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mal in patients exposed to �20 years’ dura-
tion of an HbA1c 0.8% above normal.
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Diabetic autonomic neuropathy is asso-
ciated with increased mortality (1,2),
a prolonged QT interval (1), and car-

diorespiratory arrest (1,2). The Diabetes
Control and Complications Trial (DCCT)
demonstrated conclusively that improved
glycemic control reduces the development
and progression of neurological complica-
tions in type 1 diabetes (3). In the DCCT,
autonomic dysfunction was assessed by
measuring R-R variability, the Valsalva ratio,
and measurement of blood pressure in the
supine and standing positions (4).

Clinically, most tests used to assess
cardiovascular autonomic dysfunction,
such as the Valsalva ratio and the handgrip
and orthostatic tests, are time-consuming
and require local standardization. Heart
rate variability (HRV) analysis is a rapid
noninvasive tool to assess cardiovascular
autonomic dysfunction. It allows quantita-
tion of total power (TP) of HRV and iden-
tification of very low frequency (VLF), low
frequency (LF), and high frequency (HF)
components (5,6). Sympathetic activation
and tachycardia reduce TP of R-R interval
variability, whereas the reverse is true for
vagal activation, which is a major contrib-
utor to the HF component (6). Interpreta-
t ion of  the LF component is  less
straightforward and has been suggested to
reflect the integrity of sympathetic and
vagal nerves controlling HRV in the stand-
ing position and mainly vagal modulation
in the supine position (6,7). In diabetic
patients with predominantly vagal dys-
function, the HF component is reduced,
whereas the presence of sympathetic dys-
function decreases VLF and LF compo-
nents (5). There are at present no
prospective data on predictors of abnor-
malities in the various components of HRV
in type 1 diabetes.
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Predictors of Abnormal Cardiovascular
Autonomic Function Measured by
Frequency Domain Analysis of Heart
Rate Variability and Conventional Tests in
Patients With Type 1 Diabetes

O R I G I N A L  A R T I C L E

OBJECTIVE — Frequency domain analysis of heart rate variability (HRV) is used to assess
cardiovascular autonomic function. There are no prospective data on the sensitivity of its var-
ious components to glycemia or other diabetes-related risk factors compared with conventional
tests and with other complications of diabetes.

RESEARCH DESIGN AND METHODS — In 1985, possible risk factors of future com-
plications were determined in 115 children with type 1 diabetes. In 1996, the presence of com-
plications (HRV analysis, conventional tests of autonomic function, urinary albumin excretion
rate [UAER], and retinopathy) were assessed in 83 of these patients (age 32 ± 1 years, dura-
tion of diabetes 22 ± 1 years).

RESULTS — Poor glycemic control (measured as lifetime glycemic exposure or HbA1c in 1985)
was the most important independent predictor of decreases in all measures of absolute power of
HRV (total power [TP] and very low frequency, low frequency [LF], and high frequency [HF]
power) and square root of the mean square of R-R interval differences but not of changes of nor-
malized measures or ratios (normalized HF and LF, LF/HF). Other significant independent predic-
tors of autonomic dysfunction were late age of onset of diabetes, female sex, and high BMI. To
examine the sensitivity of the various tests to glycemia, the patients were divided into tertiles based
on lifetime glycemic exposure (A1c months). Glycemic exposure in the tertiles averaged 194 ± 25
A1c months (20 years of HbA1c 0.8% above normal), 556 ± 19 A1c months(20 years of HbA1c 2.3%
above normal), and 963 ± 30 A1c months (20 years of HbA1c 4% above normal). Tests of compli-
cations that were significantly abnormal in patients already in the lowest tertile and were correlated
with glycemia were TP and severity of retinopathy. Of conventional tests, only the ratio of length
of R-R intervals during expiration to inspiration (E/I ratio) was significantly related to glycemic
exposure, but it required high glycemic exposure (20 years of HbA1c 4% above normal) to be abnor-
mal. UAER was significantly increased only in the highest tertile of glycemic exposure.

