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Summary Autonomic dysfunction in insulin-depen-
dent diabetic (IDDM) patients has been associated
with abnormalities of left ventricular function and an
increased risk of sudden death. A group of 30 patients
with IDDM and 30 age, sex and blood pressure mat-
ched control subjects underwent traditional tests of
autonomic function. In addition, baroreceptor-car-
diac reflex sensitivity (BRS) was assessed using time
domain (sequence) analysis of systolic blood pressure
and pulse interval data recorded non-invasively using
the Finapres beat-to-beat blood pressure recording
system. ‘Up BRS’ sequences—increases in systolic
blood pressure associated with lengthening of R-R
interval, and ‘down BRS’ sequences—decreases in sys-
tolic blood pressure associated with shortening of R-
R interval were identified and BRS calculated from
the regression of systolic blood pressure on R-R in-
terval for all sequences. We also assessed heart rate
variability using power spectral analysis and, after ex-
pressing components of the spectrum in normalised
units, assessed sympathovagal balance from the ratio
of low to high frequency powers. IDDM subjects un-
derwent 2-D echocardiography to assess left ventric-
ular mass index. Standard tests of autonomic function
revealed no differences between IDDM patients and
control subjects, but dramatic reductions in barore-
ceptor-cardiac reflex sensitivity were detected in
IDDM patients. ‘Up BRS’ when supine was 11.2 =
1.5 ms/mmHg (mean + SEM) compared with 20.4 +
1.95 in control subjects (p < 0.003) and when standing
was 4.1 £1.9vs7.6 £ 2.7 ms/mmHg (p <0.001). Down

BRS when supine was 11.5+12vs 22+ 2.6
(p <0.001) and standing was 4.4 £ 1.9 vs 7.3 £ 2.5 ms/
mmHg (p <0.003). There were significant relations
between impairment of the baroreflex and duration
of diabetes (p <0.001) and poor glycaemic control
(p <0.001). From a fast Fourier transformation of su-
pine heart rate data and using a band width of 0.05-
0.15 Hz as low-frequency and 0.2-0.35 Hz as high fre-
quency total spectral power of R-R interval variabil-
ity was significantly reduced in the IDDM group for
both low-frequency (473 +62.8 vs 746.6 +77.6 ms>
p =0.002) and high frequency bands 1252+ 12.9 vs
459.3 + 89.8 ms? p <0.0001. When the absolute pow-
ers were expressed in normalised units the ratio of
low frequency to high frequency power (a measure
of sympathovagal balance) was significantly in-
creased in the IDDM group (2.9 £ 0.53 vs 4.6 £ (.55,
p <0.002 supine: 3.8+0.49vs 6.6+0.55, p<0.001
standing). Thus, time domain analysis of barorecep-
tor-cardiac reflex sensitivity detects autonomic dys-
function more frequently in IDDM patients than con-
ventional tests. Impaired BRS is associated with an
increased left ventricular mass index and this abnor-
mality may have a role in the increased incidence of
sudden death seen in young IDDM patients. [Dia-
betologia (1996) 39: 1385-1391]
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For the past 25 years evidence of autonomic dysfunc-
tion has been sought by using a battery of non-inva-
sive cardiovascular reflex tests assessing heart rate
and blood pressure changes during a variety of ma-
noeuvres [1].

