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Abstract
Aims/hypotheses Cardiovascular autonomic neuropathy is
associated with increased morbidity in patients with type 1
diabetes. Although it is conventionally considered to be an
organic, irreversible disorder, we previously demonstrated
in patients with short-duration type 1 diabetes that reduced
baroreflex sensitivity (BRS) could be corrected by slow,
deep breathing, indicating a functional component to the
disorder. We have now tested whether autonomic abnor-
malities in long-term diabetes progress to a stage that
cannot be modified by functional manoeuvres, indicating a
switch towards predominantly organic dysfunction.
Methods We studied 117 patients with a short duration (8.9±
0.1 years) and 37 patients with a long duration (33.7±

0.5 years) of type 1 diabetes, 73 healthy controls and 12 heart-
transplanted participants (surgical heart denervation). An
autonomic score was calculated from autonomic function
tests. Spectral analysis of heart rate and blood pressure
variability, and BRS, were obtained from recordings during
normal (15 breaths per min) and slow, deep (six breaths per
min) controlled breathing.
Results BRS was reduced in all patients, but more in
patients with a long duration of diabetes or with increasing
autonomic involvement, although the effect of duration
disappeared after adjustment for age. Slow breathing
increased the BRS to the level of the control participants
at a normal rate of breathing (15 per min) in all patients
except those with an abnormal autonomic score.
Conclusions/interpretation Patients with type 1 diabetes
have a blunted BRS that in the majority of patients can be
restored by slow breathing, irrespective of disease duration.
Even after a long duration of diabetes, the abnormal BRS is
at least in part of functional origin.

Keywords Autonomic dysfunction . Baroreflex sensitivity .

Cardiovascular autonomic neuropathy . Diabetic
neuropathy . Heart rate variability . Hypertension . Type 1
diabetes mellitus

Abbreviations
BRS Baroreflex sensitivity
CAN Cardiovascular autonomic neuropathy
HRV Heart rate variability
HF High-frequency
LF Low-frequency
nHF Normalised high-frequency
nLF Normalised low-frequency
SBP Systolic blood pressure
SDNN Standard deviation of all RR intervals
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Introduction

Cardiovascular autonomic neuropathy (CAN) is a severe
complication of diabetes, associated with an increased risk
of late complications of diabetes [1–4] and premature death
[5]. Diabetic neuropathy has conventionally been consid-
ered to be an irreversible, organic process [6]. However, in
a previous study we demonstrated that, in patients with type
1 diabetes and early autonomic impairment as indicated by
reduced baroreflex sensitivity (BRS), the BRS was in fact
normalised during slow breathing [7]. The importance of
this finding lies in the fact that reduced BRS is an
established marker of poor prognosis in cardiovascular
medicine [8–10], and also an early marker of autonomic
alteration in diabetes [11–13]. However, our findings
indicated that, at least at an early stage of the disease
process, the observed autonomic abnormalities might be
mainly functional and potentially correctable by appropriate
interventions [14–18]. In addition, considering the notion
that progression of the disease is not invariable [19], it is
possible to hypothesise that a reduced BRS might not
inevitably progress to CAN, and perhaps only at a later
stage of the disease may the functional nature of early
autonomic dysfunction advance to organic, irreversible
neuropathy.

Therefore, the aim of this study was to test whether
autonomic dysfunction, as indicated by reduced BRS,
progresses along with increasing duration of diabetes to a
stage where it might no longer be improved by a functional
manoeuvre, indicating a switch towards a more or entirely
organic lesion. To answer this question, we examined the
impact of diabetes duration and age, and the occurrence of
abnormalities in the cardiovascular autonomic tests, on the
response of BRS to slow breathing in patients with type 1
diabetes of long and short duration.

Methods

Study population In this paper, we specifically studied
patients with type 1 diabetes (n=37) with a long duration of
diabetes (33.7±0.5 years) as well as an age- and sex-
matched control group (n=37). The patients with a long
duration of diabetes had initially participated in another
study and were recruited to the present study at a follow-up
visit. The original study comprised 110 patients at baseline
in 1985, out of whom 83 were re-studied in 1996 [20].
These participants were diagnosed with type 1 diabetes
between 1968 and 1978 and had an age at onset of less than
15 years. After exclusion of those taking beta-blocker
medication, a total of 40 patients agreed to take part in the
present study. One patient was excluded due to an
unsuccessful Finapres recording, one because of an un-

known neurological disease and one because of a kidney
transplant.

