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Blood Flow in the Diabetic Neuropathic Foot

M. E. Edmonds, V. C. Roberts and P. J. Watkins

Diabetic Department and Department of Biomedical Engineering, King’s College Hospital, London, UK

Summary. The mechanisms which underlie the devel-
opment of Charcot joints and foot ulceration are
poorly understood. The present study using non-inva-
sive Doppler techniques demonstrates that in the
neuropathic leg, the arteries are rigid, peripheral
blood flow is increased and associated with arteriove-
nous shunting. We studied 10 diabetics with severe
neuropathy (including five with Charcot changes), 16
diabetics without neuropathy and 10 control subjects.
Markedly abnormal blood velocity profiles (sono-
grams) were demonstrated only in those patients with
severe neuropathy. They showed increased diastolic
flow (indicated by a reduced Pulsatility Index of 2.88
+ 0.8 (mean £ SD) compared with 9.53 = 4.0
(p <0.001) in the diabetics without neuropathy and
10.8 + 3.7 (p <0.001) in the control subjects) suggest-
ing arteriovenous shunting. Increased rigidity was in-
dicated by decreased transit times -57 =+ 6.3 ms
(mean + SD) in the diabetics with neuropathy com-
pared with 66 + 7.6 ms (p <0.01) in the diabetics
without neuropathy and 67 + 9.1 ms (p <0.05) in the
control subjects. This was accompanied by raised
ankle systolic pressures 199 + 22 mmHg (mean +
SD) in the diabetics with neuropathy compared with
151 £ 15 mmHg, (p <0.001) in the diabetics without
neuropathy and 146 + 18 mmHg (p <0.001) in the
control subjects. Medial wall calcification occurred
almost exclusively in the neuropathic subjects. These
alterations in blood flow which include arteriovenous
shunting may be important in the pathogenesis of
complications of the neuropathic leg.

Key words: Blood flow, diabetic neuropathy, neuro-
pathic ulcer, Charcot joint, transit time, Doppler tech-
nique.

Blood flow in the ischaemic limb has been extensively
investigated in the last 15 years but the circulation of
the limb affected by peripheral neuropathy has re-
ceived little attention. This particularly applies to dia-
betes mellitus, the commonest cause of peripheral
neuropathy in the Western World. The importance of
neuropathy in the pathogenesis of foot lesions has
been widely recognised in diabetes since the report of
Oakley et al. in 1956 [1]. Often there is no evidence of
peripheral arterial disease but the neuropathy may
lead to disturbance in blood flow which may be im-
portant in the aetiology of the lesions which we asso-
ciate with neuropathy, namely the neuropathic ulcer
and the neuropathic joint.

The few studies of blood flow in peripheral neu-
ropathy which have been undertaken have shown a
markedly increased resting flow as demonstrated by
venous occlusion plethysmography, with loss of the
normally occurring spontaneous variations which de-
pend on sympathetic activity [2-5]. Arteriograms have
shown increased vascularity with rapid flow through
the dilated vessels of the feet and early filling of the
venous circulation [6, 7]. The possibility of abnormal
arteriovenous shunting was suggested to explain
these features.

The aim of the present study was to discover the
extent and nature of this blood flow abnormality, to-
gether with its possible consequences, in diabetics
with severe neuropathy often extreme enough to
have caused ulceration or arthropathy, using modern
Doppler techniques.

Subjects and Methods

Thirty-six subjects were studied and these were divided into three
groups. The first group, the neuropathic subjects, comprised 10 in-
sulin-dependent diabetics with peripheral neuropathy sufficiently
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Table 1. Clinical details of the subjects with neuropathy

