1924 ). in
this small series there was no evidence that the tendinous
margins of the hiatus played any part in the production of the
lesions.

The lower part of the popliteal artery presents certair
features that may well predisvose to the development of athero-
natous degeneration. The artery, by pessing over the kriee
joint, is eHPOSGd to strese and possible trauna during locomo-
tion. It is relatively unsupoorted by muscular tissue, pas-
sing through & predominantly tendinous region. the femoral
értery where it is buried in muscles itends to escape. There

is some evidence that the supnort of muscular tissue mnay tend
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to retard the devel opment of atheroma. hus the surface
coronary arteries guiier heavily from atheroma while the
branches within the myocardium are relatively free from in-
volvenent. The subeclaviaen artery, not surrouaded by muscle,
1s 2 common gite of atherona while the brachial usually es-
CADES. In these instances there is of course the additional
factor of differences in cal ibre. jevertheless the relatively
high incidence of atheroma in the more distal and narrower
popliteal artery in comparison with the femoral is thus 311 the
nore striking.

It is notewor thy that the lower vpart of the poplitesl
artery has relatively ifew small branches in comparison with the
upper part, and, as the vasa vasorum arise from these branches,
there may nore readily develop some sbnormality in the nutri-
tion of the vessel wall. The mechanism of blood suprly to an
arterial wall is still in dispute, but the conflicting views
since 1875 have been fully summarized by Ramsey (1936). Now,
as in 1875, three possible mechanisms must be recognized: namely
nutrition through the vasa vasorum; nutrition from the lumen
of ﬁhe vessel: or nutrition by way of a canal system communi-
cating directly or indirectly with the vass vasorum or the
lumen. It is gtill impossible to state categorically which of
these mechsanisms or what combination of them are operative, or
what role is piayed by the lymphatics. The general opinion is
that the intima is nourighed from the lumen and the outer part
of the media and the adventitia by way of the vasa vasorum, but
thexre is an incressingly firm conviction that none of the "rigid

theories is entirely adeguate and that the mechanism of nutri-
tion may conceivably vary in difierent types of vessel and under

hysiological and pathological conditions. Winternitz and his

=

agsgociates (1938) drew attention to the importance of haemorr-

hages from small vessels in the intima in the production of



athe;amdtous lesions. It ig now, however, generslly considered
that these heemorrhages are not prime zetiological factors in
the development of atheroma, obut only secondary features con-
sequent on the degenerative chunges (Hueper 1944 ).

following the Winternitz technique of injection and
clearing, a study was made of the vasa vasorum of the popliteal
artery from the point of view that vossibdly either local ized
pressure Irom the margins of the adductor hiatus or exposure
to trauma in the popliteal gpace night have led to the develop-
ment of sbnormal intimal vessels before the gross lesions of
atheroma spveared. The injections were c¢arried out by the
technigque previously described in detail on 15 specimens of
femoral-popliteal trunks. Seven of these gpecimens showed
naked cye atheromatous patches of varying degrees of severity
and in all of them it was posdble to demonstrate numerous in-
timal and medisl capillary channels (fig. 25). By contrast
eight apparently normal femoral popliteal segments taken from
subjects varying in age from 15 to 64 years contained no
demonstrable capillary channels in the intims gnd media. In
this small series the results did not indicate any abnormality
in the vasa vasorumn of the popliteal artery which night account
for its incereased Yiability to atherosclerotic dieease.

From 2 study of the pathological anatomical material
available it Qppeared that the eariiest lesions develoved at
the bifurcation of the poplitesl artery. These atheromatous
changes, however, did not usually at their onset occasion any
gymptomns. It was devel opment of tlrombosis spreading proxi-
mally up the popliteal artery that commonly necessitated the
amputations. This complication was responsible for the
majority of the celinical Teatures. the disturbances in the
circulation occusioned by the development of atherosclerosis

and thrombosis remain to be considered.