With improved technology, baroreceptor-cardiac
reflex sensitivity (BRS) is increasingly used to assess
autonomic function in diabetic patients [2, 3]. Tradi-
tionally, BRS is assessed by measuring the changes
in R-R interval produced in reflex to acute pharma-
cologically induced changes in blood pressure [4, 5].
Previously, this technique has required arterial can-
nulation for the measurement of beat-to-beat chan-
ges in blood pressure. However, this limitation has re-
cently been overcome with the development of non-
invasive beat-to-beat blood pressure measurement
systems such as the Finapres device (Ohmeda 2300,
Englewood, Col., USA) [6]. This device, using a mod-
ified version of the volume clamp method described
by the Czech physiologist Pefidz [7] reliably records
beat-to-beat blood pressure, non-invasively, from a
digital artery. Long periods of data recording (up to
30 min) have been made with the servo mechanism
deactivated; the observed blood pressures are compa-
rable to those obtained by brachial intra-arterial
measurement with an offset (usually around
5 mmHg) that remains constant throughout the re-
cording [8]. Pharmacological agents have the theoret-
ical disadvantage of altering the viscoelastic proper-
ties of the aorta thus potentially influencing BRS [9]
so other methods of assessing BRS have been sought.
One alternative approach, which has again been vali-
dated against intra-arterial recordings [10], involves
computer identification of sequences of three or
more consecutive beats characterized either by a pro-
gressive increase in systolic blood pressure followed
by a linearly related lengthening in pulse interval
(‘Up BRS’ sequences) or by a progressive reduction
in systolic blood pressure followed by a linearly re-
lated shortening of pulse interval (‘Down BRS’ se-
quences). The slope of the regression line between
systolic blood pressure and pulse interval changes is
taken as an index of BRS [10-12]. These sequences
are virtually eliminated following sinoaortic denerva-
tion, implying they result from baroreflex modulation
of the sinus node [13].

Abnormalities of baroreceptor-cardiac reflex sen-
sitivity in rats have been associated with an increase
in left ventricular mass independent of systolic blood
pressure [14] although such data in humans is lacking.
The mechanism leading to this increase is unclear but
was associated with an impairment of vagal function.
Using spectral analysis methods to study heart rate
variability allows quantification of individual vagal
and sympathetic influences on the heart [15-17]. The
power spectrum of heart rate variability has been
shown to consist of three major peaks—very low, low
and high frequency. Heart rate fluctuations in the

low frequency band (0.08-0.12 Hz) are said to repre-
sent predominately sympathetic function with a con-
tribution from the parasympathetic system, while the
high frequency peak (0.15-0.4 Hz) is said to reflect
parasympathetic or vagal activity [17]. Thus, an ap-
proximate estimate of sympathovagal balance can be
derived from the ratio of low to high-frequency spec-
tral powers [17, 18]. Accordingly, we assessed auto-
nomic function using standard bedside cardiovascular
reflex tests in a group of insulin-dependent diabetic
(IDDM) patients and a group of age and sex matched
control subjects. Autonomic function was explored
further by spectral analysis of resting heart rate vari-
ability. BRS was assessed using sequence analysis of
non-invasive continuously recorded systolic blood
pressure and pulse interval data recorded while su-
pine or standing. The aim of the study was to compare
BRS recorded in this way with standard cardiovascu-
lar reflex tests and to examine whether IDDM pa-
tients exhibited impairment of autonomic function
not demonstrated by the standard tests. The relation
between BRS and left ventricular mass index was
also assessed.

Patients and methods

Subjects. We studied 30 IDDM patients aged between 20 and
54 (mean + SEM 34.8 + 1.5) years and 30 age, sex and blood
pressure matched non-diabetic control subjects. Patients were
recruited from the diabetic clinic at the Leicester Royal Infir-
mary and all gave informed consent; all had a history of keto-
nuria at the time of diagnosis. Patients with evidence of mi-
crovascular disease (i.e. those with microalbuminuria, retino-
pathy or clinical evidence of neuropathy) were excluded as
were those with clinical evidence of peripheral vascular disease
or a history of cerebrosvascular disease. Patients were all nor-
motensive with clinic blood pressure of 140/90 mmHg or less
on at least three occasions and were not taking medication
other than insulin. Control subjects were recruited from volun-
teers among the hospital staff. All had a random blood glucose
level of less than 6 mmol/l and were excluded if they had any
underlying medical conditions or if clinic blood pressure was
140/90 mmHg or more.

Protocol. Subjects attended the test laboratory at least 2 h after
eating and the tests were performed in a quiet room with the
temperature controlled between 20-24°C. All subjects had
height and weight measured, from which body mass index was
calculated, and waist/hip ratio was also measured. All subjects
performed five standard cardiovascular tests of autonomic
function [1].

