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Summary. Comparable groups of diabetic patients asympto- 
matic of neuropathy (Group A), with chronic painful poly- 
neuropathy (Group B) and painless polyneuropathy causing 
recurrent foot ulceration (Group C) were studied for differ- 
ences in pedal blood flow, peripheral somatic and autonomic 
neuropathy and vascular calcification. Blood flow abnormal- 
ities detected by doppler waveform analysis, and consistent 
with reduced peripheral vascular resistance, were found in 
all three diabetic patient groups. The abnormalities were of 
similar severity in Group A and B but generally more 
marked in Group C. Tests of peripheral somatic nerve func- 
tion became progressively more abnormal from Group A to 
Group C. Autonomic neuropathy was equally severe in 
Groups B and C, although mild abnormalities were recorded 

in diabetic patients asymptomatic of neuropathy. A similar 
pattern was seen for vascular calcification in the tarsal and 
metatarsal arteries: marked in both neuropathic groups (B 
and C) but mild in Group A. It was concluded that abnormal 
blood flow consistent with reduced peripheral vascular resis- 
tance is very common in the feet of diabetic patients whether 
or not they are symptomatic of neuropathy, and is most se- 
vere in those with chronic painless polyneuropathy and re- 
current foot ulceration. No clear relationship was found be- 
tween autonomic nerve dysfunction and the degree of 
abnormality of blood flow. 

Key words: Blood flow, neuropathy, foot ulcers, diabetes mel- 
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There is now considerable evidence of  abnormal  blood 
flow in the diabetic neuropathic  foot  unrelated to low- 
er limb ischaemia [1-6]. Clinically this is apparent  as 
raised venous oxygen tension and distended veins on 
the dorsum of  the foot  when recumbent  [5, 7]. Blood 
velocity profiles against time (sonograms) recorded 
from the pedal  arteries using doppler  ul trasound sug- 
gests increased forward flow in systole and decreased 
reverse flow in diastole. This pattern of  b lood flow is 
consistent with a reduction in peripheral  vascular resis- 
tance linked to an abnormally high degree of  arteriove- 
nous shunting within the foot [2, 5, 8, 9]. The precise 
cause of  such b lood flow abnormalities and their role 
in pain or neurotrophic  ulceration is uncertain. Sympa- 
thetic denervation is a physiologically plausible sug- 
gestion but  lacks verification [10]. 

In this study, we have investigated b lood flow pat- 
terns in the feet of  diabetic patients and in non-diabet- 
ic control subjects using doppler  ul trasound tech- 
niques. Doppler  b lood veloci ty/ t ime waveforms ob- 
tained were analysed by two different methods,  to 
derive estimates of  peripheral  vascular resistance 

which were related to the degrees of  both somatic and 
autonomic neuropathy in three groups of  diabetic pat- 
ients with contrasting patterns of  polyneuropathy.  

Subjects and methods 

Subjects 

Clinical details of the three groups of diabetic patients and the one 
group of non-diabetic control subjects are presented in Table 1. All 
subjects were normotensive. Diabetic patients in Group A had no 
symptoms of peripheral somatic or autonomic neuropathy and no 
abnormal neurological signs. Patients in Group B had symptoms 
and signs typical of chronic painful polyneuropathy [7], while those 
in Group C had severe painless polyneuropathy and a history of re- 
current foot ulceration. Venous blood glucose, haemoglobin and gly- 
cosylated haemoglobin (electrophoretic method, normal range 
5.5-7.9%) were measured at the time of recording. 

Doppler techniques 
Subjects rested supine in the horizontal position in a controlled tem- 
perature room (21 _ 1 ~ for 15 to 20 min. No recordings were made 
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Table 1. The clinical details of each group are shown. Blood param- 
eters were measured at the time of doppler recordings. Group A 
comprises diabetic patients asymptomatic of neuropathy, Group B 
patients with painful neuropathy and Group C patients with painless 
neuropathy and recurrent foot ulceration 

Group Control Diabetic patients 
characteristics subjects 

Group Group Group 
(n=8)  A (n=7)B ( n = 8 ) C  (n=7)  