CONCLUSIONS — TP and retinopathy score were much more sensitive to antecedent gly-
cemia than conventional tests of autonomic function or UAER and were significantly abnor-
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In the present study, we hypothesized
that poor glycemic control would predict
abnormalities in one or several of the com-
ponents of HRV. We wished to identify
such component(s) and determine whether
HRV components are more sensitive to gly-
cemia than conventional tests of autonomic
nervous function, urinary albumin excre-
tion rate (UAER), or retinopathy.

RESEARCH DESIGN AND 
METHODS

Subjects
The patients were diagnosed with type 1 dia-
betes between 1968 and 1978. At diagnosis,
the patients were �15 years old and living in
Helsinki. In 1985–1986, glycemic control,
signs (numbness, Achilles and patellar ten-
don reflexes, perception of pain, vibration,
and temperature) and symptoms of diabetic
neuropathy, sensory and motor nerve con-
duction velocities, UAER, and severity of
diabetic retinopathy were assessed.

In 1996, the measurements performed
10 years earlier were repeated by the same
investigator (A.S.), with the exception of the
nerve conduction studies. In 1996, cardio-
vascular autonomic function tests were per-
formed, and current and historical physical
activity was recorded (8). Between 1986
and 1996, five male patients died: two
because of cardiovascular causes (at ages of
22 and 31 years), and three because of
unknown causes (at ages 29, 31, and 32
years). Three patients were excluded
because of other illnesses or pregnancy.
Another 5 patients had moved, and 19
patients could not be located. No patient
had evidence of coronary heart disease
(Minnesota codes A3.1.2.1, A3.1.2.4,
A3.1.2.4, A3.1.2.5, and A3.1.2.7) in 1996.
One patient in 1985 and 23 patients in
1996 were using one or several antihyper-
tensive drugs (20 ACE inhibitors, 7 diuret-
ics, 6 Ca2� channel blockers, and 4
�-blockers). A total of 83 (75% of those
alive from the original cohort) patients com-
pleted the follow-up study. There were 29
normal subjects (age 32 ± 1 years, blood
pressure 120 ± 2/77 ± 2 mmHg, BMI 23.7
± 0.6 kg/m2, and HbA1c 5.0 ± 0.2%) stud-
ied as a nondiabetic control group for the
autonomic function tests. Informed written
consent was obtained after the purpose,
nature, and potential risks of the study were
explained to the participants. The protocol
was approved by the ethical committees of
Helsinki City and Helsinki University Cen-
tral Hospitals.

Glycemic control
Glycosylated hemoglobin (HbA1) was mea-
sured until 1987 using microcolumn chro-
matography with Quick-Step columns
(Isolab, Acron, OH). In 1987, the HbA1
assay was replaced by measurement of
HbA1c using high-pressure liquid chro-
matography (Bio-Rad, Richmond, CA). In
1987, both HbA1 and HbA1c were mea-
sured, and these data were used to convert
HbA1 to HbA1c values: HbA1c = �0.219 �
0.886 � HbA1 (r = 0.96, n = 110, P �
0.0001). The intra-individual coefficient of
variation of measured and calculated HbA1c
values was 7.0 ± 0.4%. Lifetime glycemic
exposure was calculated by multiplying the
number of HbA1c units above normal by the
number of months between the preceding
and succeeding intervals (A1c months) (9).
At least one yearly HbA1c measurement was
available for 35% of the patients during the
first 6 years of disease (lack of data was
mostly due to diagnosis before the avail-
ability of HbA1 measurements) and in 82%
during years 7–18 of the disease.

Assessment of diabetic
complications
Cardiovascular autonomic function tests
(1996). The patients refrained from vigor-
ous exercise for 24 h, from smoking and
alcohol for 12 h, and from eating and
drinking caffeine for 2 h before the exami-
nation. The examination was postponed in
case of hypoglycemia 24 h before the test.
Tests were performed with patients in the
supine position, except for the orthostatic
test, which was performed in the standing
position, and the controlled breathing test,
which was performed in supine and stand-
ing positions. The tests were performed, as
previously described in detail (10), in the
following order: controlled and deep
breathing test, Valsalva test, isometric hand-
grip test, and orthostatic test (11). The HRV
analysis (12) was done using the CAFTS-
system (Medicro Oy, Kuopio, Finland). The
signal powers were calculated as integrals
under the respective part of the power
spectral density function and were
expressed in absolute units (square mil-
liseconds) and as a ratio (LF/HF) thought to
measure “sympathovagal balance” (13). To
obtain components independent of total
variability, LF and HF components were
normalized (LFnorm and HFnorm) by
dividing them by TP�VLF (6). In RESULTS,
only data on parameters recorded in the
supine position are presented because
glycemic exposure predicted abnormalities

in these parameters slightly better than in
those recorded in the standing position
(data not shown). R-R and QT intervals
were measured from resting electrocardio-
gram tracings (lead V5) (14,15).
Peripheral neuropathy (1985). Motor and
sensory nerve conduction velocities were
measured using a Neuromatic 2000 DISA
electromyography unit (Dantec Electronics,
Bristol, U.K.). Sensory nerve action poten-
tials were recorded using surface electrodes
(Dantec 13 K 60 and L 37), and antidromic
sensory conduction velocities of sural, ulnar,
median, and radial nerves were measured
(16). The peroneal, median, and ulnar com-
pound motor action potentials and conduc-
tion velocities were measured using
conventional methods (17,18).
Retinopathy. Fundus photographs were
taken through maximally dilated pupils in
1985 and 1996. Quantitation of the sever-
ity of retinopathy was done using the
Early Treatment of Diabetic Retinopathy
Study (ETDRS) (19) by the same ophthal-
mologist (P.Su.).
Nephropathy. In 1985, one, and in 1996,
three timed overnight urine collections
were performed to determine the UAER
using radioimmunoassay and an antiserum
against human albumin (Albumin anti-
serum; Orion Diagnostica, Espoo, Finland).
Microalbuminuria was defined as a rate of
20–200 µg/min, and macroalbuminuria as
a rate �200 µg/min in at least two consec-
utive urine samples (20).
Other measurements. Concentrations of
total and HDL cholesterol in serum were
determined by enzymatic colorimetric
assays (F. Hoffman La Roche, Basel,
Switzerland) using an autoanalyzer (Cobas
Mira; F. Hoffman La Roche).

Statistical methods
Data between groups were analyzed using
analysis of variance followed by pairwise
comparison using Fisher’s least significant
differences test. Non-normally distributed
data were analyzed using Kruskal-Wallis
analysis of variance. TP, LF, HF, LF/HF,
LFnorm, HFnorm, square root of the mean
square of R-R interval differences (RMSSD),
Valsalva ratio, and UAER were log-trans-
formed because of their non-normal distri-
bution before analysis. The �2 test was used
to compare the prevalence of symptoms of
peripheral neuropathy in 1985 and 1996.
Simple correlations were calculated using
Spearman’s nonparametric rank correlation
coefficient. Multivariate linear regression
analysis was used to analyze the causes of



1688 DIABETES CARE, VOLUME 23, NUMBER 11, NOVEMBER 2000

Autonomic dysfunction in type 1 diabetes

variation in parameters of autonomic func-
tion and selected study variables. Normally
distributed data are expressed as means ±
SEM. For non-normally distributed data,
median (25–75% interquartile range) val-
ues are given.

RESULTS

Demographics, glycemic control,
lipids, and prevalence of
nephropathy and retinopathy
First examination in 1985. Patient char-
acteristics are shown in Table 1. Of the
patients, 3 were prepubertal, 7 were puber-
tal, and 73 were adults. Normoalbuminuria
was found in 70%, microalbuminuria in
23%, and macroalbuminuria in 7%. The
retinopathy score was normal (	10) in
53% of the patients.
Follow-up examination in 1996. Glycemic
control had improved from an HbA1c of
9.3 ± 0.2% in 1985 to 8.5 ± 0.1% in 1996
(P � 0.001). Mean of all HbA1c measure-
ments during the follow-up period aver-
aged 9.1 ± 0.1% for the entire group: 9.3
± 0.2% for women and 9.0 ± 0.2% for men

(NS). Cumulative glycemic exposure
ranged between 0 and 1,307 A1c months,
with a mean of 566 ± 37 A1c months, and
did not differ between women and men

(586 ± 56 and 548 ± 50 A1c months,
respectively).

In 1996, 74% of the patients had
normoalbuminuria, 14% microalbumin-

Table 1—Characteristics of type 1 diabetic patients at the time of the first examination in 1985 and the second examination in 1996 and 
characteristics of the patients divided into three groups according to A1c months

All patients Tertile of glycemic exposure (1985)

1985 1996 Lowest Middle Highest

n 83 83 28 28 27
Sex (M/F) 43/40 43/40 14/14 16/12 13/14
Age at onset of diabetes (years) 9 ± 1 — 11 ± 1 9 ± 1 8 ± 1¶
Duration of diabetes (years) 11 ± 1 22 ± 1 10 ± 1 11 ± 1 13 ± 1#††
Age (years) 22 ± 1 32 ± 1 20 ± 1 20 ± 1 21 ± 1
Height (cm) 169 ± 1 172 ± 1* 169 ± 2 170 ± 2 169 ± 2
Weight (kg) 64 ± 1 74 ± 1* 61 ± 2 67 ± 2 64 ± 2
BMI (kg/m2) 22.2 ± 0.3 25.0 ± 0.3* 21.4 ± 0.4 22.9 ± 0.4‡ 22.3 ± 0.5
HbA1c (%) 9.3 ± 0.2 8.5 ± 0.1* 8.2 ± 0.2 9.3 ± 0.3§ 10.5 ± 0.3#‡‡
A1c months — 566 ± 37 (0–1,307) 194 ± 25 (0–407) 556 ± 19 (413–758)� 963 ± 30 (784–1,307)#‡‡
Insulin dose (U/day) 51 ± 1 52 ± 2 45 ± 3 55 ± 3§ 54 ± 2**
Insulin dose (U 
 kg�1 
 day�1) 0.81 ± 0.02 0.71 ± 0.02* 0.75 ± 0.04 0.82 ± 0.03 0.86 ± 0.04¶
Serum cholesterol (mmol/l) 4.8 ± 0.1 4.9 ± 0.1 4.5 ± 0.1 4.7 ± 0.3 5.0 ± 0.3
Serum HDL cholesterol (mmol/l) 1.4 ± 0.04 1.4 ± 0.03 1.5 ± 0.07 1.4 ± 0.07 1.4 ± 0.05
Serum creatinine (µmol/l) 75 ± 1 91 ± 3* 75 ± 2 74 ± 2 75 ± 3
UAER (µmol/l) 8 (4–26) 8 (5–17) 5 (3–7) 11 (7–33)§ 28 (9–67)#
Systolic blood pressure (mmHg) 125 ± 1 125 ± 2 123 ± 3 124 ± 2 127 ± 3
Diastolic blood pressure (mmHg) 83 ± 1 79 ± 1† 79 ± 2 84 ± 2 86 ± 2**
Heart rate (beats/min) 75 ± 1 72 ± 1† 72 ± 2 75 ± 2 79 ± 3
Corrected QT (ms) 351 ± 10 351 ± 7 379 ± 12 346 ± 21 328 ± 15
ETDRS score 21 ± 2 39 ± 2* 13 ± 1 19 ± 3 30 ± 3#††