After resting for 10 min the Finapres cuff was applied to the
middle finger of the left hand and a surface ECG fitted to re-
cord R-R interval. Subjects were initially supine with the arm
supported at the level of the right atrium and patients were
asked not to talk. The Finapres was calibrated and when stable,
resting systolic blood pressure and R-R interval recorded for
15 min. During this time the self-servo mechanism of the Fina-
pres was disabled. The subjects were then asked to stand, again
with the arm supported at the level of the right atrium, and af-
ter a 5-min resting period, during which the Finapres was again
calibrated, the systolic blood pressure and R-R interval
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recorded for a further 15 min. The respiratory rate was moni-
tored throughout the recording periods and recording stopped
if the respiratory rate fell below 15 breaths per min. Data were
converted from analogue to digital using an on-line personal
computer sampling at 200 Hz. A QRS detection algorithm
was employed to automatically mark the R-R intervals (from
the surface ECG). The computer software also detected in-
creases and decreases in systolic blood pressure and compared
these to changes in R-R interval. Where three or more consec-
utive systolic blood pressure readings increased by 0.5 mmHg/s
or more the pulse interval was automatically compared and if
R-R interval lengthened this was counted as an ‘up BRS’ se-
quence. Similarly, where systolic blood pressure decreased by
0.5 mmHg/s or more for three or more consecutive readings
and this was associated with a decrease in R-R interval this
was counted as a ‘down BRS’ sequence. BRS was determined
from the regression of R-R interval on systolic blood pressure
for all up, down and non-BRS sequences (i.e. where changes
in systolic blood pressure were not associated with changes in
R-R interval). Only regression lines with a correlation coeffi-
cient of 0.8 or more and significant at p <0.05 were used and
an average BRS for all of the up and down BRS sequences
was calculated. To ensure Finapres readings were an accurate
measure of systolic blood pressure syphgmomanometer re-
cordings were taken before and after recording periods.

Finally, power spectra of pulse interval data were estimated
using a fast Fourier transformation of supine and standing
heart rate data. Briefly, three segments of data with 512 sam-
ples each were used to estimate the power spectra of R-R in-
terval for each patient by means of a fast Fourier transform al-
gorithm after removing linear trends and applying a cosine ta-
pered window. As well as expressing the absolute values of
the low frequency and high frequency powers the relative va-
lue of each power component independent of the total power
and the very low frequency component was assessed by ex-
pressing the powers in normalised units [17].

Blood was taken to determine HbA, creatinine and choles-
terol levels. A survey of the diabetic patients’ notes was under-
taken and HbA, values for the duration of their disease were re-
corded and averaged (records dating back to 1978 were avail-
able). In addition, all IDDM patients underwent transthoracic
2D-echocardiography to assess left ventricular mass index.
Measurements were performed from M-mode echos derived
from 2D echocardiograms using the Hewlett Packard Sonos
1500 system (Hewlett-Packard Co, Boise, Idaho, USA). The pa-
tients were in the left lateral decubitus position with the left arm
raised supporting the head. Left ventricular mass was calculated
using the formula described elsewhere [19] and was corrected
for body surface area to give the left ventricular mass index.
Three consecutive cycles were taken for measurement and the
average was used as the left ventricular mass index. The echo-
cardiographic studies were performed by a single trained tech-
nician unaware of the results of other parts of the study.

Reproducibility of BRS. Sequence BRS was measured again af-
ter a median interval of 3 weeks (range 2-12 weeks) in 12 sub-
jects (10 control and 2 diabetic subjects). The intra-individual
coefficient of variation (CV) between the two study days was
16.2% for the total BRS sequences and 16 % for the ‘up BRS’
sequences, 17.3% for the ‘down BRS’ sequences. Reproduc-
ibility of the spectral power data was also assessed and the
CV for the low frequency band was 18.2 % and for the high fre-
quency band 16.7 %.