In general a deficiency of blood supuly to @ lower
exirenity is manifested by either ihe development oi inter-
mittent claudication or cutaneous lesions which fsil to hesal.
It 1s now generally agreed that intermittent claudication is
due to the accupulation of muscle metabbplites owing to defective
blood supply (Lewis 1932). 4 gimilar mechanism applies in
the case of sngina pectoris and in these cases it is often
possible to demonstrate pathologically a fibrosis of the myo-
cardium secondary to the disordered coronary blood flow. The
question naturally arises as to whether a similar fibrosis
mgy develop in the muccles of a lower limb in which the pain
of intermittent claudication has been experienced. With this
in view & gmall portion of the extensor digitoruan brevis was
taxen for histological section from limbs amputated on account
of atherosclerotic gangrene. In all cases it was possible to
detect minor changes similar to those described by Blackwood
(1944 ). These consisted in slight swelling of the muscle
fibres and loss of the sarcolemmns nuclei. Ocecasionally somne
gl ight replacenent of the muscle cells by fibrous tissue was
noted out this was not a prominent feature in any of the cases.
411 the availlable evidence pointed to the conclusion that inter-
qpittent claudication night be a prominent feature in the 1imb
without any resulting fibrogis of the muscular tissue as re-
vealed by a study of the extensor digitorum brevis. It
might be objected that claudicstion pain is not commonly re-
ferred to the region of this muscle and that accordingly it
was not suitable for such a study. i1t is however a small and
convenient muscle for study in that a representative and com-
parablé part in ditfterent cases can readily be taken. Iloreover
being situated in the distal part of the extremity it was con-
sidered more likely to show histological changes than the more

proximally placed czli muscles from which it would be difficult



1o choose a representative portion.

The principles of measuring blood flow in the lower
limb by the plethysmographic method have aslready been described
snd discussed. The necessity for measuring the maximal vpos-
gible 1low through the part has veen stressed, for if the flow
through the foot is determined at the usual resting level no
signiticant difference is found between normal and moderately
affected feet. 4g it is known that atheromatous disesase in-
crezses in severity with advancing age a determination of
maximal oot blood flows were accordingly made in male subjects
of differing ages. It was found that in elderly men there
was an appreciaovle reduction in the circulatory capacity of
the foot even though no c¢linical features of vascular in-
sufiiciency were present (fig. 27). as the blood pressure
in these subjects was within the normal range it was concluded
that the reduction in maximal flow with advancing age was due
to narrowing of the arteries conseguent on atherosclerogsis.

No subjective or oojective features of arterial insufficiency
were noted in individuals with a maximsl circulatory capacity
greater than 1% c.cs./100 c.cs. of foot tissue/min. (Fig. 26).
48 has been described above in the account of the
pathological snatomny tne most importsnt coaplication of
atherosclerosis in the lower limbs ig tlhrombosis in the popli-
teal artery. 1f the thrombotic process is restricted to one
limb, the unaffected limb, provided that it is free fron
features of arterial insufficiency, can be used as a control
for estimations of blood 11 ow. It is Ireqﬁently surprising
how large the circulation through such & 1limb may be though it
also is presumably afiected by atheromatous disease. The
ma jor factor in the reduction of the circulation in the affected
1limb is thus the thrombosis, an event usually evident from the

¢linical history. these points are well illustrated in the



following case:-

J. @., age 49 years, a tailor by occupation, developed
typical intermittent claudication in the right leg 1} yesars
before being seen. ihe onset was relatively sudden, coldness
and cyanO0sis appearing in the ioot one evening. The pain on
exertion has continued in the leg. No angina pectoris. o
syaptons referable to the left leg. On exzamination he was

obese. Heart norwmal, B.P. 160/85.

fulses fight Left
femoral i +
Popliteal = +
Posterior tibial - .
Dorselis pedis - +

Ho glycosuria; normal glucose tolerance curve.

Blood cholesterol 210 mgm.%. Blood .Hb. 110%. X-ray legs
no calc¢ification of arteries.

Diagnosis: =Right popliteal thrombosis secondary
to atherosclerosis.

Plethysmography: Maximal blood flows (averzges of
s0 readings. Coefiicient of variation 4%).

Right foot 10.8 ¢.06s5./100 ¢.cs. foot tissue/min.

Left foot 17.0 c.cs5./100 c.cs. foot tissue/min.

It is to be noted that the blood flow in the left foot
is probadly at the lower 1imit oif normal for & man of his age,
while that in the right foot is considerably reduced consequert
on the popliteal thrombosis.

Three other similar cases have been studied and in all
of them tne maximal blood flow in the sympton-free limb was
within normal range while in the limb with the thrombosis it
was considerably reduced (fig. 27). atheromatesis is usually
tfairly uniformly distributed in corresponding lower limbs and

in these cases it has caused 1little reduction in blood flow.
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"he reason for the development of ischwemic features has been
the complicating thrombosis superinnosed on an atheromatous
planue. In cases with elinical evidence of igchsemia in both |
lower limbs 1t seems probable that a similar mechsnism is at
work, the reduction in blood flow being chiefly caused by
Thromboses developing on atheromas, but in them it is impossible
to ascertain the state of the circulation before these conpli-
cating thromboses occurred. o case in an atheromatous indi-
vidual has yet been gtudied in whom & definite thrombosis has
sppeared at a later date than the initial plethysmographic
readings. It will readily be seen that these conclusions

drawn from these plethysmographic studies contirm the opinions
formed as & result of disgection of the smputated limbs in

which popliteal thrombosis was the nsual reason for the develop-
ment of gangrene.

It sonetimes happens that cl inical features of vas-
cular disease otf the lower limbs develop though the periphersl
pulses are palpably entirely normal. Nutritional cutaneous
disorders may appear in the toes of individuals suffering from
thrombosngiitis oblitersns and diabetic vascular discase in
the presence of normal pedal pulses. In such cases the lesions
are confined to the smaller digtal arteries and srterioles.

In my experience such entirely distal lesions do not cccur in

pure atherogclerosis. In elderly subjects free from dlgbetas,

gangrene of a toe is invariably due principally to disease

high np in the limb and not to local digital artery obstructions.
un the other hand intermittent claudication in the calf muscles
may occasionally develop in atherosclerotic gsubjects without

any definite abnormality in the poplitesl, posterior tibial,

and dorsalis pedis pulses. In these cases the mechanism is

apparently a thrombosis either in the large peroneal branch of

the posterior tibial artery or in the posterior tibial artery
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itself with the establishment of a collateral filling of the
artery at a lower level beiore the ankle region With its pal-
pable pulse is reached. It must be empnasised that the pul-
gations in an artery are no indication of the amount of blood
that is 11 owing through the artery. thus iﬁ coarctation of
the aorta the lower limb pulses are either absent or grossly
diminished and yet the maximal blood flow in the foot is at a
high normal level (fig. 7). Conversely in these cases of
vagcular disease the presence of pedal pulses does not neces-
sarily imply that the foot circulation is normal. In a1l
cages ot individuals sufiering Irow intermittent claudication
in the calf, whatever the state of the pedal nulses, it has
been possible to demnonstrate a reduction in the circulatory
capacity of the calf blood vessels. the resting blood ilows
are usually within the normal range but, when the reactive
hypersemia test is applied, the defect is readily revealed.
Thesé points are well shown in the following case in which
the clauwdication was coniined to one limbs-

C. J. P., age 50 years, & corn merchant, developed
in June 1947 a sudden aching vpain ian his right cali, like
cramp, Wwhile walking up a steep bank on the golf course. The
p2in was prompily eased by stopping, bﬁt recurred every time
he walked fast or up an incline. He had never had this pain
before and had had no pain earlier on the course, thouzh the
first part was equaily hilly. Nothing abnormal was noted in
the foot. He has had the pain ever since, the amount of efiort
to precipitate an attack remaining fairly constant.

He smokes 15 cigarettes a day. He has had attacks of
myocardial infarction in 1937 and August 1947 and since the
second incident has experienced angina pectoris on exertion.

During the late war he was diagnosed as an alimentary glycosuris
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Iis mother died at 52 years of a stroke and his father at 76
years of coronary thrombosis.

On examination he was a man of mediun size, moderately
well nourished, who showed no abnormal signs in the heart.
The blood pressure was 155/9Q. The legs were of normal
appearance and of equal temperature. ‘he femorsl and popli-
teal pulses were strong and readily palpable. Both dorsalis
pedis pulses were felt but the posterior tibials were both
abgsent. Ihe A-ray of the heart was normal in shape and size,
but the aorta was calcified. # glucose tolerance curve was
normal and there was no glycosuria. On 17.11.48 the blood

flow was estimated plethysmographically through the two

calves at 54°C, The averages of the observations were:-
Right Calf Left Calf
Resting 2.5 6.08./100 c.cs./min. 2.9 c.cs./100 c.cs/min

Reaction after 29.2c¢.cs.f100 c.es./min. 19.0 c.cs./100 c.cs/min
5 min. circulatory arrest.

A diagnosis of thrombosis on an atheromatous plaque
in one of the larger left caltf arteries was made.

It is noteworthy that the lower limb pulses were
equal on the two sides and tnat the two limbs both presented
no abnormal appearances. No gignificance can be attached to
the bilateral absence ot posterior tibial pulses a8s this may
well occur in entirely heal thy young adults. the plethysmo-
graphic observations however show that the circulatory capacity
of the left calf was considerably reduced. There was no
significant difference between the blood flows in the two
calves at rest and symptoms in the limbs did not arise apart
from exertion. The defect can only be demonstrated by the
demands imposed by the reactive hyperaemia test.

It will be realised that in ischaemic limbs the

blood flow throuzh a vessel is not the sole factor in determinin



adequate nutrition of the tissues. On the arterial side it
is essential that the pressure 1s sufficiently great to over-
come the osmotic pressure of the plasma proteins so that fluid
may pass out into the tissue spaces. The dehydration of tis-
sues in incipient gangrene has long been recognised and has
been demonstrated by the intradermal saline wheal test. Under
such conditions the saline is unduly rapidly absorbed by the
denydrated tissues (Cohen et al. 1926), the wheal disappearing
more rapildly in the ischaemic as compared with normal skin.

It seems probable that this dehydration is due both to the
reduced blood flow and to the low pressure within the arterioles.
There is no reliable or safe method of measuring the pressure

in arteries distzl to an obstructed popliteal artery, but,

g8 has previously been explained, it 1s possible to ascertain
the mean pressure within these vessels by measuring blood flow
changes in response to elevation of the leg. These differences
are most clearly revealed when in an individual one limb has

a normal circulation which may be studied at the same time as
the affected limb. The following case illustrates how this
method of investigutvion may be used:-

R. P. age Dl years, a waiter, developed intermittent
claudication in the left cali about 15 years previously. <©he
pain is promptly relieved oy rest, but develops resdily after
walking about 200 yards. No cutaneous lesions have appeared
in the feet. He has suffered from chronic bronchitis for
many years. Un examination he had signs of emphysema and
bronchitis and clubbing of the fingers and toes. Both
femorsl pulses were present and in the right lower 1limb the
popliteal and posterior tibial pulses were readily felt, but
not the dorsalis pedis. In the left lower limb no pulses
were felt distal to the femoral. “he condition was regarded

as a left popliteal thrombosis secondary to atherosclerosis



and the following measurements were made on 2:£.9.48:-

Average maximal blood flow limbs horizontal.

A.foot 26.4 c.cs./100 c.cs./min. L.foot 8.6 c.cs./100 c.ces/min.
Average maximal blood flow limbs elevated.

R.foot 21.5 c.cs./100 c.cs./min. L.foot 5.1 c.cs./109 c.cs./min.
Percentage decrease in blood flow on elevation 20 cms.

Reto0t L20%. L.foot 40%.

Blood pressure in arm at heart level 160/110 mm. Mean

pressufe (diastolic +« 1/6 pulse pressure) 127 mm.

becrease in arterisl pressure in foot on elevation of limbs

15 ma, taat is 22 X 190% or 12%.
127

Thus a 12% reduction in hydrostatic pressure in the 1imo with
a normal maximal circuiation led to a decrease of 20% in the
blood flow, while in the limb with the obstructed circulation
the decrease in Tlow was 40%. “he mean pressure proximal
to the obstructed arteries was 127 mm., but in the left foot
digtal to the obstructed poplitesl artery the pressure was
much lower, probably in the region of 70-80 mm. from a study
of £igure 10.

Similar results have been obtained in ten other
cases of perivheral vascular disease studied by this method
and it has thus been demonstrated that there is a considerable
drop in mean pressure in the arteries of the affected limbs.
This is to be associated with the passage of the blood tarough
devious collateral chamnels. The importaence of this diminu-
tion in pressure will be readily recognised, for not only is
the total vlood flow reduced, but such blood as does pass
through the vessels will not be sble to play its full part in
the nutrition of the foot owing to a reduction in the filtra-

tion fraction passing into the tissue spaces.
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Fig. 12. 4 section of the wall of the popliteal
artery from a case of atherosclerosis. The
internal elastic lamina is shown partially dis-
rupted at the top right corner. The medis seem

in the centre is densely infiltrated with 1lympho-
cytes and there has been congiderable destruction

of muscular tissue. The intima shows typical
atheromatons degeneration. No medial ealcification
is present. In this cage the lymphocytic infil tra-
tion was associated with recent thrombosis within
the lumen of the popliteal artery. Stain haema-

toxylin and eosin. 4 400 .



Pig. 20, A seetion of the peroneal artery

from a case of atherosc¢lerosis. The' thrombus

wi thin the artery has been invaded by highly
¢ellular granulation tissue and numerous
haemosiderin devosits are present. The in-
flammatory changes within the thrombus and the
preservation of the internal elastic lamina are
suggestive of thromboangiitis obliterans. The
degenerative changes within the intims and media
however point to atherosclerosis and more typical
afheromatsus lesions were nresent in other arteries.

Stain haematoxylin and eogin. X &00.
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Fig. 21, 4 gection of a portion of orgsnizing

—— L e e

thrombus in the posterior tibial artery of a case

of atherosclerosis. Ywo giant cells of the
foreign body type are scen. Thig richly cellular

type of organization was present in many of the
cages of atherosclerosis complicated by thrombosis.

Stain haematoxylin and eogin. X 750.
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Fig. 22. An aneurysm of the popliteal

artery from & case of severe atherosclerosis

4

with considerable destruction and inflamma-
tory changes within the media. The

bifurcation of the popliteal artery is seen
to the right. Complete thrombosis within

the aneurysm had determined the onset of

- - . 1 -
gangrene within the limb. 7 natural size.
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Pig. 23, A longitudinal section of an atherogclerotic
popliteal artery. A large atheromatolis plague is

shown a2nd thrombosis developing proximal to this

obstruction caused the development of gangrene &f the

limb. The lumen immediately distal to the plague was
petent. Several small vessels can be seen within the

tissue of the plague, while in the upger portion uneven
organization of the thrombue lesds to & pioture that
might easily be taken for an intimal haemorrhage
rupturing into the lumen. Stain haematoxylin and

engiinh. = B0,
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Fig. e4. L-ray of portion of leg smputsated on
account of atherosclerotic gangrene. The 1imb

was injected with lead phosphate through the popliteal
artery. The posterior tibisl artery can be seen
lying between the tibia and fibula, The anterior
tibial artery is less clearly & own behind the tibisa.
The filling of these major arteries is intermittent
and indistinct owing to atheromsatous and thrombotie

obstruction, but by contrast many of the side branches

arising from these arteries sre digtinctly and uniformly

1

filled wi th injection mass and are obviously serving as

collateral channels.
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Pig., 25. A segment of the femoral-popliteal arterial
trunk in the region of the adductor hiatus from an
autopsied male aged 53 years suffering from a moderate
degree of peripheral atherosclerosié and gl ight medial
calcification. Numerous vasa vasorum are seen in the
cleared specimen, outlined by India ink. The adventitia
was completely stripped before clearing sand these vasa
accordingly 1lie in the media and intima. It is not
possible to demonstrate these channels in normal arteries.
The transverse distribution of the vasa in relation to

an area of medial calcification is of interest. The
veséels of the intima are more irregular in thelir arrange-

nent snd often lead into relatively large sinuses. X 4.
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Big. 6. waximsl circulstory capscities of the feet in
normal subjects (°) and these affected with nsnifest
atherogclerotic vascular disease (x). The readings in

the latter subjects were made when they first reported

cn account of ischaemic features. A considerasble reduction
wag found in the majority of these cases, but in the oldest
subjects there tended to be little difference between those
affected and symptom-free. In 211 the cases with symptoms
the main obstruction was loczted in the popliteal artery

and the reduction in the foot was fairly uniform. o
clinical features suggestive oi ischaemia appeared in any
subjecte with & maximal capacity greater thsn 19 c.cs./ 100

c.cs. toot tissue/min.
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Hig. =7, The maximal circulatory capacities of three
subjects with unilateral poplitezal thrombosis. Normal
subjects °. Aaffected 1limb x. Unaffected 1imb o. The
thrombosis has obviously been the factor responsible for
the development of ischaemic features, as the circulation
in the limbs unafifected by thrombosis is within normal
limits though the extent of purely atheromnatous degenera-

tion is probably roughly the same in the two limbs.
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PERCENTAGE DECREASE IN BLOOD FLOW

Jelation between blood flow and blood
pressure in two subjects with obliterative vascular
disease associsted with unilateral popliteal
thrombosis. Wormal subjects . aAffected 1limb x.
Unafiected limb o. The blood pressure wag measured
in the arm at heart level. The unaffected 1imbs
give normal responses to elevation, obut the afiected
linbs show an excesgive decrease in blood flow demon-
strating that the arterial préssure distal to the

thrombosis is considerably reduced in comparison with

the brachisl srterial pressure.
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PART V.

Diasbetic Vascular Digease.

