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OBJECTIVE—We have recently demonstrated that early autonomic dysfunction, defined as
low baroreflex sensitivity (BRS), could be functional and reversible. However, potential tem-
poral changes in BRS have not yet been addressed by longitudinal studies in type 1 diabetes.
Moreover, it is not known whether low BRS predisposes to hypertension or other nonfatal
diabetes complications.

RESEARCH DESIGN AND METHODS —We conducted a 5-year prospective study
including 80 patients with type 1 diabetes. We measured ambulatory blood pressure and
autonomic function tests. BRS was assessed by six different methods during spontaneous,
controlled, and slow deep breathing at baseline and follow-up.

RESULTS —Spontaneous BRS declined over time (BRS yyerage 16.2 * 0.8 vs. 13.2 = 0.8 ms/mmHg;
P < 0.01), but the change was not significant when adjusted for time of follow-up. Low BRS at baseline
did not progress to cardiac autonomic neuropathy but predicted an increase in the nighttime systolic
blood pressure (BRS,yerage = —0.37; P < 0.05). Additionally, BRS response to deep breathing at
baseline predicted an increase in 24-h ambulatory blood pressure (BRS-oLF r=0.323-0.346;
P < 0.05).

CONCLUSIONS —The decline in spontaneous BRS over time in patients with type 1 diabetes
seems to be due to normal aging, which supports a functional etiology behind early autonomic
derangements. Decreased resting BRS and the magnitude of improvement by deep breathing may
be due to sympathovagal imbalance, a well-known mechanism in the development of hypertension.
Early interventions aiming to reduce sympathetic overactivity in patients with low BRS might delay
the development of hypertension.
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ardiovascular autonomic neuropa-

thy (CAN) has for along time been a

challenge for diabetologists because
of the lack of easily available diagnostic
methods and, thus, the difficulty in starting
interventions at a stage when the disorder is
still reversible. The importance of early
diagnosis lies in the fact that established
CAN is associated with increased risk of
diabetes complications (1) and mortality

(2). However, in our recent studies in pa-
tients with type 1 diabetes with short (3) or
long (4) duration, we demonstrated that
reduced baroreflex sensitivity (BRS), an
early marker of autonomic impairment,
was markedly improved by slow, deep
breathing. Notably, the patients had, re-
gardless of duration of diabetes, blunted
BRS that could be restored by deep breath-
ing, except in those with definite CAN.
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The potential reversibility of BRS and
low prevalence of definite CAN in our
patients (3,4) is in line with observations
that the prevalence of diabetes complica-
tions seems to decrease (5,6). The concept
of functional autonomic dysfunction does
not diminish the importance of an early
diagnosis given that the prognostic value
of reduced BRS has undoubtedly been
proven in hypertension, renal failure,
postmyocardial infarction, heart failure,
and cerebral stroke (7—9)—conditions as-
sociated with functional alterations in the
autonomic nervous system.

Autonomic imbalance plays a major
role in the etiology of hypertension. Ac-
cordingly, the close relationship between
reduced BRS and high blood pressure was
already established decades ago (10), but
whether low BRS is the cause or the con-
sequence of elevated blood pressure is
still not evident. While 24-h ambulatory
blood pressure is considered a better pre-
dictor of target organ damage (11) than
isolated clinic blood pressure measure-
ments, studies have suggested that a lack
of nocturnal systolic blood pressure (SBP)
dipping is a sensitive marker for incipient
diabetic nephropathy (12).

BRS is considered a more sensitive
measure of autonomic function than con-
ventional autonomic function tests (13),
but whether low BRS predicts CAN is not
known. Due to a possible functional eti-
ology, reduced BRS might not necessarily
progress to CAN but may still predispose
to future diabetes complications. Studies
in healthy subjects have suggested that
BRS declines with age alongside other au-
tonomic parameters (14), but whether
such decline is more pronounced in pa-
tients with type 1 diabetes is unclear.
Therefore, our purpose was to determine
whether the autonomic indices decline
more in patients with type 1 diabetes
than in healthy subjects and whether
baseline BRS predicts progression to
CAN. Moreover, we aimed to elucidate
the role of BRS as a potential predictor
of the development of hypertension
during a 5-year follow-up.
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RESEARCH DESIGN AND
METHODS —All patients participated
in the IDentification of EArly mechanisms
in the pathogenesis of diabetic Late com-
plications (IDEAL) Study launched in
2003 as a substudy of the nationwide
Finnish Diabetic Nephropathy Study
(FinnDiane Study) (3). A total of 125 pa-
tients participated at baseline in 2003—
2004, and 80 patients agreed to take part
in the follow-up visit in 2008-2009. All
patients gave their written informed con-
sent before participation. The study proto-
cols were approved by the ethics committee
of Helsinki University Hospital.

Both at baseline and follow-up, pa-
tients underwent a clinical examination,
resting electrocardiogram (ECG), labora-
tory testing, one 24-h urine collection,
ambulatory blood pressure monitoring
(ABPM), and assessment of spontaneous
BRS and autonomic function tests. Each
participant completed a detailed ques-
tionnaire on lifestyle, smoking habits, and
family history.

Protocol for autonomic testing

The autonomic tests were performed in a
quiet room at a temperature between 19
and 23°C between 8:00 am. and 2:00 p.M.
under standardized conditions as previ-
ously described (3). The autonomic testing
was postponed in cases of hypoglycemia
within 24 h of the test. No medications
were discontinued for the purpose of the
study. ECG was recorded using a bipolar
precordial lead. Continuous blood pres-
sure was measured with Finapres 2300 dig-
ital plethysmograph (Ohmeda, Louisville,
CO) from the middle finger of the right arm
held at heart level. The Finapres device was
self-calibrated before data acquisition. Re-
corded signals were digitized with 12-bit
resolution at a sampling rate of 200 Hz
(WinAcq data acquisition system; Abso-
lute Aliens, Turku, Finland). