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Ventilatory and heart rate responses to hypoxia and
hypercapnia in patients with diabetes mellitus
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ABSTRACT The ventilatory response to isocapnic progressive hypoxia and hyperoxic progressive
hypercapnia in 24 diabetic patients were compared with those of sex and age matched normal control
subjects. The heart rate response to hypoxia was also measured in both groups. In diabetic patients
the ventilatory and heart rate responses to hypoxia were significantly lower than those in the control
group (0- 10 v 0-24 l/min/% fall/M2 and 05 1 v 1 27 beats/min/% fall respectively). The ventilatory
response to hypercapnia was significantly higher (1 09 v 0-76 1/min/mm Hg/M2) in the diabetic
patients. There was a significant correlation between the hypoxic ventilatory response and the heart
rate response in diabetic patients (r = 0 56), but not in the control group (r = 0-28). In addition,
both the ventilatory and the heart rate responses to hypoxia in diabetic patients had weak but
significant correlations with the heart rate variation during deep breathing. It is concluded that the
ventilatory and heart rate responses to hypoxia in diabetic patients are impaired, whereas the
ventilatory response to hypercapnia is well preserved.

Introduction

Autonomic neuropathy is recognised as an important
complication of diabetes, and has a considerable
morbidity and a poor prognosis.' Unexplained car-
diorespiratory arrest has been reported in patients
with this complication, and defective respiratory or
cardiovascular reflexes have been postulated as
aetiological factors.23 Sleep apnoea has also been
reported to be more frequent in diabetic patients with
autonomic neuropathy than in those without auto-
nomic neuropathy, suggesting disordered ventilatory
control.4
Whether the ventilatory responses to hypoxia or

hypercapnia are impaired in patients with autonomic
neuropathy is still debated.'9 The substantial
variability in the ventilatory response to hypoxia and
hypercapnia among normal individuals may mask
differences between patients and normal controls,
particularly when small numbers are studied.

In the present study we selected a large random
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group of diabetic patients with various degrees of
neuropathy, and compared their ventilatory responses
to hypoxia and hypercapnia with those of sex and age
matched healthy control subjects. We also measured
the heart rate response to hypoxia. In the diabetic
patients we examined the relation between the ven-
tilatory and heart rate responses and the presence of
symptoms or objective evidence of autonomic
neuropathy as assessed by the heart rate variation
during deep breathing.

Methods

PATIENTS AND CONTROL SUBJECTS
Fourteen insulin dependent diabetic and 10 non-
insulin dependent diabetic patients were included in
the study. All patients were randomly selected from
the weekly diabetic outpatient clinic or from patients
who were in hospital for assessment and education. All
were clinically stable and none had any evidence of
cardiopulmonary disease at the time of the study.
Twenty four healthy normal subjects with no history
of diabetes mellitus or cardiopulmonary disease acted
as control subjects. The controls were chosen so that
their sex ratio and age distribution were similar to
those of the patients. Anthropometric data on the
patients and normal control subjects are shown in
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Table 1 Physical characteristics of the diabetic patients and
control subjects (mean (SD) values)

Age Height Weight BSA
Sex n (y) (cm) (kg) (m2)

Diabetic M 14 45 9 (13-1) 167-0 (6-9) 58-6 (7.6)* 1-65 (0-13)*
patients F 10 48-5(10-6) 1521 (5-7) 499(9-4) 144(012)

Normal M 14 44-3 (11 5) 167-2 (4-5) 66-3 (7 7) 1 75 (0 10)
subjects F 10 48-0 (9-3) 152-1 (4 6) 53-7 (8 5) 1 49 (0-12)

BSA-body surface area.
*p < 0 05 in the comparison with the values in normal subjects.

table 1. Informed consent was obtained from each
subject.
The clinical features of the patients are shown in

table 2. "Duration ofdiabetes" indicates the time from
the initial diagnosis. Retinopathy was classified in two
categories, background retinopathy and proliferative
retinopathy. Nephropathy was regarded as present
when urine analysis repeatedly showed proteinuria
(>0 3 g/l). Peripheral neuropathy was diagnosed in
patients with absent tendon reflexes and impaired
appreciation of vibration, touch, or pain. Orthostatic
hypotension was considered to be present if systolic
arterial blood pressure fell by 20 mm Hg or more
when the patient was standing. None of the patients
was receiving medication for hypertension, although
two had borderline hypertension.