Mean age and range (years) 42 49 50 47 
(26-60) (32-60) (37-60) (32-58) 

Male: female ratio 5 : 3 7: 0 7:1 7 : 0 

Duration of diabetes in years - 13 14 11 
(mean and range) (1-27) (2-23) (3-21) 

Insulin dependent (n) - 4 4 4 

Background retinopathy (n) - 2 6 2 

Proliferative retinopathy (n) - 1 1 5 

Random blood glucose - 8.8 11.9 7.6 
(mmol/1) (3.9) (7.3) (4.6) 

Glycosylated haemoglobin - 10.6 12,3 11.4 
(%) (1.4) (1.9) (3.1) 

Proteinuria (Albustix) - 0 1 3 

Neuropathy - - + + 

Foot ulceration - - - + 

in the presence of pyrexia or active infection. Systolic blood pressure 
was determined at the brachial and posterior tibial arteries using a 
standard adult size cuff and an eight MHz hand-held doppler probe 
for auscultation. Readings were made in duplicate and the mean 
ankle/arm systolic pressure index calculated by combining the pres- 
sure indices from the right and left sides. 

Doppler signals were recorded by a single operator from the 
common femoral arteries just below the inguinal ligament and from 
the posterior tibial arteries at the point where the artery curves 
around the posterior aspect of the medial malleolus. The position of 
the probe was adjusted until maximum waveforms were obtained. 
Waveforms from 10-15 cardiac cycles were recorded and stored on 
magnetic cassette tape (Maxell XL 2). The five most clearly recorded 
doppler waveforms from each artery were analysed. Pulsatility index 
was calculated as the peak to peak height divided by the mean area 
under the sonogram [11]. Allowance was made for heart rate varia- 
bility by converting this 'standard' value to a 'normalised' value by 
dividing by the time in seconds for each pulse. Pulsatility index re- 
flects peripheral vascular resistance; for example, in reactive hyper- 
aemia its value is initially low but increases as distal arterioles close 
[11, 12]. An overall assessment of peripheral vascular resistance was 
made by combining the mean pulsatility index for the posterior tibial 
artery from each leg. 

Taking the same five waveforms, a second independent method 
of analysis based on mathematical modelling of blood flow in the 
lower limb was done. The Laplace transform model allows deriva- 
tion of three parameters related to proximal resistance (Delta), arteri- 
al wall stiffness (Omega) and distal resistance (Gamma) [12-14]. The 
physiological and clinical application of this method is still under 
debate [15-20], but like pulsatility index, the magnitude of the pa- 
rameter Gamma decreases in reactive hyperaemia and after intrave- 
nous papaverine [19], and so is strongly influenced by peripheral re- 
sistance. Values of Gamma derived from analysis of waveforms from 
each posterior tibial artery were combined to give a mean value for 
each patient. Any subject or patient with evidence of occlusive lower 
limb or aorto-iliac disease (based on clinical examination, measure- 
ment of resting ankle/arm systolic pressure index [21-23] and analy- 
sis of common femoral artery waveforms) was excluded from the 
study. 

Peripheral nerve electrophysiology 

The diabetic patients had detailed peripheral nerve electrophysiolog- 
ical measurements carried out using standard techniques with a ther- 
mostatically controlled radiant heater to maintain skin temperature 
at 32 ~ Measurements were made in the left arm and leg using a 
DISA 1500 electromyograph and surface electrodes. Motor nerve 
conduction velocity was measured in the median nerve (elbow-wrist) 
and peroneal nerve (knee-ankle) using supra-maximal stimuli. Sen- 
sory nerve conduction velocity was recorded orthodromically in the 
distal median nerve (index finger-wrist) and antidromically in the 
mid-sural nerve (calf-lateral malleolus). The stimulus was adjusted to 
give the largest evoked sensory action potential. Sensory action po- 
tential amplitude was assessed from a minimum of 64 averaged 
evoked potentials. Sensory conduction velocity was computed from 
the latency to the peak of the first negative potential. 

Cardiovascular autonomic function tests 

Five tests were used as previously described [24]. These were the 
heart rate responses to the Valsalva manoeuvre (Valsalva ratio), 
standing up (30:15 ratio) and deep breathing (maximum-minimum 
heart rate), the fall in systolic blood pressure on standing (postural 
blood pressure) and the rise in diastolic blood pressure during sus- 
tained handgrip (grip). 