The association between the presence of diabetes
mellitus and the development of arterial disease in the lower
extremities has long been recognised. The existence of
diabetes mellitus is generally régarded as a predisposing
factor to severe and premature atherosclerosis. Numerous
‘surveys of the incidence of this condition have been pub-
lished and these undoubtedly show that atherosclerosis suf-
ficient to produce clinical features of ischaemia develops
on the average a decade earlier in diabetic men and two
decades earlier in diabetic women as compared with non-
diabetic subjects (Dry and Hines 1941 ). Pearl and Kandel
(1939) found definite evidence of atherosclerosis in fifty
of 100 diabetic patients taken at random, while Joslin
(1946) found that in 749 cases of diabetes mellitus com-
meéncing in childhood and with a duration of fifteen or more
years nearly 50% of those studied have shown radiologically
calcified arteries in the legs.

The present study consists in a review of 20 cases
of diabetic vascular disease in the lower limbs. In 10
cases amputations above or below the knee were carried out
and these limbs have been studied by gross dissection, in-
Jection and histological methods. In the wremaining cases
the pathological physiology has been investigated by ple-
thysmographic and other methods previously described.
Though, as has been pointed out above, the association
between diabetes and atheroma of the larger vessels has
long been recognised, it was felt from & clinical study
that disease of the larger vessels alone could not account
for all the disturbances of the circulation seen in the
lower limbs in diabetic vascular disease. The intention

thus is to investigate the view that diabetes merely causes

& premature atherosclerosis of the arteries and to ascertain
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whether any other factors are present in this type of
vascular disease. In sddition to the above cases of
dgefinite vascular disease a group of patients who had
suffered from diabetes for over five years was also in-
vestigated with regard to the circulation in the lower
1 imbs.

In the gross dissection of the amputated limbs a
cong iderable degree of atheroma was noted in the popliteal,
posterior, and anterior tibial arteries. Particularly
noticeable was the extent of medial calcification. It is
however extremely difficult to form any accurate estimate
of the extent of degenerations of this type in the peri-
pheral arteries, as no precise method of measurement is
available. There was, however, no doubt thet a relatively
severe degree of atheromatosis was present in all the ampu-
tated limbs of the diabetic subjects. One s triking feature
was the relative scarcity of complete arterial obstruction.
In the purely atherosclerotic cases a recent thrombosis in
éna of the major vessels was an almost constant finding and
was regarded as the final factor in precipitating the onset
of ischaemic gangrene. Thig was not so in the diabetic
cases. The amputations carried out may be grouped as fol-
lows:- id-thigh 5 1imbs, Below knee 5 limbs.

In this small series of 10 cases it is interesting
that in half it was possible to carry out below knee ampu-
tations and in every case satisfactory healing of the stump
took place. This lower level of amputation was chosen
wherever there was evideﬁce that the popliteal artery was
patent as demonstrated by palpable pulsation in the fossa
or by the reactive hyperaemia test. It will be noted that
in not nearly so high a proportion of the atherosclerotic
cases was it possible to carry out amputations at this lower
level. Un dissection of the five limbs amputated at the

midthigh recent thrombosis was found in the popliteal artery
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in two instances, while in the other three this artery was
p8tent though moderately narrowed by atheromatous plaques.
In the latter three cases the higher level of amputation
had been chosen on account of extensive cellulitis in the
foot. In the cases amputated below the knee intection was
not a marked feature and peripheral ischaemia alone Was the
condition that necessitated amputation. It is a point
worthy of particular note that severe ischaemia of the toes
may developr in diabetic subjects without any definite c¢li-
nical or pathological evidence of obstruction in the larger
arteriés of the thigh and leg. It was this feature which
first excited interest and suggested that in these cases the
circuwlatory lesions were not solely atheromatous in nature
and that vessels smaller than arteries were also involved.
In the clinical study of diabetic vascular disease 1t has
also been frequently noted that relatively circumscribed
ischaemic lesions may develop on the toes even though both
the dorgalis pedis and posterior tibial pulses are present.
Similarly the presence of intermittent claudication in the
¢alves on exertion has been noted personally in three dia-
betic subjects in whom the popliteal and pedal srteries were
all palpably pulsating. Such observations as these seemed
to indicate that diabetes mellitus not only predisposed to
the development of atheroma in the larger arteries of the
lower limbs but also to obliterative disease in the smaller
branches of these arteries, a condition not usually seen in
uncompl icated atherosclerosis.