MEASUREMENTS
Forced vital capacity (FVC) and forced expiratory
volume in one second (FEV,) were measured with a

bellows type spirometer (Chestac STM 81, Chest
Products) at least one hour before the study of
ventilatory responses, and the results were expressed
as percentages of the predicted values.'°" With the
subject supine and breathing through a mouthpiece,
arterial blood samples were drawn from the brachial
artery for oxygen and carbon dioxide estimation (Pao2
and Paco2) and pH analysis (pH/blood gas analyser
type 813; Instrumentation Laboratory). The ven-
tilatory responses to hypoxia and hypercapnia were

measured with a "dual control machine."'2 Briefly, the
machine automatically changes inspiratory gas com-

position to maintain a constant end tidal Po2 or Pco0.
Minute ventilation (VE) was sampled every 15 seconds
by electrical integration of the flow signals obtained
from a hot wire respiratory flowmeter (Minato
Medical Products, RF-H). Expired gas concentrations
were monitored continuously by a mass spectrometer
(MGA 1100, Perkin-Elmer Medical Instruments).
Arterial oxygen saturation (Sao2) was measured with a

fingertip oximeter (MET-1471, Mochida-Minolta).
The electrical signals of end tidal Po0 and Pco2 (Peto2
and Petco2), YE, Sao2, and heart rate (HR) were

monitored and recorded on a multichannel recorder
(Sanei-Sokki 142-8), and also stored at 15 second

Table 2 Clinicalfeatures of the diabetic patients

Fasting
Duration Glycosylated plasma

Patient Age (y) of Retino- Nephro- Peripheral Orthostatic Insulin haemoglobin glucose AHR
No (y) Sex diabetes pathy pathy neuropathy hypotension dependence (%) (mg/dl) (beats/min)

1 61 F 4 0 - - - + 11-7 116 6-8
2 27 M 12 PF + + + + 154 384 46
3 21 M 6 BG - - + + 146 172 110
4 37 F 14 PF + - - + 6-0 100 3-9
5 41 F 9 0 - - + 13 7 233 11 8
6 43 M 11 BG - - - - 120 194 151
7 43 F 11 0 - - + 12 8 177 12 8
8 55 M 11 PF - - + + 136 148 196
9 42 M 15 PF - - - + 11 3 268 21-5
10 57 M 5 0 - - + 13-0 92 13 7
11 44 F 18 PF + + + + 7-6 169 3-4
12 46 M 10 PF + + + + 12 3 253 4 6
13 50 F I BG - + - - 119 172 13-1
14 47 M 8 0 - - - - 12-5 170 10-1
15 60 M 15 0 - - - - 14-2 210 12 8
16 56 F 2 BG + - + - 108 145 49
17 50 F 1 0 - - - 12 6 192 6.4
18 45 M 1 0 - - - 12 4 198 10 1
19 65 M 1 0 - - - 10-7 162 24-1
20 35 F 9 0 - + - + 14 8 182 25 3
21 43 M 11 PF + + + + 14 9 189 4-3
22 68 F 4 0 - - + - 125 110 3-3
23 61 M 1 0 - - - - 11-9 121 9 5
24 31 M I O - - - + 13 8 70 13 4

