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Summary. Haemodynamic variables were measured
during supine rest and during ergometer cycle exer-
cise at two work loads (50 W and 100 W) in normal
subjects (n = 7), in insulin-dependent diabetic sub-
jects without neuropathy (n = 8), in insulin-depend-
ent diabetic subjects with slight autonomic neuropa-
thy (decreased beat-to-beat variation in heart rate,
which is considered due to a cardiac parasympathetic
defect; n = 8), and in insulin-dependent diabetic sub-
jects with severe autonomic neuropathy, including or-
thostatic hypotension (n = 7). Compared with nor-
mal subjects, cardiac stroke volume was lower in the
diabetic subjects with autonomic neuropathy, both at
rest and during exercise (p < 0.025), whereas interme-
diate values were found in the diabetic subjects with-
out neuropathy. The increase in cardiac output in re-
sponse to exercise was smaller (p < 0.05) in both dia-
betic groups with autonomic neuropathy compared
with the normal and diabetic subjects without auto-
nomic neuropathy. The increase in hepato-splanch-
nic vascular resistance was smaller in the diabetic sub-
jects with severe autonomic neuropathy than in the
normal subjects and the diabetic subjects without au-
tonomic neuropathy (p < 0.025), whereas intermedi-
ate values were found in the diabetic subjects with
slight autonomic neuropathy. We conclude that, in di-
abetic patients with severe autonomic neuropathy,
the responses of the heart and the splanchnic resist-
ance vessels to exercise are impaired. While sympath-
etic neuropathy may be responsible for impaired
function of splanchnic resistance vessels, both cardi-
ac sympathetic neuropathy and diabetic cardiomyop-
athy may be involved in the impaired cardiac re-
sponse to exercise in diabetic subjects with autonomic
neuropathy.
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We have reported previously [1] that the capacity for
graded exercise, both as the maximally tolerable work
load and the maximal oxygen uptake (Vo, max), is re-
duced in insulin-dependent diabetic subjects with
signs of autonomic neuropathy (i.¢. decreased beat-
to-beat variation in heart rate during hyperventilation
due to cardiac parasympathetic neuropathy [2]. Meas-
urement of plasma concentrations of catecholamines
suggested that during exercise, the activity in sym-
pathetic nerves to the heart and to resistance vessels
(arteries and arterioles) is impaired in diabetic pa-
tients with decreased beat-to-beat variation [3].

The aim of the present study was to determine di-
rectly whether cardiac output and hepato-splanchnic
vascular resistance during graded exercise are altered
in diabetic patients with autonomic neuropathy com-
pared with those without neuropathy. During exer-
cise, temperature regulation depends on the redistri-
bution of blood flow and volume and on activation of
sweat glands [4]. Since these changes are mediated by
sympathetic nervous activity and may be affected by
autonomic neuropathy, we have also measured core
and skin temperature during exercise.

Material and Methods

Patients

Twenty-three insulin-dependent male diabetic patients and seven
healthy males volunteered for the study after giving written, in-
formed consent (Table 1). The patients were divided into three
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Table 1. Clinical characteristics of the subjects studied
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Age Duration  Daily Height Weight  Vibration Heartrate  Serum No.of  No.of
(years)  of insulin ~ (cm) (ke sense variation creatinine patients  patients with
diabetes dose threshold  (beats/min) (umol/1) with proliferative
(years) (1Y) ") protein-  retinopathy
uria
Normal 30
subjects (23-34) - - 182 +2 74+2 6+1 30+ 4 - - -
Group 1 27
(n=138)  (23:36) 16=1 3943 180+2 7242 T=+1 32+3 84+2 0 0
Group 2 36
(n=28) 2747y 203 372 176 +2 67+1 23+3 8+2 86+ 4 4 5
Group 3 40
(n="7) (29-49) 19+£3 363 176 +2 673 23x4 4+2 93+6 4 4

Age is given as mean and range, other parameters as mean + SEM

Group 1 :patients without neuropathy. Group 2: patients with decreased beat-to-beat variation in heart rate. Group 3. patients with decreased
beat-to-beat variation in heart rate and orthostatic hypotension. Vibratory perception threshold is given in volts, a threshold above 20 volts

being indicative of somatic neuropathy

groups according to their beat-to-beat variation in heart rate during
hyperventilation [2] and to previously determined blood pressure
changes during shift of body position from supine to standing.
Four groups were thus studied: Group I (n = 8): patients with nor-
mal beat-to-beat variation in heart rate (> 15 beats/min) and nor-
mal orthostatic blood pressure responses (decrease in systolic
blood pressure < 15 mmHg 1 min after standing up); Group 2
(n = 8): patients with signs of autonomic neuropathy (beat-to-beat
variation < 15 beats/min) but having normal orthostatic blood
pressure responses; Group 3 (n = 7): patients with decreased beat-
to-beat variation and orthostatic hypotension (decrease in systolic
blood pressure > 30 mmHg 1 min after standing up). Threshold for
vibration sense[S] was elevated in groups 2 and 3, while normal val-
ues were found in group 1 (Table 1); Normal subjects(n = 7): seven
healthy males (Table 1).