The data from the patients with a long duration of type 1
diabetes were compared with previously published data on
patients with a short duration of type 1 diabetes (n=117,
diabetes duration 8.9±0.1 years), an age- and sex-matched
control group (n=36) and a group of heart-transplanted
participants (n=12) [7]. The group of heart-transplanted
individuals served as a model of definitive denervation in the
figures, and the data were not used in the statistical analyses.
The selection criteria for the participants with a short
duration of diabetes were diabetes diagnosed before the age
of 35 years, duration of diabetes of 6–12 years and age at the
time of inclusion between 18 and 35 years. Type 1 diabetes
was defined as C-peptide deficiency (<0.03 nmol/l) and
initiation of permanent insulin treatment within 1 year after
the diagnosis of diabetes. None of these patients was on
beta-blocker medication. The study protocols were approved
by the Ethics Committee of Helsinki University Hospital and
by the Ethics Committee of the University in Pavia, Italy (for
the heart-transplanted participants). All participants gave
their written informed consent before taking part.

Protocol for the autonomic testing The autonomic testing
was performed during standardised conditions, in a quiet
room, at a temperature between 19°C and 23°C, between
08:00 and 14:00 hours. Prior to the examination, the
participants were instructed to refrain from alcohol for
36 h, and from caffeinated beverages and cigarettes for
12 h. A light meal was permitted 2 h before testing. If an
individual experienced symptomatic or measured hypogly-
caemia during the 24 h before the test, the examination was
postponed. No medications were discontinued for the
purpose of the study. An ECG was recorded using a bipolar
precordial lead. Continuous blood pressure monitoring was
performed using a Finapres 2300 digital plethysmograph
(Ohmeda, Louisville, CO, USA) on the middle finger of the
right hand held at heart level. Self-calibration of the
Finapres was performed immediately before each data
acquisition. Recorded signals were digitised with a 12-bit
resolution at a sampling rate of 200 Hz (WinAcq data
acquisition system; Absolute Aliens, Turku, Finland).
Ectopic beats were recognised visually and corrected by
linear interpolation. The subsequent offline signal process-
ing was performed using WinCPRS software (Absolute
Aliens).

The autonomic function was assessed by a set of four
cardiovascular autonomic function tests: (1) the expiration/
inspiration ratio of RR interval during slow, deep breathing;
(2) the maximum/minimum 30:15 ratio of RR interval
during active standing; (3) the systolic blood pressure
response to standing; and (4) the maximum/minimum ratio
of RR interval during a Valsalva manoeuvre. The four tests
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were graded according to Finnish age-specific reference
values [21] (0 if normal, 1 if abnormal), giving an
autonomic score of between 0 and 4. The participants with
type 1 diabetes were divided into three groups: CAN-0
(autonomic score=0), CAN-1 (autonomic score=1), and
CAN-2 (autonomic score >1). The timing of the breathing
was given by the measurement protocol in the WinCPRS
software. In addition, the technician instructed the partici-
pant verbally, and monitored the respiration visually and
with the aid of a stopwatch. This methodology conforms to
the most recent consensus statement on diabetic neuropathy
[22].

Spectral analysis of heart rate and blood pressure
variability and assessment of the BRS Data acquisition
and analysis was performed as previously described [7].
ECG and continuous blood pressure were recorded in the
supine position during 5 min of spontaneous breathing,
5 min of controlled breathing (15 breaths per min) and
1 min of slow deep breathing (six breaths per min). Power
spectral analysis was performed with fast Fourier transfor-
mation, allowing us to obtain the power in the low-
frequency (LF; 0.04–0.15 Hz) and high-frequency (HF;
0.15–0.40 Hz) bands, as well as the low-to-high frequency
ratio (LF/HF) for the RR interval. Normalised units of the
LF and HF bands (nLF and nHF) were calculated as
follows: nLF=LF power/(LF+HF powers), and nHF=HF
power/(LF+HF powers).