BG-background; PF-proliferative; AHR-heart rate variation during deep breathing. See text for definitions of duration of diabetes,
nephropathy, peripheral neuropathy, and orthostatic hypotension.
Glucose: I mg/dl = 0-0555 mmol/100 ml.
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intervals in an online signal processing computer
(Nihon Kohden ATAC-450) for later analysis. Isocap-
nic hypoxia was attained by progressively lowering
Peto2 from 100 to 40 mm Hg* over 6-7 minutes while
Petco2 was kept constant at the resting level. The
hypoxic ventilatory response was assessed as change in
VE against change in Sao2 (AVE/ASaO2). on the basis of
a linear relation between VE and Sao2, the least squares
method being used. The relation of change in heart
rate to change in Sao2 (AHR/ASao2) was used to
measure the heart rate response to hypoxia, given a

linear relation between heart rate and Sao2.'4 For
hyperoxic hypercapnia the fractional concentration of
carbon dioxide initially inspired (5%) was increased
gradually over 5-6 minutes to attain the predeter-
mined Petco2 (55 mm Hg), while Peto2 was main-
tained at 200 mm Hg. The hypercapnic ventilatory
response was measured as the slope factor, S, which is
derived from the equation VE = S(PETCO2 - B), where
B is the intercept of the VE-PETCO2 line. Ventilatory
response was standardised for body surface area, a

known determinant ofventilatory responses,'3 because
the mean body surface area in the diabetic patients was
smaller than that in the control group. The time
interval between the two measurements was about 30
minutes.
About 30 minutes before the measurement of the

ventilatory response subjects with diabetes mellitus
rested supine for at least 10 minutes. Once a stable
heart rate had been obtained they were asked to
breathe deeply at a rate of 6 breaths/min (5 s in, 5 s

out) for two minutes while their heart rate was

monitored continuously. Heart rate variation during
deep breathing (AHR) was assessed by measuring the
difference between the maximum and the minimum
heart rate (in beats/min) over 10 breaths, the average

from 10 full breaths being recorded.
All tests were performed in the afternoon. Subjects

had their usual lunch at least two hours before the tests
and they were requested to abstain from coffee or tea,
cigarettes, and any drugs except insulin and other
diabetic medications.
*1 mm Hg 0-133 kPa.

STATISTICAL ANALYSES

Differences between group means were examined by
the unpaired Student's t test. A linear correlation
coefficient (r) between two variables was calculated
and t values were obtained from the equation:
t = ri(n - 2)(I - r2), where n is the sample number.
p values of less than 0-05 were accepted as significant.

Results

There were no significant differences in spirometric or

arterial blood gas measurements between the diabetic
and the control subjects except for Paco2, which was

about 4 mm Hg higher in the diabetic patients than in
the control group (mean (SD) 41-0 (3 3) v 37-0
(3 9) mm Hg; p < 0.01). Pao2 was similar in the two
groups (91.9 (10-6) v 90 5 (10 6) mm Hg).
The hypoxic ventilatory response was significantly

lower in the diabetic patients (0 10I/min/% fall/M2)
than in the control group (0-24 I/min/% fall/m2;
p < 0-01) (table 3). The difference in the hypoxic
ventilatory response was significant in the men but not
in the women. The hypercapnic response was sig-

AVE/ASao2/BSA
(1/min/%fall/m2) = 056

0.6 n =24
p < 0-01

0.2 * * >~0~~~~

-0.2 . . . .
0 0.6 1.2

AHR/ASaO2 (beats/min/%fall)

Fig 1 Relation between ventilatory response to hypoxia
(A VE/ASao,/BSA) and heart rate response to hypoxia
(AHR/ASao2) in diabetic patients.

Table 3 Ventilatory and heart rate responses in diabetic patients and control subjects (mean (SD) values)

AVE/ASaO2/BSA SIBSA B AHR/ASao2
(I/min/%faIt/m2) (l/min/mm Hg/M2) (mm Hg) (beats/min/%ofall)

Diabetic patients M 011(0II)( 1 10 (0-41)* 365(37) 057 (029)**
F 0 09 (0 15) 1 07 (0-87) 37-6 (5-6) 0-42 (0 20)**
Total 0 10 (0-13)* 1 09 (0 63)* 36 9 (4-5) 0 51 (0-26)**

Normal subjects M 0 31 (0-24) 0 75 (0-28) 35 3 (5-7) 1-44 (0-63)
F 0-15 (0-13) 0-77 (0-33) 36-2 (5 6) 1 05 (0-53)
Total 0-24 (0-21) 0-76 (0 30) 35 7 (6-7) 1-27 (0-61)

BSA-body surface area; AVE/ASao2-slope factor for ventilatory response to hypoxia; S-slope factor for ventilatory response to
hypercapnia; B-intercept of hypercapnic ventilatory response line with end tidal carbon dioxide tension; AHR/ASao2-slope factor for heart
rate response to hypoxia.
*p < 0-05, **p < 0-01 in the comparison with nonnal subjects.
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r = 045
n = 23
p < 005
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(beats/min/%fall)
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Fig 2 Relation between ventilatory response to hypoxia
(AVE/ASao2/BSA) and heart rate variation during deep
breathing (AHR) in diabetic patients. One patient, who had
myocardial infarction a week after the tests, was excluded.

nificantly higher in the diabetic patients than in the
control group (1 09 v 0-76 1/min/mm Hg/m2; p <
0 05); whereas the B value, the intercept of the
hypercapnic ventilatory response line with P,CO2,
showed no significant difference (table 3).
The heart rate response to hypoxia was significantly

lower in the diabetic patients (05 1 beats/min/% fall)
than in the control group (127 beats/min/
% fall;p < 0-01). This held true for men and women
separately (table 3). There was a significant correlation
between the ventilatory response and the heart rate
response to hypoxia in the diabetic subjects (r = 0-56,
p < 001: fig 1), but not in the control subjects
(r = 0 28).
Both the ventilatory response and the heart rate

response to hypoxia in the diabetic patients showed a

weak but significant correlation with heart rate varia-

30
AHR (beats/min)

Fig 3 Relation between heart rate response to hypoxia
(AHR/ASaoj and heart rate variation during deep breathing
(AHR) in diabetic patients. One patient, who had myocardial
infarction a week after the tests, was excluded.

tion during deep breathing (r = 045, p < 0 05 for the
ventilatory response; fig 2; r = 044, p < 0 05 for the
heart rate response: fig 3), if the results from one

patient are excluded (this patient, who had had
myocardial infarction one week after the tests had
been carried out, had a variation in heart rate during
deep breathing of only 4 9 beats/min, though the
ventilatory and heart rate responses to hypoxia were

relatively well preserved).
Age; duration of diabetes; insulin dependence or

independence; and presence or absence of
nephropathy, retinopathy, peripheral neuropathy,
and orthostatic hypotension did not have a significant
effect on the ventilatory responses to hypoxia or

hypercapnia (table 4), nor did degree of glycaemic
control. Diabetic patients with nephropathy, peri-
pheral neuropathy, or orthostatic hypotension,

Table 4 Ventilatory and heart rate responses to hypoxia and heart rate variation during deep breathing in diabetic patients
(mean (SD) values)

Diabetic patients (n) AVE/ASao2/BSA (l/min/%fall/m2) AHR/ASao2 (beats/min/%ofall) AHR (beats/min)

Retinopathy
Positive (I 1) 0 10 (0-17) 0-46 (0-32) 9-6 (6-8)
Negative (13) 0-10 (0-10) 0.55 (0 20) 13-1 (6-1)

Nephropathy
Positive (6) 0-09 (0-18) 0-27 (0-18)

p
< 0-01 433(05)p < 0-01

Negative (18) 0 10 (0 11) 0-59 (0 24)P 13-9 (5-7)j
Peripheral neuropathy

Positive (5) 0 04 (0 04) 0-28 (0 16)p < 8-9 (9-4)
Negative (19) 0-12 (0-14) 0-57 (0-25)f 0 123 (5 6)