Data are n, means ± SEM, means ± SEM (range), or medians (25–75% interquartile range). Patients who participated in both examinations are included. Glycemic expo-
sure was calculated as A1c months (see RESEARCH DESIGN AND METHODS). Reference range for HbA1c is 4–6%. Reference range for serum creatinine is 50–110 µmol/l for
women and 55–115 µmol/l for men. In 1985, n = 33 for corrected QT. An ETDRS score for grading of severity of diabetic retinopathy of 	10 is normal (19). *P � 0.001,
†P � 0.05 for changes in parameters between 1985 and 1996; ‡P � 0.05, §P � 0.01, �P � 0.001 for middle vs. lowest groups of glycemic exposure; ¶P � 0.05,
#P � 0.001, **P � 0.01 for lowest vs. highest; and ††P � 0.01, ‡‡P � 0.001 for middle vs. highest.

Table 2—Multiple linear regression analysis of determinants of abnormalities in tests measuring
autonomic nervous function in patients with type 1 diabetes

Significant independent variables

Dependent variable HbA1c Sex Age of onset Age BMI r2 (%)

Measures of absolute power of 
HRV
TP (ms2) 0.00001 — 0.001 — — 41
VLF (ms2) 0.0001 — — — 0.04 41
LF (ms2) 0.0001 0.05 0.005 — — 41
HF (ms2) 0.0001 — 0.0004 — 0.05 40
RMSSD (ms) 0.00009 — 0.0004 — — 35

Normalized measures and ratios
LFnorm — 0.0004 0.005 — — 22
HFnorm — 0.0005 — — 0.007 22
LF/HF — 0.00003 0.03 — — 25

Conventional tests
E/I ratio 0.0004 — — 0.02 — 19
Valsalva ratio — 0.02 — — 0.04 19

Data are P values unless otherwise indicated. Data for HbA1c were measured in 1985.
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uria, and 12% macroalbuminuria (NS
vs .  1985) .  Serum creat in ine had
increased significantly by 21% during
the 10-year period. An increase in mus-
cle mass might have contributed to this
increase, since both body height and
weight increased significantly during the
follow-up period (Table 1). The preva-
lence of retinopathy had increased
significantly: in 1996, the ETDRS score
was abnormal in 91% of the patients
(Table 1).

Neuropathy
Frequency of abnormalities by different
criteria and tests. Significant progression
was observed in the symptom score (0 = no
symptoms, 5 = each of the following: neu-
rogenic impotence, gastroparesis, bladder
atony, excessive sweating, and dysphagia)
given in 1996 (0.5 ± 0.1) compared with
1985 (0.3 ± 0.1, P � 0.01). The percentage
of patients with absent Achilles tendon
reflexes had also increased significantly (44
vs. 63%, P � 0.02) from 1985 to 1996.

Using the classification scheme of Ewing et
al. (21), 3 of 83 patients (4%) had an abnor-
mal Valsalva ratio (�1.20), 18 of 83 (22%)
had a blunted (�10 mmHg) increase in
diastolic blood pressure during sustained
handgrip, and 5 of 83 (6%) had an exces-
sive postural fall in systolic blood pressure
(greater than –30 mmHg) in 1996.

Spectral power components of HRV
during controlled breathing and measured
in the supine position for female and male
patients, respectively, with type 1 diabetes
were as follows [median (25–75% interquar-
tile range)]: VLF, 239 (107–434) and 398
(189–715) ms2; LF, 120 (46–321) and 314
(178–630) ms2; HF, 212 (45–735) and 289
(103–865) ms2; TP, 782 (330–1535) and
1319 (644–2241) ms2; and RMSSD, 23
(10–38) and 27 (15–43) ms.