M. E. Edmonds et al.: Blood Flow in the Diabetic Neuropathic Foot

Patient Sex Age Duration of Beat to beat Neuropathic Retinopathy Albuminuria
(years) diabetes score complications (Albustix)
(years)
1 M 35 28 3 Ulcer Charcot Proliferative +
2 F 42 21 3 Ulcer Charcot Proliferative ++
3 M 32 20 8 Ulcer Background Trace
4 F 51 21 2 Ulcer* Proliferative 0
5 F 44 25 2 Ulcer* Proliferative ++
6 F 46 30 1 Ulcer* Background 0
7 M 52 41 2 Charcot Proliferative ++
8 F 52 27 3 Ulcer? Background +
9 M 44 26 5 Charcot Proliferative ++
10 M 26 16 9 Ulcer® Charcot Proliferative +
4 = Healed at time of examination
230 oo Four investigations were carried out: 1) measurement of resting
) brachial, ankle and toe systolic pressures; 2) recording of blood ve-
* locity profiles (sonograms); 3) measurement of transit time from
S 210t i the femoral to the posterior tibial artery; these investigations were
T . performed under standardised conditions: the subjects rested su-
E oo pine for 20 min at a controlled temperature of 21 °C before obser-
~ 1 vations were taken; and 4) soft tissue X-rays of the feet and ankles
W 190 J were taken in the diabetic groups.
% ... [ ]
g 170 . o . Systolic Pressures
Ii'; oo i oo ‘ Brachial pressure was measured with a standard 12 cm cuff using
z ; Doppler ultrasound kinetoarteriography. Measurements were tak-
150 [ TYY Y} P .
) ooo . #) en at 2-min intervals for 10 min on ea}ch arm and the mean calculat-
O . o | ed. Ankle pressure was measured using a sphygmomanometer cuff
o . % (12 cm diameter) applied just above the ankle. A 10 MHz continu-
? 130 see J ous wave Doppler probe was placed over the posterior tibial artery
i and the cuff inflated. During deflation, a return of flow signals indi-
N * cated the level of systolic pressure. Three readings were taken on
110 each foot and the mean calculated. Toe pressure was recorded in a
NEUROPATHS CONTROLS similar way. A 2-cm digital cuff was used and pressure recorded

NON-NEUROPATHS

Fig. 1. Systolic ankle pressures (with open circles and arrows re-
presenting mean + SD) in the neuropathic subjects, the subjects
without neuropathy (non-neuropaths) and the control subjects

severe to cause neuropathic ulcers, Charcot arthropathy or both.
Ankle jerks at least were absent and sensation impaired in every
case. They all had evidence of autonomic neuropathy with a grossly
abnormal beat-to-beat score (which represents the difference in
heart rate between maximal inspiration and expiration) of less than
10 [8]. Mean age was 42.4 years (range 26-52 years), and mean du-
ration of diabetes was 25.5 years. There were five males and five fe-
males. The frequency and severity of other complications are
shown in Table 1.

The second group consisted of 16 insulin-dependent diabetics
with no evidence of neuropathy, i. e. the ankle reflexes were present
and autonomic function tests were normal. Mean age was 41.6
years (range 24-52 years) and the mean duration of diabetes was
23.8 years. There were nine males and seven females.

The third group, the control subjects, consisted of 10 normal
subjects with no evidence of neuropathy. Mean age was 40.8 years
(range 30-52 years). There were four males and six females.

from the second toe with the Doppler probe insonating the digital
artery on the medial side. Three readings were taken bilaterally and
the mean calculated.

The pressure index was calculated as the ratio of ankle systolic
to brachial systolic pressure. The ratio of the systolic toe to systolic
brachial pressure, i. e. the toe-brachial pressure ratio, was also cal-
culated. The ankle-toe gradient, i. ¢. the difference between ankle
and toe pressure for each foot, was also derived.

Sonograms

Sonograms were recorded from the femoral, posterior tibial
and dorsalis pedis arteries bilaterally using 10 MHz continuous
wave Doppler probe. Pulsatility index was calculated as
peak to peak height
mean area
mean of readings from 10 consecutive waveforms for each foot.

[9]. The pulsatility index was expressed as the

Transit Times

Blood velocity profiles were recorded simultaneously from the
femoral and posterior tibial arteries. The pulse time delay, i. e. the
time for the pulse wave to travel from the femoral to the posterior
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Table 2. Mean ankle-brachial ratio, toe-brachial ratio and ankle-
toe gradient in neuropathic subjects compared with subjects with-
out neuropathy and control subjects (results expressed as mean +
SD showing significances of difference from the neuropathic sub-
jects)

Neuropathic Subjects without  Control

subjects neuropathy subjects
Ankle-brachial 145 £0.13 1.16 £ 0.11 1.09 + 0.08
pressure ratio p <0.01 p <001
Toe-brachial 1.06 £ 022 0.88 = 0.12 091 = 0.1
pressure ratio p <0.05 p <0.05
Ankle-toe 539 £ 27 372+ 16 235+95
gradient (mmHg) p <0.05 p <0.05

tibial artery, was calculated and expressed as the transit time. Re-
cordings were taken from the foot of each waveform of the sono-
gram using a Hewlett Packard 9820 programmable calculator inter-
faced to a 9864 digitising platten. The mean was calculated from se-
ven cycles. The surface distance from the femoral artery to the pos-
teriortibial artery was measured for each leg and the pulse wave ve-
locity calculated. The pulse wave velocity is related to the elastic
properties of the arteries of the leg by the formula: pulse wave ve-
locity = (K/)”2, where Q is the density of the blood, taken as
1050 kg 3, and K the volume distensibility elastic modulus of the
artery wall per unit length of vessel [10]. K was then calculated.