BRS was determined from the spontaneous fluctuations
in the RR interval and systolic blood pressure (SBP) during
spontaneous, controlled and deep breathing. However,
because of the known effect of the fluctuations of the
respiration rate on the BRS (spontaneous breathing), the
comparisons were made between controlled and deep
breathing. As none of the methods has been proved to be
superior to the others, we used a set of four different tests
and present the BRS data as the average of these methods.
This proved to be a more robust estimate than the use of
single tests [7, 23].

Regarding the sequence method, the BRS was estimated
through identification of spontaneously occurring sequen-
ces of three or more consecutive heartbeats in which both
the SBP and the subsequent RR intervals changed in the
same direction. The minimum criterion for change was
1 mmHg for SBP and 5 ms for the RR intervals. For the
identified up–up (+/+) and down–down (−/−) sequences
with a correlation coefficient between the RR intervals and
the SBP exceeding 0.85, the regression slopes (the slopes of
the lines of regression between the SBP and RR intervals)
were calculated, and the average was taken as a measure of
BRS+/+ and BRS−/−, respectively. The α coefficient (alpha
LF-BRS) was calculated as the square root of the ratio
between the SBP and RR interval spectral powers in the LF

range (0.04–0.15 Hz) when the coherence was greater than
0.5 and the phase difference between the SBP and RR
intervals was negative. In the transfer function method,
BRS was calculated as the average value of SBP-RR cross-
spectrum divided by the SBP spectrum in the LF range
(0.04–0.15 Hz), when the coherence exceeded 0.5.

Statistical analyses All statistical analyses were performed
using PASW Statistics 17 (PASW, Chicago, IL, USA). The
data in tables are given as mean±SEM or median (range)
when appropriate (Table 1). The data were tested for normal
distribution, and the variables were log-transformed before
the statistical analyses to obtain normality. Categorical
variables were analysed with Pearson’s χ2 test.

Because there were participants with different levels of
CAN in both groups of patients with type 1 diabetes, we
analysed the impact of autonomic involvement and duration
separately. This was done by grouping the diabetic patients
according to the duration of diabetes (short or long) or in
terms of CAN (CAN-0, CAN-1 or CAN-2). Owing to the
small number of patients in the CAN-2 group (n=5), no
statistical analyses were performed, although mean and
SEM are given. Regarding spectral data, the differences
between the groups were tested by ANOVA, and post hoc
analysis was done with Tukey’s test. The differences in the
BRS response to deep breathing across different groups
were tested with two-way mixed-design ANOVA (factorial
design to test the differences between groups, and repeated
measures to test for the effect of breathing rate). In addition,
because the participants’ ages were unavoidably different
between the two groups with diabetes of different duration,
we repeated the ANOVA models after adjusting the BRS
data for age. Whenever the main effect or interaction was
significant, a subsequent post hoc multiple comparison with
Tukey’s test was performed. Statistical significance was
defined as a p value ≤ 0.05.

Results

The clinical characteristics and the laboratory results are
given in Table 1. Patients with a long duration of diabetes
were older and had a lower age at disease onset (p<0.001).
Moreover, the patients with a long duration of diabetes had
a higher HbA1c level (p<0.05), a lower insulin dose (p<
0.05) and, as expected, a higher prevalence of laser-treated
retinopathy (p<0.001) and antihypertensive medication (p<
0.001) than patients with a short duration. The autonomic
score was normal in 126 (CAN-0), borderline in 23 (CAN-
1) and abnormal in five patients with diabetes (CAN-2).
With increasing autonomic score, the diabetic patients had a
longer disease duration and worse glycaemic control. The
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numbers of patients with a short duration/long duration in
the CAN-0, CAN-1 and CAN-2 groups were 101/25, 13/10
and 3/2, respectively.

Spectral analysis and BRS During controlled breathing at
15 breaths per min, which is close to the normal range of
breathing, the patients with a long duration of diabetes had
markedly lower values for all absolute HRV indices
compared with the patients with a short duration (Table 2).
The patients with a long duration showed a lower
proportion (%) of HF components and a significantly
higher LF/HF ratio as well as a lower SD of all R–R
intervals (SDNN) and absolute power in the respiratory
(HF) band compared with the patients with a short duration.
The power in the LF band of SBP was increased in the
diabetic patients with a normal autonomic score, but was
reduced in patients with a long duration and a higher
autonomic score, although the differences did not reach
statistical significance (Table 2).