Predictors of autonomic dysfunction
In simple regression analysis, the strongest
predictor of most abnormalities in the tests of
autonomic nervous function was HbA1c
measured in 1985 (VLF, HF, RMSSD: r =
�0.39; LF, TP: r = �0.45; P � 0.001 for all).
Other significant predictors were BMI, age of
onset of diabetes, sex, age, and serum cho-
lesterol (data not shown). In multiple linear
regression analysis (Table 2), the 1985 HbA1c
value independently predicted all measures
of absolute power of HRV but not LFnorm,
HFnorm, or LF/HF. Of the conventional tests,
the 1985 HbA1c value only predicted an
abnormal ratio of length of R-R intervals dur-
ing expiration to inspiration (E/I ratio). The
1985 HbA1c value also independently pre-
dicted abnormal TP within patients using
antihypertensive drugs (data not shown).
Current or historical physical activity did not
correlate with measures of autonomic func-
tion (data not shown).

Glycemic exposure required to
develop complications
Figures 1–3 show the prevalence of various
complications in 1996 as a function of ter-
tiles of glycemic exposure (Table 1). Both
retinopathy and autonomic dysfunction,
quantitated by the ETDRS and heart rate,
increased linearly as a function of worsening
glycemia, whereas UAER was only increased
in the highest tertile (Fig. 1). All measures of
absolute spectral power decreased as gly-
cemia worsened (Figs. 2 and 3). When nor-
malized to TP � VLF, HFnorm was lower,
and the LFnorm and LF/HF were signifi-
cantly higher in the patients than in the con-
trol subjects. These latter changes may
possibly explain the increase in heart rate.

Figure 1—Median values of UAER (A), diabetic retinopathy severity score (ETDRS) (B), and heart
rate (C) in 1996 in normal subjects (Control) and patients with type 1 diabetes divided into tertiles
according to glycemic exposure (A1c months). The median values for each measures in patients with type 1
diabetes in 1985 are given under the x-axes. ***P � 0.001 for patients with highest vs. middle and low-
est glycemic exposure; ��P � 0.01, ���P � 0.001 for normal subjects vs. patients with type 1 dia-
betes; xxxP � 0.001 for patients with middle vs. lowest glycemic exposure.
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LFnorm, HFnorm, and LF/HF were not
related to glycemic exposure.

CONCLUSIONS — We compared the
sensitivity of various components of HRV,
conventional tests of autonomic function,
retinopathy, and UAER to lifetime glycemia.
Of all the tests studied, TP was best corre-
lated with glycemia in simple and multiple
regression analyses. In addition to TP, its
components VLF, LF, and HF were also
inversely related to glycemia. Glycemic
exposure did not predict abnormalities in
either HFnorm, LFnorm, or LF/HF,
although the latter was significantly
increased in the diabetic patients. Thus,
TP seems to be the parameter most sensi-
tive to glycemia in type 1 diabetes.

We confirmed previous data showing
that age, sex, and obesity contribute to
variation in some measures of HRV. In
healthy subjects, aging decreases spectral
power of all HRV components but, accord-
ing to most studies, does not change LF/HF
(7). In type 1 diabetic patients, age was a
significant independent determinant only
of the E/I ratio in multiple linear regression
analysis (Table 2). A novel finding was that
a young age of onset of type 1 diabetes
independent of glycemic control, sex,
serum cholesterol, diabetes duration, and
BMI predicted more normal results of sev-
eral parameters, including TP, LF, HF,
RMSSD, LFnorm, and LF/HF. This
remained true even when age was included
in the model (Table 2). Thus, although
patients with young age of onset had
greater glycemic exposure, they had less
severe autonomic dysfunction than those
with similar glycemic exposure and late
age of onset. This could be due to a gener-
ally better ability of nerves to regenerate
and remodel in young compared with old
subjects (22,23).