Statistical analysis. Results are expressed as mean = SEM. Be-
tween-group comparisons were made using Student’s two-
tailed unpaired r-test (after testing for normality using the

Table 1. Characteristics of subjects studied

Control subjects IDDM patients

(n=30) (n=30)
Age (years) 34+15 348+1.6
Duration of diabetes (years) - 156+1.5
HbA, (%) 5.8+0.6° 10£0.3
Creatinine (umol/ml) 97 +£3.7 97 +£2.7
Systolic blood pressure
(mmHg) 125+3.9 128+2.9
Diastolic blood pressure
(mmHg) 76+2.0 7722
Body mass index (kg/m?) 262+0.8 252+0.7
Waist/hip ratio 0.86 + 0.04 0.84 +0.03

Data are mean + SEM.
2 Average HbA, since diagnosis.
°p <0.001

Table 2. Standard clinical tests of autonomic function

Control IDDM p value
subjects patients
Valsalva ratio 1.75+04 1.70+£0.09 0.74
Expiration/inspiration
(beats/min) 20.5+0.13 21.1+£0.03 0.66
30 : 15 ratio 137003 136+x0.02 08
Blood pressure handgrip
(mmHg) 32+03 32+02 0.72
Blood pressure L-S
(mmHg) 5+1.0 405 0.61

Data are mean + SEM
LS, Standing minus systolic blood pressure lying

Shapiro-Wilk W test). The relations between BRS and conti-
nuous variables such as age, duration of diabetes and HbA,
were assessed using Pearson’s correlation coefficient and least
squares regression analysis. A p value of less than 0.05 was re-
garded as statistically significant.

Results

The 30 control subjects were closely matched for age
and systolic blood pressure with the 30 IDDM pa-
tients (Table 1), only HbA, was significantly higher
in the IDDM group. There were no differences in
the standard tests of autonomic function between
IDDM patients and control subjects (Table 2). BRS
was significantly reduced in the IDDM group com-
pared to the control population for both ‘up’ and
‘down’ sequences regardless of position (Table 3,
Fig.1). Furthermore, the IDDM subjects had signifi-
cantly fewer up and down sequences than the control
population independent of position (Table 3). There
was a significant age-related decline in the control
group BRS (Fig.1 r=-0.58 p <0.001 while supine
and r=-0.67 p <0.001 while standing) which was
not seen in the IDDM patients. Furthermore, in the
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Table 3. Comparison of baroreflex sensitivity (BRS) in IDDM patients compared to control subjects

Diabetic up Control up p value Diabetic down Control down p value

sequences sequences sequences sequences
Supine BRS (ms/mmHg) 11215 20.4 £1.95 <0.003 11.5+12 22+2.6 <0.001
Standing BRS (ms/mmHg) 4119 7.6+2.7 <0.001 4419 7325 <0.003
Total number supine 224+£22 54 £3.7 <0.001 30 £29 50+5.3 <0.001
Total number standing 162 +3.1 41557 <0.001 28.4+£32 482+7.1 <0.001
Data are mean + SEM
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Fig.1. ‘Up sequence’ baroreceptor-cardiac reflex sensitivity
compared to age for the control (A) and IDDM (@) popula-
tions while supine. (For control population r=-0.58
p <0.001; for IDDM r =-0.27 p = 0.15)

IDDM group BRS was lower in patients with a longer
duration of diabetes when measured supine (Fig.2
r=-0.6 p<0.001 for up sequences and r=-0.48
p <0.01 for down sequences) and standing (r =- 0.5
p <0.001 for up sequences and r=-0.52 p <0.001
for down sequences). There was a significant inverse
relation between BRS and average HbA, in the dia-
betic subjects and this was again seen supine (Fig.3
r=-0.59 p <0.001 for up and down sequences) and
standing (r=-0.5 p <0.001 for up sequences and
r=-0.58 p<0.001 for down sequences). Spectral
analysis of heart rate variability both supine and
standing revealed significant reductions in absolute
values of low and high frequency powers in the dia-
betic group compared to the control group and this
difference persisted when values were expressed in
normalised units, which are independent of total
power and the very low frequency component (Ta-
ble 4 and Table 5 and Fig.4 a, b). The ratio of low fre-
quency to high frequency power, when expressed as
normalised units (a measure of sympathovagal bal-
ance) was significantly increased in the IDDM group
both supine (2.9 +0.53 vs 4.6 £ 0.55, p <0.002) and
standing (1.9 £ 0.53 vs 6.6 £ 0.75, p < 0.001).