Ankle and foot radiographs 

Because changes in vascular compliance due to arterial calcification 
might influence flow, lateral radiographs of the ankles and anterior- 
posterior and oblique views of the feet were taken. The presence and 
severity of arterial medial calcification in the tibial and pedal arteries 
was judged by a single radiologist who had no access to the clinical 
data. The severity of any medial calcification detected was graded 
consistently as mild, moderate or severe by reference to three select- 
ed radiographs. 

Statistical analysis 

The results are expressed as mean (SD) unless stated otherwise. In- 
tergroup comparison of the doppler Laplace transform parameters 
and pulsatility index was performed using analysis of variance. A log 
transformation was performed on the values of Gamma prior to 
analysis. Welch's test was used when analysing posterior tibial artery 
Gamma and pulsatility index values because the variances in the 
four groups were appreciably different. When a statistically signifi- 
cant difference in mean values was detected (2 p < 0.05) the Bonfer- 
roni method was used to identify pairs of groups which differed. 

Results 

Neurophysiological tests of nerve function 

C o m p a r e d  to o u r  n o r m a l  l a b o r a t o r y  c o n t r o l  sub jec t s ,  
d i a b e t i c  p a t i e n t s  i n  G r o u p  A h a d  s o m e  m i n o r  a b n o r -  
ma l i t i e s  o f  p e r i p h e r a l  n e r v e  f u n c t i o n ;  the  m o s t  severe  
a b n o r m a l i t i e s  we re  s e e n  in  G r o u p  C w i t h  G r o u p  B be -  
i n g  i n t e r m e d i a t e  (Tab le  2). 

C a r d i o v a s c u l a r  a u t o n o m i c  f u n c t i o n  tests  we re  
s l igh t ly  a b n o r m a l  i n  d i a b e t i c  p a t i e n t s  a s y m p t o m a t i c  o f  
n e u r o p a t h y  ( G r o u p  A) c o m p a r e d  to  o u r  n o r m a l  l abo -  
r a t o r y  c o n t r o l  s u b j e c t s ;  h o w e v e r ,  b o t h  n e u r o p a t h i c  
g r o u p s  (B a n d  C)  s h o w e d  m a r k e d  a b n o r m a l i t i e s  
t h o u g h  t he r e  was  n o  d i f f e r e n c e  b e t w e e n  t h e m  
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Table 2. Peripheral nerve electrophysiology by group is shown along with reference ranges for laboratory 

Neurophysiological parameter Normal range Diabetic patients 

Group A Group B Group C 
(n = 7) (n = 8) (n = 7) 

Nerve conduction velocity (m/s) 
Motor: Median 54.2 (5.0) 50.9 (3.8) 46.2 (5.1) 42.7 (4.1) 

Peroneal 46.1 (4.1) 43.4 (1.8) 33.7 (3.4) 31.1 (4.4) 

Sensory: Median 42.4 (4.2) 37.2 (5.8) 34.0 (2.1) 31.5 (3.8) 
Sural 33.7 (3.3) 28.6 (4.3) 28.6 (4.3) Not recordable 

Sensory action potential amplitude (gv) 
Median 10.0 (1.5) 9.1 (3.8) 3.0 (1.5) 1.4 (0.9) 
Sural 5.8 (1,7) 10.8 (9.7) 1.7 (3.6) 0 

(Table 3). This pattern of abnormalities exactly repro- 
duces our previously reported findings in a larger 
group of patients [25]. 

Doppler waveform analysis 

Resting ankle pressure indices for each group are given 
in Table 4. The common femoral artery mean Laplace 
transform Delta value was 0.3 for all four groups. This 
value had been shown to accurately predict normal or 
minimally abnormal aorto-iliac segments on arteriog- 
raphy [16, 18]. In the four limbs where ankle blood 
pressure was unrecordable because of arterial calcifica- 
tion, common femoral artery Laplace transform Delta 
values were incompatible with significant aorto-iliac 
disease and Gamma values were low implying that sig- 
nificant distal occlusion was unlikely. 