The duration of diabetes was similar in the three patient groups.
Group 1 patients had no clinical signs or symptoms of neuropathy.
Two patients in group 2 were impotent and one had retrograde
ejaculation; two of these patients also lacked sweat secretion on
their feet and legs. Two other group 2 patients had loss of sweat se-
cretion on their feet and legs, but had no other clinical symptoms of
neuropathy. In contrast, group 3 patients had gross clinical symp-
toms of neuropathy: five patients were impotent, six patients had
sweating abnormalities as described above, four patients had atro-
phy of the interdigital muscles and six patients had paraesthesiae.
The prevalence of additional long-term complications is given in
Table 1.

None of the subjects studied had signs or symptoms of other en-
docrine, metabolic or cardiovascular diseases, nor were they given
any therapy apart from insulin.

Methods

Diabetic control was optimised during the 24 h before the study.
The last dose of insulin was given at 2200 h, the night before the
study. The subjects were studied as outpatients at 0800 h, fasting
with at least 12 h abstention from tobacco and alcohol. They were
weighed and a cannula was inserted into a cubital vein in each arm,
whereupon they rested supine for 85 min. They then sat resting for
15 min on an electronically braked ergometer cycle (Siemens Ele-
ma 380B, Stockholm, Sweden), followed by exercise for 20 min at
50 W. After 15 min supine rest and 15 min rest sitting, they exercised

for 20 min at 100 W. The following parameters were measured at
rest and during exercise:

Blood pressure was measured by the indirect auscultatory meth-
od, using a sphygmomanometer and a cuff. Blood pressure was
measured twice at 15 min interval supine and after 15 min exercise
at each of the two work loads. Diastolic blood pressures were im-
possible to measure during exercise.

Heart rate was recorded from surface electrodes, using both an
ECG and a cardiotachogram, displayed on an ultraviolet recorder
(Abem Ultralette 5651, Abem Instrument Group, Stockholm,
Sweden). The mean heart rate in 20 s periods was calculated.

Plasma volume was measured supine with '?]-labelled human
serum albumin, and its changes during exercise were calculated
from the peripheral haematocrit [6] as:

Plasma volume =
erythrocyte volume x (100-haematocrit x 0.91)
haematocrit x 0.91

(The factor 0.91 was used to calculate the body haematocrit from
the venous haematocrit).

Cardiac output was measured by a freon-22 rebreathing method
(7, 8) from the rate of freon 22 wash-in into pulmonary capillaries.
The subjects rebreathed (10-15 forced respirations) from a rubber
bag (4litre antistatic). The bag contained 2.5 litre of a gas mixture of
4% freon, 15% neon, 1% argon, 37% oxygen, and 43% nitrogen
(cardiac output measurements at rest at 50 W exercise), or of 4%
freon, 13% neon, 1% argon, 45% oxygen, and 37% nitrogen (cardiac
output measurements at 100 W exercise). Gas was sampled for con-
tinous analysis in a quadropol 8-channel mass spectrometer (Cen-
tronic MGA 200, 20th Century Electronics, Croydon, UK). Cardi-
ac output was calculated from these data [7] with certain modifica-
tions [8]. Coefficient of variation, in 12 measurements on separate
days of cardiac output, in a normal subject in the resting supine po-
sition was 8%, at 50 W exercise 7% and at 100 W, 8%. In the present
study, cardiac output was measured after 50 min of supine rest and
after 15 min of exercise at both work loads.

Oxygen uptake was measured immediately before rebreathing
by the Douglas bag method [1] and during rebreathing from the de-
crease of oxygen content of the rubber bag. Maximal oxygen up-
take was not measured for ethical reasons (risk of retinal lesions
during maximal effort in those patients with proliferative retinopa-

thy).



320

cardiac output
heart rate.