The average BRS during spontaneous breathing was
11.6±1.3 ms/mmHg in the patients with a long duration of
diabetes, 16.2±0.6 ms/mmHg in those with a short duration
and 19.9±1.3 ms/mmHg in the control participants,
respectively (p<0.05 for all comparisons between groups).
Adjustment for age abolished the difference between the
groups with diabetes, whereas the difference between the
control participants and the groups with diabetes remained
significant (data not shown).

During controlled breathing at 15 breaths per min, the BRS
was clearly reduced in patients with type 1 diabetes overall
compared with the controls, and the BRS was lower in
patients with diabetes of long duration (Fig. 1a). However,
slow breathing significantly increased the BRS to a level
similar to that obtained in the control participants at a normal
breathing rate (15 breaths per min) in all groups except in the
heart-transplanted participants. Tested by mixed-design
ANOVA, both the main effects of the intervention (change
in breathing rate) and the effect of group were highly

Table 1 Clinical characteristics of the patients with type 1 diabetes divided by diabetes duration and by the autonomic score

Clinical characteristic Patients with type 1 diabetes divided by
diabetes duration

Patients with type 1 diabetes divided by autonomic score

Long duration
n=37

Short duration
n=117

CAN-0 n=126 CAN-1 n=23 CAN-2 n=5

Sex (male/female) 18/19 62/55 67/59 10/13 3/2

Age (years) 42.7±0.8*** 26.3±0.5 29.8±0.8 32.2±2.2 32.5±4.3

Duration of diabetes (years) 33.7±0.5*** 8.9±0.1 13.8±0.9† 19.9±2.7 17.4±6.0

Age at onset (years) 9.0±0.5*** 17.4±0.6 16.0±0.6† 12.3±1.2 15.1±2.8

Systolic blood pressure (mmHg) 130±2 132±1 132±1 131±3 136±7

Diastolic blood pressure (mmHg) 73±1*** 78±1 77±1 76±1 84±7

HbA1c (%) 8.2±0.2* 7.6±0.1 7.6±0.1 8.0±0.2 9.4±0.2

Participants with HbA1c <7.5% (%) 50.9* 29.7 48.8 39.1 0.0

Insulin dose (U kg−1 day−1) 0.64±0.03*** 0.86±0.03 0.81±0.02 0.75±0.05 1.17±0.48

Serum creatinine (μmol/l) 71±2 70±1 70±1 71±3 60±6

Total cholesterol (mmol/l) 4.8±0.1 4.6±0.1 4.7±0.1 4.6±0.2 4.9±0.2

HDL-cholesterol (mmol/l) 1.9±0.1 1.7±0.0 1.7±0.0 1.8±0.1 2.1±0.24

LDL-cholesterol (mmol/l) 2.3±0.1 2.4±0.1 2.4±0.1 2.1±0.2 2.1±0.2

Triacylglycerol (mmol/l) 0.90 (0.20–13.90) 0.95 (0.41–5.17) 0.93 (0.20–13.90) 0.98 (0.40–5.17) 1.80 (0.85–2.50)

Antihypertensive treatment (n/%)

ACE-inhibitor/ARB 15/40.5*** 6/5.1 11/8.7† 8/34.8 2/40

Diuretic 5/13.5* 1/0.9 3/2.4† 4/17.4 0/0

Calcium channel blocker 2/5.4 0/0 1/0.8 1/4.3 0/0

Laser-treated retinopathy (%) 35.1*** 0.9 4.8† 30.4 20.0

Urinary albumin excretion rate
(mg/24 h)

7.3 (0.0–898.1) 3.4 (0.4–774.1) 3.5 (0.0–754.0) 4.9 (1.1–898.1) 32.7 (2.5–774.1)

Data are means±SEM or median (range)

*p<0.05, ***p<0.001 long duration vs short duration; † p<0.05 CAN-0 vs CAN-1

ARB, angiotensin receptor blocker
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significant (p<0.001). There was also a significant interac-
tion (p<0.001) between intervention and group (controls vs
short duration, p<0.05; controls vs long duration, p<0.001;
short duration vs long duration, p<0.001).