The results of analysis of doppler waveforms from 
the posterior tibial arteries for pulsatility index (stan- 
dard) and Laplace transform Gamma are shown in 
Figures 1 and 2 respectively. In diabetic patients 
asymptomatic of neuropathy (Group A), both parame- 
ters were reduced when compared to control subjects 
(2 p < 0.05). There was no difference between the dia- 
betic patients asymptomatic of neuropathy (Group A) 
and those with painful neuropathy (Group B). Most 
diabetic patients with painless neuropathy and a histo- 
ry of foot ulceration had lower pulsatility indices 
(whether standard or normalised) and lower absolute 
Gamma values than diabetic patients in either 
Group A or B, though the group differences did not 
reach statistical significance (Table 5). 

X-ray abnormalities in the diabetic feet 

Sixty-five percent of tibia1 and 50% of pedal arteries in 
diabetic patients showed arterial wall calcification 
(Table 6). Only one patient (Group B) had pedal with- 
out tibial artery calcification, whereas three patients in 
Group A had tibial artery calcification alone. More se- 
vere arterial calcification was seen in the diabetic pat- 
ients symptomatic of neuropathy but there was no dif- 
ference between Groups B and C. Two patients in 

Table 3. The results of cardiovascular autonomic function tests are 
presented for each group. The reference range for the laboratory is 
given to the left of the table 

Test Normal range Diabetic patients 

Group A Group B Group C 
(n =7) (n =8) (n=7)  

Valsalva 1.75 (0.39) 1.69 (0.33) 1.25 (0.32) 1.33 (0.26) 
ratio 

30:15 1.29 (0.17) 1.10 (0.09) 1.01 (0.04) 1.02 (0.05) 
ratio 

Max - 31 (9) 21 (10) 7 (5) 5 (3) 
min 
heart rate 
(beats/ 
rain) 

Postural - 1 (8) - 6 (6) - 2 5  (25) - 33  (17) 
blood 
pressure 
(mmHg) 

Grip 30 (10) 32 (7) 21 (9) 19 (4) 
(mmHg) 

Table 4. Ankle systolic blood pressure and combined ankle/arm 
systolic pressure indices are shown for each group, Because of tibial 
artery calcification, ankle systolic blood pressure was unrecordable 
in some diabetic patients in groups B and C 

Systolic Control Diabetic patients 
blood pressure subjects 

Group A Group B Group C 
(n=8)  (n=7)  (n=7)  (n=4)  

Right ankle (mmHg) 130.5 145.0 165.1 159.0 
(23.2) (19.2) (33.3) (7.4) 

Left ankle (mmHg) 130.8 154.1 163.6 149.2 
(14.4) (32.0) (31.7) (4.2) 

Ankle/arm pressure 1.1 1.2 1.1 1.1 
index (0.1) (0.1) (0.2) (0.1) 

Group C also had Charcot arthropathy of the mid-tar- 
sal joints. Each of the diabetic patients who had unre- 
cordable ankle systolic pressures due to non-compres- 
sibility of the tibial arteries had moderate or severe 
medial artery calcification bilaterally. 
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Discussion 

In this study, we have confirmed the presence of ab- 
normal blood flow in the feet of diabetic patients with 
polyneuropathy by analysis of doppler waveforms 
from the posterior tibial artery. Analysis by two inde- 
pendent methods, pulsatility index and Laplace trans- 
form damping, indicated a pattern of blood flow con- 
sistent with reduced peripheral resistance. No differ- 
ence was found in the blood flow abnormality between 
diabetic patients asymptomatic of neuropathy 
(Group A) and patients with chronic painful polyneu- 
ropathy (Group B). The most severe abnormalities 
were recorded in diabetic patients in Group C who 
had painless polyneuropathy and a history of recurrent 
foot ulceration. This latter finding is in agreement with 
previous studies of doppler waveforms analysed by the 
pulsatility index method from both the posterior tibial 
and dorsalis pedis arteries [8, 9]. 