Female sex was associated with a
higher HFnorm, a lower LFnorm, and a
lower LF/HF in normal subjects and
patients with type 1 diabetes. TP was not
influenced by sex. The data are consistent
with those of the Pittsburgh Epidemiology
of Diabetes Complications Study (24) and
with cross-sectional data from nondiabetic
patients (25–27). A reduction in both
parasympathetic and sympathetic control
of HRV is associated with obesity (28–30)
and weight gain (31) in nondiabetic sub-
jects. In the DCCT, greater body weight
was related to the presence of cardiovascu-
lar autonomic dysfunction as measured by
R-R variability (32). Similarly, in the type 1

diabetic patients studied here, BMI was
inversely and independently correlated
with the VLF, HF, and HFnorm compo-
nents (Table 2). The relationship between
BMI and the LF component was of border-
line significance in multiple linear regres-
sion analysis. The Pittsburgh study also
found LDL cholesterol to predict abnor-
malities in autonomic nervous function
(24). In the present study, serum choles-
terol measured in 1985 was significantly
but weakly correlated with several mea-
sures of autonomic nervous function. How-
ever, when included in the same model
with HbA1c, serum cholesterol was no
longer a significant predictor of abnormal
test results (Table 2), suggesting that the
relationship between cholesterol and auto-
nomic nervous function might have been
mediated via glycemic control.

The present data extend previous
results by analyzing which parameter of
spectral power analysis of HRV is most sen-
sitive to hyperglycemia. Both of the 1985
HbA1c and glycemic exposure measures
were independent predictors of TP and all
of its components when expressed in
absolute units of power (square millisec-
onds) and RMSSD. Indeed, the present
data suggest that identification of the dif-
ferent spectral components is not necessary

to detect an effect of chronic hyperglycemia
on cardiovascular autonomic function. The
correlations between the 1996 HbA1c and
components of HRV (data not shown) were
weaker than those for the 1985 HbA1c,
indicating that past glycemic control was a
more important determinant of abnormal-
ities in spectral power analysis than was
glycemia prevailing during the 3 months
before testing. Glycemic control did not
predict an increase in LFnorm or a decrease
in HFnorm or LF/HF, most likely because
the normalization procedure involved divi-
sion of LF and HF by TP, which was the fac-
t o r  mos t  i n f luenced  by  ch ron i c
hyperglycemia. The normalization process
revealed, however, that in all tertiles of gly-
cemia, parasympathetic nervous function
was on average more defective than sym-
pathetic function, resulting in relative sym-
pathetic overactivity. This result is
consistent with a model of diabetic auto-
nomic dysfunction in which loss of
parasympathetic nervous function precedes
loss of sympathetic function (33). If loss of
both occurs, heart rate starts to decline and
becomes fixed. This may explain the poorer
correlation between past glycemia and
heart rate (r = 0.19, NS) than any measure
of HRV (in absolute units) (r = �0.39 to
�0.45, P � 0.001).

Figure 2—Median values of LF (A) and HF (B) components in spectral analysis and their normalized
(by adjusting for TP�VLF) forms, LFnorm (C) and HFnorm (D) in normal subjects (Control) and
patients with type 1 diabetes divided into tertiles according to glycemic exposure (A1c months). �P � 0.05
for patients with middle vs. lowest glycemic exposure; ���P � 0.001; ��P � 0.01 for highest vs. low-
est glycemic exposure; **P � 0.01, ***P � 0.001 for normal subjects vs. patients with type 1 diabetes.

m
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Loss of Achilles tendon reflexes and
slowing of sensory and motor nerve con-
duction velocities measured in 1985 were
correlated with decreases in spectral power
of HRV in 1996. Also, in 1996, loss of
Achilles tendon reflexes and vibration per-
ception and symptoms of autonomic dys-
function correlated with measures of
absolute spectral power. These data are con-
sistent with other data showing that periph-
eral somatic neuropathy correlates with
cardiovascular autonomic dysfunction in
patients with type 1 diabetes (34–39).