Postural hypotension
Positive (8) 0 09 (0 17) 0-32 (0-16)p < 0 01 70 (5 7)Yp < 0 05
Negative (16) 0 11 (0 11) 0-60 (0-25)f 13 8 (58) <

Insulin dependence
Dependent (14) 0-06 (0 11) 0-44 (0 25) 11-2 (7-1)
Not dependent (10) 0-15 (0-14) 0-61 (0 26) 11 9 (59)

AHR-heart rate variation during deep breathing; see table 3 for AVE/ASao2/BSA and AHR/ASao2.
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however, showed a significantly smaller heart rate
response to hypoxia or heart rate variation during
deep breathing (or both) than did patients without
such complications (table 4).

Discussion

The present study has clearly shown that the ven-
tilatory and heart rate responses to hypoxia are
impaired in diabetic patients, whereas the ventilatory
response to hypercapnia is well preserved. The ven-
tilatory and heart rate responses to hypoxia were
correlated in the diabetic group only, and the respon-
ses also showed a weak but significant relation with
heart rate variation during deep breathing. Impair-
ment of the ventilatory response to hypoxia was not
related to complications of diabetes, such as peri-
pheral neuropathy or nephropathy, whereas the heart
rate response to hypoxia and heart rate variation
during deep breathing showed a significant relation.

Earlier studies5 and the observations of Page and
Watkins2 suggested that autonomic neuropathy may
lead to abnormal ventilatory responses to hypoxia.
But several subsequent studies78"5 have failed to find
any impairment ofthe ventilatory response to hypoxia
in diabetic patients with clinically evident autonomic
neuropathy. There is also conflicting evidence68 on
whether such patients have abnormally decreased
responses to hypercapnia. It is well known that
ventilatory responses to hypoxia and hypercapnia
vary widely even among normal individuals and that
10-20% of such subjects are "low responders" to
hypoxia.'316 Ventilatory responses are influenced by
many physiological and environmental factors, such
as age, sex, physical characteristics, metabolic rate,
exercise, and residence at high altitude, and variation
in these factors may explain in part at least why some
studies have failed to detect an impaired ventilatory
response to hypoxia in diabetic patients. In the present
study we randomly selected a relatively large number
of diabetic patients with various degrees of diabetic
complications, and compared the ventilatory respon-
ses with those ofage and sex matched control subjects.
Soler and Eagleton,8 using similar methods, failed to
find any appreciable abnormality in the ventilatory
responses to hypoxia or hypercapnia in diabetic
patients with autonomic neuropathy. The number of
subjects in each diabetic group in their study was,
however, relatively small, and age and sex ratios were
not matched as strictly as in our study. In addition, the
resting minute ventilation obtained in their study
showed a wide scatter in each group, which may
indicate poor reproducibility of their measurements.
These factors may explain why, when the mean values
were lower in the diabetic group than in the control
subjects, the differences in ventilatory response to

hypoxia were not significant.
The ventilatory response to hypoxia reflects the

function of the afferent and efferent limbs of the reflex
arc, including carotid body function and the activity of
the respiratory centre. Hypoxia may also cause central
depression of ventilation by two possible mecha-
nisms, 17-19 central hypocapnia resulting from increased
cerebral blood flow and metabolic depression of
neuronal function. The latter includes a direct reduc-
tion in metabolic substrate during severe oxygen
restriction and the release and accumulation of
neurotransmitters with their net inhibitory effect on
synaptic transmission of central respiratory neurones.
The insensitivity to hypoxia shown in the present study
could therefore be due to several factors. Respiratory
muscle dysfunction and abnormal motor descending
pathways are the least likely causes, because res-
piratory function in the diabetic patients was normal
and their ventilatory response to hypercapnia was
enhanced, indicating that their ability to increase
ventilation was well preserved.
One possible explanation for the decreased ven-