Pulmonary tissue volume was calculated from the gas tensions
during rebreathing from the difference between the distribution
space for a water-soluble gas (freon) and a water-insoluble gas
(neon) [9]. Coefficients of variation were 7% (supine rest), 14%
(50 W) and 18% (100 W).

Total peripheral resistance was calculated from:
systolic arterial pressure

cardiac output.

Diastolic blood pressures being impossible to obtain during ex-
ercise, total peripheral resistance was calculated from the systolic
blood pressure and cardiac output and accordingly over-estimated.

Hepato-splanchnic blood flow was estimated from measure-
ments of peripheral Indocyanine green clearance [10]. After 25 min
of supine rest, 3 ml blood were drawn from the right arm into he-
parinised tubes for preparation of plasma blanks. Five minutes
later, 12.5 mg Indocyanine green dissolved in sterile solvent were
injected IV into the leftarm and 5, 8,11, 14, and 17 min later, 3 ml of
heparinised blood were drawn from the right arm. At each work
load, 12.5 mg Indocyanine green were injected at the onset of exer-
cise and blood samples were subsequently drawn at intervals, as in
the supine position. Plasma Indocyanine green concentrations
were read spectrophometrically at 805 nm. Spectrophotometric
analysis of urine (collected after the experiment) from group 3 pa-
tients with added human serum albumin showed that Indocyanine
green was not lost in the urine. The plasma Indocyanine green frac-
tional disappearance rate (k) was determined from the regression
fine for the log plasma concentrations versus time, calculated by the
least squares method [10]. Plasma clearance, which varies in paral-
lel with hepatic blood flow, was then calculated as k x plasma
volume. Estimated hepato-splanchnic vascular resistance was
systolic arterial pressure

k x plasma volume

Rectal temperature was measured by a heat-conductivity meter
(Eliab, Copenhagen, Denmark). Mean skin temperature was calcu-
lated from skin temperature measurements [11] with the same ap-
paratus at the sternum, the right shoulder, the lateral part of the
right knee and the lateral part of the right ankle. Temperature meas-
urements were made immediately before each exercise period and
after 20 min of exercise at each work load.

Plasma concentrations of noradrenaline and adrenaline: eight ml
blood were taken from the right arm for catecholamine analysis
during supine rest and at the end of each exercise period. The blood
was placed in iced tubes, containing 16 mg EDTA and 16 mg ascor-
bic acid. After centrifugation, the supernatant was frozen at 20°C.
Plasma noradrenaline and plasma adrenaline were determined by
a double-isotope derivative assay [12] with certain modifications
[131.

Glucose concentrations in blood were determined by the hexoki-
nase method [14]. Blood samples for blood glucose were drawn
with the subjects resting supine, at the end of exercise at 50 Wand at
the end of exercise at 100 W.

Statistical evalution was made by Mann-Whitney’s test for un-
paired comparisons and by the Wilcoxon matched pairs signed-
ranks test for paired comparisons [15].

Cardiac stroke volume was calculated from

calculated as

Results

The capacity for graded exercise was significantly re-
duced in groups 2 and 3 who had varying degrees of
autonomic neuropathy. All group 3 patients and four
out of eight group 2 patients were exhausted before
completion of the 100 W exercise period, whereas all
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Fig. 1. Heart rate and systolic blood pressure (mean + SEM) during
supine rest E and at the end of two exercise periods (50 W O and
100 W H). Group 2 and 3 patients were exhausted before comple-
tion of the 100 W work load. In those patients, heart rate and blood
pressure at exhaustion were considered representative of maximal
values. Normal subjects (n = 7), group 1 (n = 8): diabetic subjects
without neuropathy, group 2 (n = 8): diabetic subjects with one
sign of autonomic neuropathy (decreased beat-to-beat variation in
heart rate), group 3 (n = 7): diabetic subjects with decreased beat-
to-beat variation and orthostatic hypotension

group 1 patients (who did not have neuropathy) and
all the normal subjects were able to exercise for
20 min at 100 W. Therefore, in groups 2 and 3, results
from the 100 W exercise are given as those obtained
either at its completion or at exhaustion (after
5-15 min).

Blood pressure: during supine rest, systolic blood
pressure was significantly higher in group 3 patients
thanin group 1 and normal subjects (p < 0.05; Fig. 1).
During exercise, systolic blood pressure increased in
the normal subjects and in groups 1and 2 (p < 0.025),
whereas no significant changes occurred in group 3.