After correction for age, the results of the groups with
diabetes of long and short duration were superimposed
(Fig. 1b). After age adjustment, the interactions between the
healthy controls and the patients with a long (p<0.001) and
a short (p<0.001) duration of diabetes remained significant,
but the interaction between the groups with a different
duration disappeared. Conversely, adjustment for age did
not substantially modify the response to the change in
breathing rate (Fig. 1b). The participants with definite
denervation due to a heart transplant showed very low
levels of resting BRS during controlled breathing, which
remained unchanged with slow breathing.

Figure 2a demonstrates the effect of the intervention
(deep breathing) in the diabetic patients grouped by
autonomic score (CAN-0, CAN-1 and CAN-2). The main
effects of the intervention and of the levels of autonomic
involvement were highly significant (p<0.001). The inter-
action between intervention and groups was also significant
(p<0.05). In all groups, except in CAN-2 and in heart-
transplanted participants, deep breathing induced a signif-
icant increase in BRS (p<0.001). After adjusting for age,
the results remained unchanged, and the interactions
between the controls and the CAN-0 and CAN-1-groups
(p<0.001) remained significant.

Discussion

In the present study, we demonstrated that patients with
type 1 diabetes, irrespective of the disease duration, had a
blunted BRS that in the majority of the patients could be
restored by deep breathing. However, the response to deep
breathing was lower in the patients with definite CAN,
indicating that the discriminant for BRS responsiveness to
deep breathing is the presence of autonomic neuropathy.
Thus, the vast majority of our patients could still have a
component of reversible autonomic involvement despite a
long duration of diabetes. In addition, it seems that the
effect of diabetes duration on BRS is mainly an effect of
age, since the differences in the BRS between the duration
groups vanished after adjusting for age.

These data extend our previous findings of the revers-
ibility of a blunted BRS in patients with a short duration to
patients with a long duration of type 1 diabetes [7].
Importantly, it has previously been demonstrated, both in
healthy individuals and in individuals with hypertension,
chronic heart failure or chronic obstructive pulmonary
disease, that BRS can be enhanced by slow breathing. This
occurs through a relative increase in vagal activity as
marked by a reduction in heart rate and blood pressure, and
a decline in sympathetic activity in small nerve fibres [24–
28]. The main role of BRS is to stabilise the blood pressure
by modifying the heart rate. Thus, a measure that integrates
information on both blood pressure and heart rate provides

Table 2 HRVand spectral analysis of RR interval and SBP during controlled breathing (15 breaths per min) in healthy control participants and in
patients with type 1 diabetes subdivided by diabetes duration and by autonomic score

Variable Patients with type 1 diabetes grouped by diabetes duration with
age-matched control groups

Patients with type 1 diabetes grouped by
autonomic score and all healthy controls pooled

Long duration
of diabetes

Healthy
controls

Short duration
of diabetes

Healthy
controls

CAN-0 CAN-1 CAN-2

n 37 37 117 36 126 23 5

Heart rate variability

SDNN 31.4±2.9c 30.9±2.2 42.6±1.7 49.7±4.5 42.3±1.6 e 32.7±3.4 11.8±1.6

Ln RRI LF (ms2) 4.67±0.22d 4.83±0.15 5.55±0.09 5.47±0.17 5.55±0.08e 4.74±0.25 2.76±0.28

Ln RRI HF (ms2) 4.71±0.24b,d 5.86±0.16 6.12±0.10 6.54±0.20 5.99±0.10 e 5.15±0.33 3.15±0.57

RRI LF/HF 1.63±0.35a,c 0.67±0.13 0.93±0.12 0.47±0.06 1.06±0.12 1.35±0.51 0.93±0.36

RRI nLF (%) 47.9±3.4b 30.0±3.5 37.2±1.8 a 28.0±2.6 39.9±1.8 39.8±4.4 39.0±8.7

RRI nHF (%) 50.2±3.5b,c 67.1±3.5 61.0±1.8 a 70.7±2.6 58.4±1.8 58.5±4.4 55.0±8.3

SBP variability

Loge SBP LF (mmHg2) 0.74±0.14 0.70±0.08 0.97±0.10 0.61±0.13 1.04±0.08 0.57±0.20 -0.63±0.25

Data are mean±SEM

The differences between diabetic vs control groups, and between long vs short duration of diabetes were tested by two-level factorial ANOVA,
whereas the differences between CAN groups were analysed by one-level factorial ANOVA and post hoc analysis with Tukey’s test
a p<0.05, b p<0.01 diabetic group vs age-matched healthy control group; c p<0.05, d p<0.01 long vs short duration of diabetes; e p<0.05 CAN-0 vs
CAN-1

RRI, RR interval
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a better assessment than HRV alone of the main short-term
cardiovascular regulatory system. Accordingly, slow breath-
ing improves BRS by increasing HRV and blood pressure
variability, but the induced fluctuations increase muchmore in
the RR interval than in the blood pressure [23].