X-rays

Soft tissue X-rays of the feet and ankles were taken in the diabetic
groups to assess the frequency of medial wall (linear) calcification
both in the proximal part of the foot, namely the ankle and metatar-
sal regions, and the distal part, i. e. the digital arteries.

Presentation of Results

All values are presented as mean =+ standard deviation and statisti-
cal analysis of results was by the Student’s ‘t’ test.

Results

Pressure Studies

The mean brachial systolic pressure was similar in the
three groups: 138 + 14 mmHg in the diabetics with
neuropathy, 131 + 15 mmHg in the diabetics without
neuropathy and 135 = 18 mmHg in the control sub-
jects. The mean ankle systolic pressure was signifi-
cantly raised in the neuropathic subjects, 199 + 22
compared with 151 £ 15 mmHg, p <0.001, in the di-
abetics without neuropathy and 146 + 18 mmHg,
p <0.001, in the control subjects. The mean toe systol-
ic pressure was similarly raised. It was 144 =+
23 mmHg in the neuropathic subjects compared with
114 £ 13 mmHg, p <0.001, in the non-neuropathic
subjects and 122 = 17 mmHg, p <0.01, in the control
subjects. The distribution of the mean systolic ankle
pressures for each subject is shown in Figure 1.
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Fig. 2. Mean ankle pressures (closed circles) and toe pressures
(open circles) with arrows representing mean = SD, showing mean
ankle-toe gradients in the four groups. In the neuropathic subjects
with Charcot joints (CH +) this was 76.4 = 15.5 mmHg compared
with 40.8 + 23 mmHg (p <0.001) in neuropathic subjects without
Charcot joints, (CH —) 37.2 = 16 mmHg (p <0.001) in diabetics
without neuropathy and 23.5 + 9.5 mmHg (p <0.001) in the con-
trol subjects
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Fig. 3. Diagrammatic representation of normal blood velocity pro-

file with triphasic pattern.

peak to peak height
mean area

Pulsatility index =

(r/p)

When the ankle and toe systolic pressures for each
subject were compared to the corresponding brachial
pressure, the ankle-brachial and toe-brachial pressure
ratios so derived were significantly elevated in the
neuropathic subjects (Table 2). These ratios were cal-
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Fig. 4. Sonograms from dorsalis pedis artery of a control subject (above) and a neuropathic subject with Charcot joint (below)

culated to take into account possible individual varia-
tions in brachial pressure.

The fall in pressure from the ankle to toe was
greater in the neuropathic subjects compared with the
controls (Table 2). The drop in pressure was especial-
ly marked in those neuropathic subjects with Charcot
joints (Fig. 2). These subjects thus had lower toe pres-
sures than those neuropaths without Charcot joints
with a correspondingly reduced mean toe-brachial
pressure ratio of 0.87 £ 0.10 compared with 1.18 +
0.21, p <0.001, in the diabetics with neurapathy, but
without Charcot joints.

Sonograms

The normal blood velocity profile is triphasic in pat-
tern (Fig. 3). There is an initial forward flow in systole
denoted by a positive upward deflection followed by
ashort reversed flow shown by the negative deflection
and a further forward flow in diastole again show-
ed by a positive deflection. The pulsatility index =
peak to peak height
mean area
considerably influenced by diastolic flow such that

[9] (Fig.3). The mean area is

the pulsatility index is inversely related to diastolic
flow.

Femoral Pulse Sonograms

The typical triphasic pattern was obtained in all three
groups. The mean pulsatility index was similar in the
three groups: 8.92 £ 3.87 in the neuropathic subjects,
8.98 + 3.08 in the subjects without neuropathy and
9.14 + 3.42 in the control subjects.

Pedal Pulse Sonograms

The subjects without neuropathy and the control sub-
jects showed the characteristic triphasic pattern
(Fig. 4). The neuropathic subjects showed absence of
reverse flow and prolonged diastolic flow. Those sub-
jects with neuropathic joints showed markedly abnor-
mal traces with continuous forward flow throughout
the cycle (Fig. 4). The mean pulsatility index was sig-
nificantly reduced in the neuropathic subjects, 2.88 =+
0.8, compared with 9.53 * 4.0, p <0.001, in the sub-
jects without neuropathy and 10.8 + 3.7, p < 0.001, in
the control subjects (Fig. 5). This indicates increased
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diastolic flow in the neuropathic subjects. Those sub-
jects with neuropathic joints had a considerably re-
duced mean pulsatility index of 1.89 + 0.58 com-
pared with 3.34 + 0.90, p <0.001, in the remaining
neuropathic subjects.