Heart rate: resting heart rate was significantly
higher in groups 2 and 3 compared with group 1 and
the normal subjects (p < 0.01; Fig.1). The increase in
heart rate during exercise at S0 W was similar in all
groups, whereas the increase in heart rate during exer-
cise at 100 W was significantly lower in group 3 com-
pared with group 1 and the normal subjects (p <
0.05). The increase in heart rate during exercise at
100 W in group 2 was significantly smaller than the in-
crease in group 1 (p < 0.05). Heart rate was not signi-
ficantly lower at 100 W in group 3 than in group 2.
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Table 2. Plasma volume and pulmonary tissue volume at rest and during exercise

Plasma volume (ml)

Pulmonary tissue volume (ml)

Supine 50w 100 W Supine S0W 100 W
rest exercise exercise rest exercise exercise

Normal subjects (n = 7) 3340 + 150 3000 £ 130 2960 + 120 616 £ 25 670 =96 705+ 72
Group 1 (n = 8) 3140 £ 130 2840 + 130 2820 £ 130 574 + 28 450 £ 63 534+ 30
Group 2 (n = 8) 2820 £ 150 2580+ 40 2570 £ 50 63135 662 + 32 687 £93
Group3(n="17) 3160 £ 80 2820+ 80 2780 £ 100 559 £93 507 £73 478 + 59
Results expressed as mean £ SEM
Table 3. Cardiac output, cardiac stroke volume and oxygen uptake at rest and during exercise

Cardiac output (I/min) Cardiac stroke volume (ml) Oxygen uptake (ml/min)

Supine S0W 100 W Supine 50 W 100 W Supine S50 W 100 W

rest exercise exercise rest exercise exercise rest exercise exercise
Normal 58+04 94+£07 124+08 97£6 9I1+7 96 £ 8 275412 1066 +38 1631x 32
subjects
(n="17
Group 1 5606 89+03 114=x05 85+7 80 %5 75+4 27813 1057 +39 1800+£ 52
(n=29
Group 2 63+05 83+04 100£08 76 £5 647 68 £5 29015  1060+40 1448 +129
(=29
Group 3 58+06 82+04 9.5+ 06 66 £ 3 67+3 69 +£3 290+24 1099 £53 1378 £102
(=1

Results expressed as mean + SEM
TPRexercise

TPRsupine

1.0 4

0.5

Rgp. exercise

RgpL supine

34

Normal
subjects

Group 1 Group 2 Group 3

Fig.2. The ratio between total peripheral vascular resistance (TPR)
and hepato-splanchnic vascular resistance (Rgp ) (mean + SEM)
during exercise and supine rest in normal subjects and in diabetic
patients with different degrees of autonomic neuropathy. B : 50 W
exercise: supine rest; B 100 W exercise: supine rest

Pulmonary tissue volume and plasma volume: no
significant changes or differences between the groups
were found in pulmonary tissue volume (Table 2).
Plasma volume decreased uniformly during exercise
in all groups (p < 0.025; Table 2).

Cardiac output: the increase during exercise at
50 W was similar in all groups (Table 3), whereas the
increase during exercise at 100 W in groups 2 and 3
was significantly lower than in group 1 and the nor-
mal subjects (p < 0.05). Cardiac output during exer-
cise at 100 W was significantly lower in group 3 com-
pared with the normal subjects (p < 0.05).

Cardiac stroke volume was significantly lower,
both at rest and during exercise, in groups 2 and
3 compared with the normal subjects (p < 0.025),
whereas intermediate values were found in group 1
(Table 3).

Oxygen uptake was similar at rest and during exer-
cise at 50 W in all groups (Table 3), whereas oxygen
uptake was significantly lower during the 100 W exer-
cise in groups 2 and 3 compared with group 1 and nor-
mal subjects (p < 0.025).

Total peripheral resistance and hepato-splanchnic
vascular resistance: the ratio of total peripheral resist-
ance during exercise and supine rest was not signifi-
cantly different in the four groups at either work load.
The ratio of hepato-splanchnic vascular resistance
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during exercise and supine rest was significantly low-
er at both work loads in group 3 compared with
group 1 and normal subjects (p < 0.025), whereas in-
termediate values were found in group 2 (Fig. 2).

Rectal temperature and mean skin temperature:
no significant differences were found between the
groups, neither at rest nor during exercise.

Plasma concentrations of noradrenaline and adren-
alineincreased significantly during exercise in all four
groups. At 100 W, plasma noradrenaline concentra-
tions were lower in the normal subjects compared
with group 1 patients (p < 0.05). At this work load
plasma noradrenaline concentrations were not signi-
ficantly different between groups 2 and 3 and group 1
(p < 0.1). Plasma adrenaline responses to exercise in-
creased in parallel with those of plasma noradrena-
line.