During sympathetic activation in healthy individuals,
there is a predominance of LF oscillation in the SBP [29].
The LF power of SBP is also shown to increase with rising
blood pressure levels in healthy individuals [30]. Interest-
ingly, in the present study, the power in the LF band of the
SBP was increased in the diabetic patients with a normal
autonomic score, but was reduced in patients with a higher
autonomic score (Table 2). Although not all comparisons
between the groups reached statistical significance due to
the small number of participants, this finding, along with an
increased LF/HF ratio, is suggestive of a sympathetic
predominance in patients with type 1 diabetes even in the
absence of autonomic dysfunction (CAN-0), but a decline

in the sympathetic function with higher autonomic score
and particularly in definite CAN.

It is of note that, until now, the low BRS and HRV have
been ascribed to a loss of parasympathetic tone due to
neuropathy. However, the increase in BRS by a breathing
intervention would not have been achievable without a
functioning parasympathetic system, as was seen in the
heart-transplanted patients. In addition, similar findings
could be obtained in heart failure or hypertension, when the
cause of the low resting BRS was a higher sympathetic tone
[24, 25, 27], due to the reciprocal relationship of sympa-
thetic and parasympathetic activity. Therefore our results
point to elevated resting sympathetic tone rather than
parasympathetic damage.

In type 1 diabetes, many factors other than parasympa-
thetic neural damage could potentially influence BRS by

Fig. 2 Lack of influence of age on the effect of evident CAN on BRS.
The effect of breathing rate on average BRS in healthy participants, in
patients with diabetes grouped by the cardiovascular autonomic
function tests (CAN-0: normal autonomic function; CAN-1: one
abnormal autonomic function test; CAN-2: more than one abnormal
autonomic function test), and in surgically denervated (heart-trans-
planted) patients. Error bars represent SEM. The differences in the
response for deep breathing across the groups were tested with 3×2
mixed-design factorial ANOVA (one between-subjects factor with
three groups [CAN-0, CAN-1 and healthy controls] and one within-
subjects factor with two conditions: average BRS when taking 15 vs
six breaths per min). a No adjustments. b Adjustment for age. The
intervention induced a significant increase in BRS (p<0.001) in
healthy controls and the CAN-0 and CAN-1 groups. Diamonds,
healthy; black triangle, CAN-0; grey triangle, CAN-1; white triangle,
CAN-2. *p<0.05, ***p<0.001

Fig. 1 Removal of the effect of diabetes duration on BRS by age-
adjustment. The effect of breathing rate on the average BRS in healthy
participants, in patients with type 1 diabetes grouped by diabetes
duration, and in surgically denervated (heart-transplanted) patients is
shown. Error bars represent SEM. The differences in response for
deep breathing across the groups were tested with 3×2 mixed-design
factorial ANOVA (one between-subjects factor with three groups
[long duration of diabetes, short duration of diabetes, healthy controls]
and one within-subjects factor with two conditions: average BRS
when taking 15 vs six breaths per min). a No adjustments. b
Adjustment for age. The intervention induced in all groups a
significant increase in BRS (p<0.001). Diamonds and solid line,
healthy; black triangles and grey line, short duration; white triangles
and dashed line, long duration; squares and solid line heart-
transplanted. *p<0.05, ***p<0.001
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increasing sympathetic activity. Oral glucose stimulates
sympathetic activity and depresses parasympathetic activity,
hence depressing the vagal arm of the BRS. The mecha-
nism is not entirely established, although a role for insulin
[31] or an increased osmolar load [32] has been suggested.
Insulin therapy may also have an effect by stimulating the
sympathetic nervous system and downregulating the vagal
arm of the baroreflex [33–36]. This effect is well known in
conditions of insulin resistance such as type 2 diabetes and
obesity, and could also be present in type 1 diabetes, due to
the insulin treatment. As such, it cannot be excluded as
playing at least a part in our patients as well. Endothelial
dysfunction and low-grade inflammation have also been
related to autonomic imbalance [37–39] and could modify
the resting level of autonomic function and BRS. Prelim-
inary findings from our group suggest in addition a possible
role of chronic tissue hypoxia. Taken together, the presence
of most of these factors is well established in type 1
diabetes, and it would not be surprising if their influence on
the sympatho-vagal balance would contribute to setting the
resting BRS value.