Transit Time Studies

The transit time of the pulse wave velocity was re-
duced in the neuropathic subjects (57 £ 6.3 ms) com-
pared with the subjects without neuropathy (66 *
7.6 ms, p <0.01) and the control subjects (67 *
9.1 ms, p <0.05). This indicated that the arteries of the
neuropathic subjects were stiff and this was con-
firmed by the increased elastic modulus and pulse
wave velocity (Table 3).

X-Rays

Medial calcification in the ankle and metatarsal re-
gions was present in eight of the ten neuropathic sub-
jects compared with three of the 16 diabetics without
neuropathy. Calcification in the digital vessels of the
foot was uncommon and similar in the two groups,
occurring in two of the ten neuropathic subjects and
one of the 16 diabetics without neuropathy.

Discussion

The peripheral arteries in the neuropathic limb of the
diabetic were stiff as shown by the pressure and trans-
it time studies, and there was a marked increase in pe-
ripheral blood flow associated with arteriovenous
shunting.

The sonograms of the pedal pulses in the neuro-
pathic subjects showed marked forward diastolic
flow and absence of reversed flow as indicated by the
reduced pulsatility index. Forward arterial flow in
diastole is normally negligible in the resting limb. De-
creased resistance eliminates reversed flow and in-
creases forward flow during diastole. This pheno-
menon has been described in the hyperaemia asso-
ciated with exercise, the relief of ischaemia, vasodila-
tor drugs as well as with arteriovenous shunting [11].
In the absence of these other factors the sonograms
which represent reduced peripheral resistance and
vasodilatation were compatible with arteriovenous
shunting. Arteriovenous anastomoses are particularly
prominent in the skin of the lower limb but also occur
in bone, joint and muscle [12]. They have a rich inner-
vation which is primarily under the control of the
sympathetic system although digital arteriovenous
anastomoses also possess a cholinergic innervation
[13]. Thermally induced reflex changes in skin blood
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Fig. 5. Pulsatility index (with open circles and arrows representing
mean = SD) in the neuropathic subjects, the subjects without neu-
ropathy (non-neuropaths) and the control subjects

Table 3. Mean pulse wave velocity and elastic modulus in the neu-
ropathic subjects compared with subjects without neuropathy and
conctrol subjects (results expressed as mean = SD showing signif-
icances of difference from the neuropathic subjects)

Neuropathic Subjects without  Control
subjects neuropathy subjects
Pulse wave 13.13 £ 094 11.54 £ 1.23 11.34 + 145
velocity (m/s) p <0.01 p <0.01
Elasticmodulus  1.80 £ 0.30  1.41 = 0.27 1.37 £ 0.32
(Newton p <0.01 p <001
m~2 x 10°) .

flow are mediated via sympathetic nervous action on
the arteriovenous anastomoses [14] and one would ex-
pect arteriovenous shunts to open following sympa-
thetic denervation.

Thereis evidence to support the concept of signifi-
cant arteriovenous shunting in the neuropathic limb.
In 1957 Bureau described the rapid appearance of
small opaque streaks as “des images de communijca-
tions arterioveineuses” in the foot in femoral arterio-
grams of neuropaths [6] although this impression is
not universally accepted [15]. There is a reduced arte-
riovenous oxygen saturation difference in the neuro-
pathic limb [16] and Boulton et al. reported a signifi-
cantly raised venous pO; of 59.9 mmHg in diabetics
with neuropathy severe enough to cause ulceration
compared to a pO, of 45.5 mmHg in control subjects
[17]. Also Partsch has demonstrated an increased arte-
riovenous shunt volume in the neuropathic limb
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using radioactive labelled human albumin micro-
spheres [2]. Situations analogous to autonomic neu-
ropathy have also been examined for the presence of
arteriovenous shunting. After sympathectomy in the
dog arteriovenous shunt volume increased from 3.8%
to 32.1%[18]. Phentolamine, the ¢-adrenergic blocker,
produced similar results.