Blood glucose concentrations increased uniformly
during exercise in the three diabetic groups. None of
the patients had symptoms of hypoglycaemia during
exercise. The patients experienced shortness of
breath on exhaustion but no episodes of chest pain or
arrhythmias occurred.

Discussion

The finding of a reduced capacity for graded exercise
in the diabetic subjects with slight autonomic neuro-
pathy (decreased beat-to-beat variation in heart rate)
and those with severe autonomic neuropathy, includ-
ing orthostatic hypotension, is in accordance with our
previous report of a reduced maximal exercise capac-
ity in diabetic patients with decreased beat-to-beat
variation [1]. For a given type of exercise in normal
subjects, the increased sympathetic outflow to the
heart and to resistance vessels is more closely related
to the percentage of the maximal oxygen uptake than
to the actual work load, whereas cardiac output is re-
lated to absolute work load [4]. Therefore, heart rate
and splanchnic vascular resistance should be greater
in the diabetic subjects with autonomic neuropathy
compared with those without neuropathy at the two
work loads in this study, as these work loads represent
a greater percentage of maximal aerobic capacity in
the patients with autonomic neuropathy than in those
without neuropathy and in the normal subjects [1].
Thus, the finding of similar or lower responses in the
patients with autonomic neuropathy indicates im-
paired sympathetic outflow in these patients. This is
consistent with the finding of similar or lower nor-
adrenaline responses to exercise in the patients with
autonomic neuropathy.

Systolic blood pressure decreased during exercise
in the group 3 patients (Fig. 1). In patients who have
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had a thoracolumbar sympathectomy for arterial hy-
pertension [16] or in those who were treated with a
ganglion blocking agent (hexamethonium) for arteri-
al hypertension [17], blood pressure has been shown
to decrease during exercise. Furthermore, chemical
sympathectomy with 6 hydroxy-dopamine in dogs re-
sulted in a fall in blood pressure during exercise [18].
Thus, pharmacological or surgical interruption of the
sympathetic outflow impairs the blood pressure re-
sponse to exercise, probably due mainly to a lack of
splanchnic vasoconstriction, which is mediated by
sympathetic nerves [4]. Degeneration of the sympa-
thetic nerves has been demonstrated in the splanchnic
vascular bed of diabetic patients [19], and this may be
responsible for splanchnic vascular resistance not in-
creasing during exercise in groups 2 and 3 in the pres-
ent study (Fig.2). Thus, reduced splanchnic vasocon-
striction, due to sympathetic neuropathy, may contri-
bute to the absent blood pressure response to exercise
in group 3. In addition, the lower increase in cardiac
output during exercise in group 3 probably contribut-
ed to the blood pressure being lower during exercise
in these patients than in the patients without neuropa-
thy. This is suported by the inability of cardiac output
to increase during exercise in patients with surgically
transplanted hearts also being associated with no in-
crease in blood pressure [20].

Stroke volume was significantly lower during rest
and exercise in groups 2 and 3 compared with the nor-
mal subjects and their increase in cardiac output was
impaired during exercise (Table 3). Since pulmonary
tissue volume, which is directly related to central ve-
nous pressure [21], was similar in the four groups stud-
ied and afterload (blood pressure) was low during ex-
ercise in group 3, we conclude that the lower stroke
volume during exercise is due to impaired myocardial
contractility in this group and probably results either
from diminished cardiac adrenergic stimulation or di-
abetic cardiomyopathy[22]. The latter is supported by
the fact that the patients with surgically transplanted
and thus denervated hearts are able to increase their
stroke volume during exercise by the Frank-Starling
mechanism [23].

We conclude that, during graded exercise, the in-
crease in cardiac output is impaired in patients with
diabetic autonomic neuropathy due to diminished
myocardial contractility and to impaired cardiac ac-
celeration. While impaired cardiac acceleration is
probably due to reduced sympathetic stimulation of
the heart, because of sympathetic nerve degeneration,
diminished myocardial contractility may be due to ei-
ther sympathetic nerve degeneration or diabetic car-
diomyopathy, or both. The increase in hepato-
splanchnic vascular resistance was significantly re-
duced in patients with autonomic neuropathy, prob-
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ably due to splanchnic sympathetic neuropathy. Lack
of an increase in blood pressure during exercise in di-
abetic subjects with severe neuropathy is explained
by these defective responses of the heart and the re-
sistance vessels.
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