Two of the IDDM subjects had left ventricular
mass indices that were not measurable due to techni-
cal difficulties; the average index for the IDDM sub-
jects was 97 + 4.3 g/m?. Three of the subjects had left

Duration (years)

Fig.2. Relation between ‘up baroreceptor-cardiac reflex sen-
sitivity’ while supine and duration of diabetes. Similar rela-
tions were seen for down sequences and in the standing posi-
tion

ventricular hypertrophy (>120 g/m?) but were not
hypertensive on repeated clinic blood pressure read-
ings. A significant inverse relationship was seen be-
tween left ventricular mass index and BRS recorded
supine (Fig.5 r=-0.57 p <0.002 for up sequences
and r=-0.51 p<0.002 for down sequences) and
standing (r =-0.55 p <0.005 for up sequences and
r=-0.58 p <0.002 for down sequences). No correla-
tion was seen between the standard tests of auto-
nomic function and left ventricular mass index.

Discussion

In this study we have assessed autonomic function us-
ing standard bedside cardiovascular reflex tests [1]
and with spectral analysis of supine and standing
heart rate data. We have assessed baroreceptor-car-
diac reflex sensitivity using time domain (sequence)
analysis and attempted to explore the relation be-
tween BRS and left ventricular mass index. While
none of the IDDM patients had symptoms of auto-
nomic dysfunction and had normal bedside auto-
nomic function tests, they showed dramatic reduc-
tions in BRS and a significant reduction in the spec-
tral powers of heart rate variability suggestive of an
abnormality of parasympathetic (vagal) activity.
From the spectral data we found a relative
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Table 4. Comparison of spectral analysis results of resting, su-
pine heart rate

Control subjects IDDM patients  p value
Power low
frequency (ms?)  746.6 +77.6 4733 +62.8 0.002
Power high
frequency (ms?)  459.3 +89.8 1252 +12.9 <0.0001
LF/HF* 292 +0.52 4.63 £0.54 0.0002
Power LF 62+23 79+1.7 0.002
Power HF 33+31 22+31 0.002
LF/HF® 29+0.53 4.6 £0.55 0.002
Low frequency (LF: 0.05-0.15 Hz); High frequency (HF: 0.2
0.35 Hz)

2 Ratio of low-frequency to high frequency power;i.e. a reflec-
tion of sympathovagal balance; ° ratio of low-frequency to high
frequency normalised units; NU, Normalised units

Table 5. Comparison of spectral analysis results of resting,
standing heart rate for the control and IDDM population

Control subjects IDDM patients  p value
Power low 600 £ 52.3 582.9 £ 36.1 0.002
frequency (ms?)
Power high 159.3+£48.5 77.9+20.2 <0.001
frequency (ms?)
LF/HF 3.97+0.72 8.8+2.74 <0.001
Power LF (nu) 78+£23 85.8+1.7 0.002
Power HF (nu) 199+3.1 15+1.1 0.004
LF/HF® 3.8+0.49 6.6 +0.55 <0.001

Data are mean + SEM

Low-frequency (LF: 0.05-0.15 Hz); High-frequency band (HF:
0.2-0.35 Hz).

2 Ratio of low-frequency to high frequency power; i.e. a reflec-
tion of sympathovagal balance;  Ratio of low-frequency to
high frequency normalised units

NU, Normalised units

sympathetic predominance among the IDDM popu-
lation. Furthermore, there was a significant negative
correlation between BRS and left ventricular mass
index that was not seen with the traditional tests of
cardiac autonomic function.

The Finapres has been used in baroreflex studies
and has been extensively validated against intra-ar-
terial measurements [8]. While studies of BRS in
diabetic subjects have used the Finapres [3] no
comparisons with intraarterial measurements have
been made. Theoretically, as IDDM can affect vas-
cular reactivity we could simply be detecting an ab-
normality of the digital arteries rather than a
systemic abnormality of cardiovascular control. We
feel this is unlikely as there was good correlation
between sphygmomanometer readings and Finapres
data.

Studies of the standard tests of autonomic function
yield a declining score with increasing age in non-dia-
betic patients [20]. By contrast, in this population of
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IDDM patients BRS was reduced and did not decline
further with increasing age.