Confirmatory evidence of this view was obtained from
injection studies. Thus in a case of diabetic vascular
disease in which igchaemic lesions of the first and fourth
toes with a relatively normsl circulation elsewhere had been
the chief features, anputation of the first toe had been un-

gsuccessful owing to failure of wound healing. an injection
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of radio-opague lead phosphate showed marked obliteration
of the arteries around the amputation site and a gl ight
deficiency in the vasculsr network of the fourth toe.
(Pig. 30)

A different approach was also made by studying the
maximal circulatory capacity of the feet in gubjects who had
had diabetes for over five years and comparing the results
with those obtzined in normal subjects, The numbers of
dlabetics who have been studied so far are small, but the
results show a striking decrease in the circulatory capacity
of the feet (¥ig. 31). It should be emphasised thst these
subjeets had no definite gymptoms of vascular disease and
that at least one of the pedal arteries was pulsating. It
mugst also be remembered that in many young normal subjects
only one of the pedal srieries may be palpsble, It thus
seems probzble that the reduction in the eirculation in the
foot in these diabetics wag largely duse to small vessel da-
m-;;i;e. Confirmatory evidence of this view was also obtained
in three of these'subhects on ophthalmogcopic examination
as they presented in the fundi tiny spindle haemorrhages of
the type found in diabetics. Such haemorrhages were not
sesn in the purely atherosclerotic types of peripheral vas-
cular disease uncomplicated by hypertension.

un histological examination of the arteries typilecal
atheromatous lesions and medial degenerations similar to
those reported in the pre&ious section were observed. There
were no histological features in the arteries peculiar to
the diabetic state and it was not possible from a study of
the sections alone to determine that the case had been com-
plicated by diabetes mellitus. It was however noticed that
the inflammatory lesions previously noted in the atheroscle-

rotic subjects were often very prominent in the diabetic

cages, particularly in the female subjects (¥ig. 29).



=107=

Indeed some of the slides presented a picture in many res-
pects similar to that found in thromboangiitis obliterans.
The only cases of peripheral vascular disease in the lower
limbs seen in females were all complicated by digbeteg and
it is interesting to note that they showed histological
lesions reminiscent of those seen in younger men.
datimations with the plethysmographs of the maximal
blood flow in the feet of those with fezatures of peripheral
vascular disease all showed a decrease bel ow the normal level.
While the figures were extremely variable it was found that
in some cases the reduction of blood flow was slight, espe-
ciglly when the only features were sm2ll healed cutaneocus
lesions in the toes. Here again there was thus strong evi-
dence that diabetic vascular disease might be localised to
small areas such as one or two toes and that the rest of the
circulation in the foot might be relatively 1ittle affected.
S¥mptoms of vascular disease in the foot might thus appear
with only a slight reduction in the total blood flow to the
foot as 2 whole - a2 condition similar to that seen in the
peripheral form of thromboangiitis obliterans. I
¥rom the above considerations, particularly with
regard to the possibility of extremely localised lesions,
it will be anticipated that it will be extremely difficult
to state at what level of reduction of blood flow to the
foot definite ischaemic features become apparent. In onse
subject with diabetes mellitus over a period of 12 years
gmall gangrenous pateches appeared on two of the toes and
these gubsequently became infected. With congervative
treatment in bed these lesions healed. Subsequent phethys-
mographic observations showed that the maximum circulation
possible in the foot was 5 ¢.c./100 c.c. foot tissue/min.
Yet, even with this figure of about one guarter of the nor-

mal, healing of infected lesions was able to take place - a

demonstration of the enormous reserve of circulatory capacity
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normally present in the foot.

Gdstimation of the blood pressure in the arteries
of the affected feet showed that the pressure gradient fell
off markedly distal to the obstructions, as demonstrated by
the leg raising technique. The same features with regard
to the circulation passing through tortuous collateral ves-
sels were thus demonstrated in the diabetic cases as in other
kinds of vascular disease (Fig. 32).

In spite of much investigation little is knowm about
the mechanism of the development of vascular disease in dia-
betic subjects. The occurrence of vascular disease depends
primarily on the duration of the presence of the diabetes.
Gven strict control of the diabetes with insulin will not
prevent the onset of this disturbance (Croom 2nd Scott 1949),
and there ig little reliable evidence as to the frequency of
vascular disease in those with glycosuria strictly controlled
and in those treated on the "free diet" system. Diabetes
mellitus is recognised as a generalised metabolic disturbance
not restricted solely to carbohydrate metabolism. The blood
cholesteral level is frequently raised and in view of the
experimental work on hypercholesterolaemia and atheromatosis
in rabbits this elevation may possibly be a factor in the
development of the vascular lesions. 4s has been shown
diabetic vascular lesions are not restricted to the larger
arteries. Small vessel lesions are frequently seen in the
retina in old diabetics and the present study has shown that
-the small vessels in the foot may be involved. The develop-
ment of the atheromatous lesions in the larger arteries may
possibly be related to disturbances in the vasa vasorum caused
by the diabetes on the lines of the hypothesis suggested by
Linternitz et al (1948). Investigation of the condition of
capillaries by either injection or histological methods is