There is evidence that arterio-venous shunting is 
the mechanism by which this abnormal pattern of 
blood flow arises in the diabetic foot and sympathetic 
deneveration has been proposed as the principal cause 
[10]. Distal sympathetic dysfunction usually reflects va- 
gal dysfunction in diabetic neuropathy [28], so that one 
might expect the degree of blood flow abnormality to 
parallel abnormality in cardiac autonomic function 
tests. We have shown previously [25] and confirmed in 
this study that the degree of cardiovascular autonomic 
dysfunction in the two groups of diabetic patients 
symptomatic of neuropathy is the same; however, the 
blood flow abnormality in Group C (painless polyneu- 
ropathy with foot ulceration) was more severe, with 
one exception, than in Group B (chronic painful neu- 
ropathy), so that we did not find parallel changes in 
blood flow and autonomic disturbance. In diabetic 
patients asymptomatic of neuropathy, in whom we 
found evidence of only very mild autonomic dysfunc- 
tion, there was evidence of abnormal blood flow indis- 
tinguishable from that found in patients with chronic 
painful polyneuropathy. Other vasomotor abnormali- 
ties, which could also conceivably be due to sympa- 
thetic neuropathy, have been reported in the feet of 
diabetic patients asymptomatic of neuropathy [6, 9]. 
Thus, it may be that sympathetic neuropathy is only 
partly responsible for the blood flow abnormality; 
non-neuropathic factors, such as very small vessel oc- 
clusion, may also be relevant. Alternatively, the blood 
flow indices measured may be sensitive indicators of 
the sympathetic denervation which is known to be a 
prominent feature of diabetic polyneuropathy [29]. 

Proximal large vessel disease, by causing peripheral 
vasodilatation, may give rise to similar blood flow ab- 
normalities in distal arteries. Accordingly we were 
careful to exclude occlusive vascular disease using sen- 
sitive non-invasive techniques. These have been ade- 
quately validated by others and included measurement 
of resting ankle/arm systolic pressure indices [23] and 
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Table 5. The results of posterior tibial artery doppler waveform analysis by two methods are presented by group 

Posterior tibial artery waveform Control Diabetic patients 
subjects 

Group A Group B Group C 
(n = 8) (n = 7) (n = 8) n = 7) 

Pulsatility index (standard) 

Pulsatility index (normatised) 

Laplace transform Gamma 

18.4 p < 0.05 8.6 NS 9.0 NS 4.6 
(9.34) (1.7) (3.3) (3.6) 

20.8 p<0.05 10.2 NS 11.3 NS 6.6 
(9.2) (2.2) (4.2) (5.8) 

342.4 p < 0.05 25.4 NS 38.0 NS 6.6 
(3.3) (2.1) (6.2) (3.6) 

Table 6. X-ray abnormalities in the diabetic patients 

Arterial calcification Diabetic patients 

Group A Group B Group C 
(n =7) (n =6) (n =7) 

Tibial Mild 3 0 0 
Moderate 2 3 2 
Severe 0 1 2 

Metatarsal/ Mild 1 1 1 
tarsal Moderate 1 2 2 

Severe 0 1 1 

Charcot's arthropathy 0 0 2 

analysis of common femoral artery waveforms by the 
Laplace transform damping method [20]. 

In the current study, arterial wall calcification, 
which affects vascular compliance and hence could in- 
fluence blood flow, was equally common and severe in 
patients with chronic painful polyneuropathy 
(Group B) as in those with recurrent foot ulceration 
and painless polyneuropathy (Group C). Other investi- 
gators have argued that arterial wall calcification is 
due to sympathetic denervation [30]. If true this would 
reinforce the idea that autonomic nerve damage is 
equivalent in the two neuropathic groups studied here 
and support the hypothesis that non-neuropathic fac- 
tors may be involved in causing abnormal blood flow. 

In conclusion, blood flow abnormality in the foot 
appears to be very common among all diabetic pat- 
ients including those asymptomatic of neuropathy, but 
is most severe in those with chronic painless polyneu- 
ropathy and foot ulceration. There was no clear rela- 
tionship with autonomic neuropathy (or vascular calci- 
fication) suggesting that factors other than sympathetic 
denervation should be considered in explaining the 
blood flow abnormality in the feet of diabetic patients. 
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