Using standard clinical tests of autonomic function
to diagnose autonomic neuropathy previous investi-
gators have found no association with duration of dia-
betes [21]. This observation was confirmed in our
study. However, BRS showed a significant inverse re-
lationship with duration of diabetes. Moreover, the
baroreceptor-cardiac reflex function in with IDDM
patients of less than 5 years duration was reduced
compared to age-matched non-diabetic control sub-
jects. Using spectral analysis, abnormalities in auto-
nomic function can be detected in patients with
IDDM of less than 6 weeks duration, despite correc-
tion of the metabolic abnormalities [22].

Recently published results have shown that hyper-
glycaemia is an important factor in the development
and progression of diabetic microvascular complica-
tions, including neuropathy [23]. Similarly, we found
hyperglycaemia as assessed by average HbA, since
diagnosis to be significantly associated with lower
BRS.

BRS has been reported to be lower in the standing
position compared to supine [24] and this was con-
firmed in our study. Both IDDM patients and control
subjects had lower BRS on standing.

In the present study there were fewer ‘BRS se-
quences’ in the IDDM population compared to the
control subjects. In essential hypertension, where
BRS is also impaired [4], there are also fewer BRS se-
quences [11]. Thus, IDDM impairs the cardiac modu-
lation that baroreceptors exert and this impairment is
manifest not only as a reduced sensitivity but as a de-
creased rate of engagement of the baroreceptor
reflex in response to progressive change in blood
pressure. The spectral analysis of heart rate data
has identified an abnormality of parasympathetic
(vagal) function and thus a relative sympathetic

P.J. Weston et al.: Assessment of baroreceptor-cardiac reflex sensitivity

predominance as implied by the higher LF/HF ratio
in the IDDM group compared to the control subjects.
This imbalance between the sympathetic and para-
sympathetic function in part, explained the abnor-
mality in the baroreceptor-cardiac reflex. For data re-
corded while supine both HF and LF powers may re-
flect predominately parasympathetic modulation of
the heart [25] but the spectral data recorded while
standing, where there is a significant sympathetic
contribution to heart rate powers [25], were also ab-
normal in the IDDM population.

Patients with symptomatic diabetic autonomic
neuropathy have been found to have abnormal ven-
tricular systolic function on radionuclide ventriculog-
raphy in the absence of ischaemic heart disease [26].
Furthermore, in IDDM patients with poor metabolic
control echocardiographic evidence of abnormal left
ventricular function has been observed and associ-
ated with adrenergic hypersensitivity [27]. In animal
models, deficits in the baroreceptor-cardiac reflex
were highly correlated with the level of cardiac hy-
pertrophy [15]. In the IDDM patients we studied
there was a significant increase in left ventricular
mass index as BRS declined. Furthermore from the
spectral analysis of heart rate variability we found a
‘sympathetic predominance’ among the diabetic
group. The increase in left ventricular mass index
could therefore be due to relative sympathetic over-
activity, but it is also possible that changes in left ven-
tricular mass are in some way responsible for the
changes in autonomic parameters. In other clinical
settings increased left ventricular mass has been asso-
ciated with risk of sudden death [28, 29] and it is thus
interesting to speculate that the increased incidence
of sudden death in IDDM patients [30-32] could be
due to abnormal BRS resulting in increased left ven-
tricular mass index (possibly due to increased sympa-
thetic predominance) and an increased risk of sudden
cardiac death. Sympathetic predominance has al-
ready been associated with increased mortality in pa-
tients following myocardial infarction [33] although
no assessment of left ventricular mass index has
been made.

We have shown that baroreceptor-cardiac reflex
sensitivity is often abnormal in asymptomatic IDDM
patients. Moreover, changes in BRS were observed
despite normal standard clinical tests of autonomic
function. Impaired parasympathetic function, and a
disruption of the usual balance between sympathetic
and parasympathetic arms of the autonomic nervous
system as suggested by power spectral analysis of
heart rate data could explain, in part, this reduction
in BRS found in the IDDM group. There was a signif-
icant negative correlation between BRS and left ven-
tricular mass index and this may be related to a rela-
tive predominance of the sympathetic nervous sys-
tem. The use of the time domain (sequence) analysis
of systolic BP and pulse interval data provides a
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non-invasive technique to assess BRS. Potentially,
this technique may identify those diabetic patients at
risk of sudden cardiac death.
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