Autonomic dysfunction was related to
the severity of retinopathy and nephropathy,
as in several previous cross-sectional studies
(32,40–46). Regarding the prospective data,
we calculated glycemic exposure as sug-
gested by Orchard et al. (9). In their study,

retinopathy, nephropathy, and neuropathy,
defined as the odds ratio of proliferative
retinopathy, microalbuminuria, overt
nephropathy, and distal symmetric
polyneuropathy, were plotted against quin-
tiles of glycemic exposure. The relationship
between glycemic exposure and prolifera-
tive retinopathy was linear, and the thresh-
old for proliferative retinopathy was �600
A1 months (9). In the present study, the
ETDRS score was used to quantify all signs
of diabetic retinopathy. As shown in Fig. 1,
in the lowest tertile and with a mean of 194
A1c months, the ETDRS score was already
significantly increased, consistent with this
score being a more sensitive measure of
retinopathy than the occurrence of prolifer-
ative retinopathy. As in the Pittsburgh study
(9), the relationship between glycemic

exposure and retinopathy was linear. Our
data are also remarkably similar with
respect to the occurrence of microalbumin-
uria. In the Pittsburgh study, a significant
increase in microalbuminuria was not
observed except in the highest quintile,
with �1,000 A1 months (9). In the present
study, only the highest tertile, with an aver-
age of 963 A1c months, had an increased
UAER (Fig. 1). Whether this difference
between retinopathy and nephropathy is
because the UAER is insensitive to glycemia
and regulated by nonglycemic factors
(47–49) cannot be determined. The
1,000–A1 month threshold implies that it
takes 21 years of duration at 4% above nor-
mal HbA1c for even a modest increase
(median within the microalbuminuric
range, Fig. 1) in UAER to occur (9). These
data question whether it is cost-effective to
determine UAER yearly in patients with
type 1 diabetes. Regarding neuropathy,
there was a continuous linear relationship
between glycemia and all measures of
absolute spectral power of HRV (TP, HF, LF,
and VLF). Thus, a significant decrease in TP
was observed in the lowest tertile, with a
mean of 194 A1c months or 20 years’ dura-
tion at 0.8% above normal HbA1c. This
result differs from data in the Pittsburgh
study, in which only the highest quintile
with �1,000 A1 months had a significant
increase in neuropathy, defined as the pres-
ence of distal symmetrical polyneuropathy.
This suggests that spectral power of HRV
(Figs. 2 and 3) decreases before the devel-
opment of classic signs of autonomic neu-
ropathy. The Valsalva ratio was not
independently correlated with glycemia
(Table 2), in keeping with DCCT data, in
which changes in glycemia failed to alter the
Valsalva ratio (50). The E/I ratio was influ-
enced by glycemia (Table 2), but a signifi-
cant decrease in the ratio was only observed
in the highest glycemic tertile (Fig. 3).

In conclusion, we found TP and the
ETDRS score to be the most sensitive
measures of diabetes complications. More
than four times less glycemic exposure
(20 years’ duration with HbA1c 0.8 vs.
4% above the upper limit of normal) was
required to detect significant abnormali-
ties in these parameters than in other
measures, such as the conventional E/I
ratio or UAER. Measurement of TP seems
to be a useful method that can be per-
formed by any operator in 5 min. How-
ever, normal values for TP still need to be
established, and HRV analysis requires
special equipment.

Figure 3—Median values of TP (A), VLF (B), and LF/HF (C) of HRV; RMSSD (D); values of the Val-
salva ratio (E); and E/I ratio (F) in normal subjects (Control) and patients with type 1 diabetes divided
into tertiles according to glycemic exposure (A1c months). **P � 0.01, ***P � 0.001 for normal sub-
jects vs. patients with type 1 diabetes; �P � 0.05, ��P � 0.01 for patients with lowest vs. highest or
middle glycemic exposure.
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