difticult, but it is hoped to carry out fur ther work on the
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condition of the vasa vasorum in diabetic subjects. It
is noteworthy that in these individuals there is also evi-
dence of damage to the vasa nervorum (Jordan 1936).

The sex incidence of the different types of vascular
disease in the lower limbs is of considerable interest. Ho
cases of thromboangiitis obliterans or uncomplicated atheros-
clerosis going on to amputation were seen in females. The
only amputation cases seen in females were in diabetic sub-
jects, and in them the histological appearance of the arteries
was reminigcent of tThat seen in the younger or middle aged
groups of malé subjects. In other words inflammatory changes
as shown by cellular infiltrations were relatively prominent
and the lesions seen in an older group of diabetic women cor-
responded to the types seen in a younger group of men. The
whole process of the onset and development of arterial disease
is thus retarded several decades in women.

It will be apparent that diabetic arterial disease
occupies & position intermediate between thromboangiitis obli-
terans and atherosclerosis. The distinction between the
different types of arterial disease is often extremely diffi-
cult and on many occasions not possible as the features of one
type merge into the next. Several reports have appeared of
thromboangiitis obliterans of patients with diabetes (Horton
and Allan 1934), but these cases will not stand ocritical sur-
vey, the diagnosis of thromboangiitis obliterans being based
on the presence of small vessel involvement which at that
time was not regarded as occurring in uncomplicated diabetes.
Obviously the classification on pathological grounds of the
different types of arterial digease occurring in the lower
1imbs is extremely difficult, as the histological appearances
range from frankly inflammatory lesions seen in acute thrombo-
angiitis obliterans to typically degenerative atheromatous

features seen in elderly subjects without any clear dividing



lines. Diabetes mellitus 1s the one condition in humsan

subjects which is clearly recognised as predisposing to
the development of vascular disease, and a study of the
mode of onset of the arterial disturbances in this condition

is one of the more promising avenues of approach to the lar-

gest problem confronting medicine to-day.
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Fig. 29. Section of the posterior tibial
artery from a femsle case of diabetic vascular
diseasge. An area of bone formation is appsrent
in the media and this is partially surrounded by
a8 dense collection of small round cells. Lhe
museculature of the wedis has been cons iderably
déstroyed. The thickened intima and the frag-
mented internal elastic lamina are situated in
the top left corner. The adventitia contains
numerous smell round cells. Stain haematoxylin

and epgsin. X 450.
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dig. 50,

Latersl and rsal X-rays of
on account of diabetic vascular disease
with 1ead pho

&

foot amputated
and injected
sphate.

The great toe had previously been
amputated but the wound had failed To heal.

The marked
obliteration of small vessels sround the head of the first
metatarsal is clearly shown.
in the arterisl network

There is also some deficienc
around

the

fourth toe.
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AGE OF SUBJECTS IN YEARS

£ig. ole iaximal circulatory capacities of normal

Ih

subjects () and of those Wwith diabetes mellitus of
five or more years standing (x). all the diabetic
subjects had palpable popliteal pulses and at least
one palpable pedal pulse, and were free from cliniecal
features of ischaemia. Heverthelegs their blood

fl ows were all at the lower limits of normal.
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fig. d&. Blood flow tracings from the oot in a case of

didbetic vascular disease with brachial B.P. 130/90. rlethysmo-

graph 44°G. The popliteal and dorsslis pedis pulses were not
palpable bul & weak posterior tibial pulse was present. ijo
pulsations are present in the tracings. The upper tracing was

with the 1limb horizontal and represents 1.7 c.cs./lUy c.c¢s./min.
The lower tracing is taken with the 1imb raised 20 cm. and re-
presents 9.9 6.¢s./100 c.cs./min. The decrsase in blood flow is
275, while the decrease in mean arterial pressure on raising the

m

limb is about 1l4j%. The decrease in 11low is thus rather greater

than normal, doubtless owing to the arterisl obstructions and

the development of devious collateral pathways.
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