tilatory response to hypoxia is that medullary depres-
sion of ventilation by hypoxia is greater in diabetic
patients than in control subjects. This is supported by
the observation' that the control of cerebral blood
flow is abnormal in diabetic patients, who show a lack
of normal cerebral vasodilatation in response to an
increase in arterial Pco2. Hypoxia is a potent stimulus
to cerebral vasodilatation and, if this fails to occur,
hypoxia may have a more severe metabolic effect on
the brain and depress ventilation centrally. On the
other hand, however, a lack of cerebral vasodilatation
in response to hypoxia may reduce hypoxic ventilatory
depression by reducing the washout of carbon dioxide
from the brain and thus increasing brain tissue Pco2.
Another explanation for the abnormally decreased
ventilatory response to hypoxia is carotid body dys-
function or abnormal sensory input to respiratory
neurones as a result of autonomic neuropathy. Our
study showed a weak but significant relation between
the ventilatory response to hypoxia and heart rate
variation during deep breathing. The latter is reported
to be a simple measure of autonomic nervous dysfunc-
tion in diabetic patients.2' Although several other
bedside tests use the heart rate as an index, this test has
been reported to be the most sensitive2 23 and easy to
interpret because, as it is performed during quiet, non-
stressed supine rest,24 it assesses only parasympathetic
nervous function. Unfortunately, we do not have
control values for this test. There are some well
established predicted values for normal healthy
subjects, however. If we use the age dependent lower
limit of the 90% confidence interval reported by
Wieling et al,25 values in 15 out of 23 patients in the
present study fall into the abnormal range.
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The heart rate response to hypoxia is more difficult

to interpret. The effect of hypoxia on the cardiovas-
cular system is mediated through the interaction of
several opposing influences. The bradycardia resulting
from carotid body chemoreceptor stimulation is
opposed by cardioaccelerator reflexes from lung infla-
tion receptors stimulated as a result of hyperventila-
tion and from hypoxia of the central nervous sys-
tem.2627 The increase in mean arterial blood pressure
resulting from hypoxia may also stimulate the
baroreflexes and thereby contribute to cardiac slow-
ing. In addition, there is accumulating evidence2728
that the aortic chemoreceptors may cause tachycardia
rather than bradycardia. As a result, hypoxia leads to
an increase in heart rate in conscious man that is
linearly related to arterial oxygen saturation.'4 Al-
though the heart rate response appears to be closely
related to the ventilatory response to hypoxia, neither
two previous studies'429 nor the present study have
found any significant correlation between the two
responses in normal, healthy subjects. It is hard to
determine from our study which particular lesion is
responsible for the abnormal heart rate response to
hypoxia in diabetic patients. Our results may reflect
abnormal metabolic changes in the brain during
hypoxia or another manifestation of autonomic
neuropathy, as there was a significant correlation
between the ventilatory and heart rate response to
hypoxia in the diabetic group only.

Finally, the ventilatory response to hypercapnia in
diabetic patients was increased in the present study.
There was no convincing evidence that this was related
to diabetic neuropathy, as no relation was found
between the ventilatory response to hypercapnia and
any index of diabetic neuropathy. Paco2 was higher in
the diabetic patients than the control subjects but this
does not explain the augmented hypercapnic response;
the higher Paco2 in diabetic patients with normal pH
should depress the ventilatory response to hypercap-
nia rather than enhance it. One hypothesis is that a
lack of normal cerebral vasodilatation in response to
hypercapnia'8 might induce severe brain tissue acidosis
under hypercapnic challenge in diabetic patients, but
this requires confirmation. The recent debate has been
whether hypercapnic sensitivity is impaired in patients
with diabetes.68 Our findings show that they have a
well preserved ventilatory response to hypercapnia.

In conclusion, we have shown that the ventilatory
and heart rate responses to hypoxia are impaired in
diabetic patients. This may be a manifestation of
autonomic neuropathy or may be due to abnormal
metabolic changes in the brain during hypoxia. The
ventilatory response to hypercapnia was not impaired.

We thank Mrs Mari Nishimura for typing the text.
This work was supported by a research grant (No

62480200) from the Ministry of Education, Science,
and Culture, Japan.
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