Our main purpose was to elucidate the effect of duration
of diabetes on the reversibility of the BRS by comparing
two different groups of diabetic patients: one with a short
and one with a long duration of disease. Obviously, it
would have been rather difficult to obtain two such groups
with equal ages. The BRS and essentially the vagal
component of BRS is age dependent [40, 41]. The differ-
ences between the two groups with a different duration
disappeared after adjustment for age in terms of the resting
level of the BRS and the response to deep breathing. The
lack of association between long disease duration and the
presence of autonomic dysfunction in our cohort is in line
with the results of other recent studies [42–44]. However,
the influence of the duration of diabetes on BRS has not to
our knowledge been studied before. Importantly, the study
by Larsen et al. demonstrated that, even after 30 years of
diabetes, the mean HbA1c <8.4% during a period of
18 years was associated with near-normal nerve conduc-
tion [42]. On the other hand, reduced cardiovascular
autonomic reactivity has already been observed in newly
diagnosed patients with type 1 diabetes [45, 46], support-
ing the role of factors other than long-standing hyper-
glycaemia in the pathogenesis of autonomic dysfunction.
Long-term poor glycaemic control has been identified as a
major contributor to the development and progression of
diabetic CAN [2, 19, 42–44, 47, 48]. In the present study,
HbA1c showed a significant, although weak, inverse
association with autonomic indices and BRS values (data
not shown). However, despite only one single measure-
ment of HbA1c, our findings support the central role of
glycaemic control since patients with evident CAN had
also higher HbA1c values.

The only patients in whom we demonstrated a distinc-
tively lower response to deep breathing were those with
definite CAN. This could indicate a switch towards more
prominent structural neural damage. However, even in
these patients, there was still the capability to improve the
BRS, and thus some functional reserve. The coexistence of
nephropathy and CAN is well established, although it is
presently not known what the causal relationship between
nephropathy and neuropathy is [3, 4, 49]. In the present
study, BRS did not correlate with urinary albumin excretion
rate, although patients with evident CAN had a higher
urinary albumin excretion rate.

In our patients, the prevalence of definite CAN was low,
but this can be at least partly explained by the exclusion of
patients on beta-blockers and of one patient who had
received a kidney transplant. Thus, the low prevalence of
CAN in the patients with long-term diabetes might be due
to selection or survival bias. Accordingly, the proportion of
more severe diabetic complications was clearly under-
estimated. On the other hand, the lower prevalence of
complications allows us to better clarify the role of duration
per se. In this study, respiration could not be measured
directly; however, it was actively and visually controlled.

The practical implications of this new approach are
evident as the functional nature of early alterations might
enable interventions capable of retarding the onset and
progression of autonomic derangement. It is important to
detect the time point in the natural history of the disease at
which the organic dysfunction predominates in order to be
able to initiate effective preventive measures while the
abnormalities are still reversible. Previous studies have
established a positive role for physical training to correct
the functional autonomic abnormality in heart failure [14,
15] and hypertension [16]. Both conditions are character-
ised by a sympathetic predominance and a reduced BRS of
functional origin. Early autonomic abnormalities also seem
to be favourably influenced by physical exercise in type 2
diabetes [17, 18], again suggesting that these abnormalities
can be partly corrected in diabetes.

In conclusion, patients with type 1 diabetes, irrespective
of disease duration, have a blunted BRS that in the majority
of the patients can be restored by slow breathing. Moreover,
even after a long duration of diabetes, the abnormal BRS is
at least in part of functional origin in most of the patients,
and the decline in the BRS is mainly due to age.
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