Thus in severe neuropathy it is likely that signifi-
cant arteriovenous shunting does occur. Nelms has
shown that a shunt dilated to an inner diameter of
60 1 may permit 1000 times as much blood to pass
through it than when its size is 10 u [ 19]. Arterio-
venous shunting could have two effects. The capillary
circulation may be short circuited and thus the effec-
tive nutrient flow reduced. However in the sympa-
thectomised dog, although arteriovenous anastomot-
ic flow increased from 4 to 54 ml/min, capillary flow
was unchanged [18]. Secondly Luckner has shown
that when arteriovenous anastomoses are open there
is a rise in venous pressure which spreads to the capil-
lary bed, raising capillary pressure [20]. This would
partially account for the oedema often seen in diabet-
icneuropathy [21].

The arterial pressures at the ankle and toe were
significantly raised in the neuropathic subjects.
Raised ankle systolic pressures could represent in-
creased arterial wall stiffness, correlating with
changes in the tunica media of the artery such as calci-
fication [22]. Our radiological studies of the feet and
ankle (more proximal views were not taken in this
study) showed that calcification was much more com-
mon in the neuropathic subjects compared with the
control subjects. Thus in the neuropathic subjects a
possible explanation of the raised ankle pressure was
increased arterial wall stiffness due to medial wall cal-
cification.

Further evidence to support increased arterial
wall stiffness came from the transit time studies,
which showed the transit times to be significantly re-
duced in the neuropathic subjects with a resultant in-
crease in the pulse wave velocity. The elastic modulus,
a further indicator of stiffness, was also increased.
Previous studies have reported increased pulse wave
velocity and elastic modulus in the arteries of the low-
er limbs of diabetics [9, 10] but only one study was
confined specifically to neuropathic subjects. Scar-
pello et al. found the pulse wave velocity to be in-
creased in the lower limbs of severe neuropathic sub-
jects 23],

A further possible explanation for the raised ankle
systolic pressure involves the contribution of smooth
muscle to the functional behaviour of the larger arte-
ries. Vasodilatation itself can lead to increased stift-
ness [24]. There was indeed evidence of marked vaso-
dilatation in the peripheral arteries and this may have
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influenced both the pressure and transit time read-
ings. However, Gosling could demonstrate no signifi-
cant alteration in stiffness in the upper limb after cer-
vical sympathectomy [9] and on balance we conclude
that medial wall calcification was probably the most
important factor in the elevation of ankie systolic
pressure in the neuropathic subjects.

The mean toe systolic pressure was also raised in
the neuropathic subjects compared with the control
subjects. However the mean toe pressure was lower
than the ankle pressure in all three groups studied.
The mean fall in pressure from ankle to toe (the ankle-
toe gradient) was greater in the neuropaths and this
was particularly marked in those subjects with neuro-
pathic joints (Fig. 2). This may be explained by the
marked peripheral vasodilatation and associated ar-
teriovenous shunting in these subjects. In normal sub-
jects vasodilatation causes a drop in pressure from
ankle to toe [25]. There have been very few reports of
toe pressure measurements in peripheral neuropathy.
Variable effects of sympathectomy have been report-
ed by others who have shown both a reduction [26]
and an increase in toe pressures [27]. Faris attributed a
reduction in toe pressure to peripheral small vessel
disease in his neuropathic subjects [28] but this is un-
likely to be the explanation in our neuropathic sub-
jects as their mean toe pressure was greater than that
of the control subjects.

What is the relationship of these abnormalities in
blood flow to the characteristic lesions of the neuro-
pathic foot? Blood flow was abnormal in all the neu-
ropathic subjects even in those limbs without such le-
sions but those with neuropathic joints were notable
forincreased diastolic flow as well as a sharp decrease
in pressure from ankle to toe. This suggests that to-
gether with the loss of the protective effect of pain, ab-
normality of flow may be an important actiological
factor in the neuropathic joint. Arteriovenous shunt-
ing leading to increased venous pressure may lead to
abnormal bone cell activity and eventual rarefaction
of bone [29]. The foot is then more susceptible to ab-
normal mechanical stresses that occur in the neuro-
pathic foot with eventual development of the neuro-
pathic joint.

If indeed abnormalities of flow are responsible for
lesions in the neuropathic foot, what can be done to
influence them? Lefaucher reported ligating the dor-
salis pedis artery with resolution of ulcers in the neu-
ropathic foot {30]. Ergotamine, an a-adrenergic ago-
nist, may in theory be useful and has been shown to
reduce flow through other arteriovenous anastomo-
sies, namely those in the cranial circulation of the cat
[31} However much more research into this problem
is needed before one could consider such drastic
measures in the treatment of the diabetic foot.
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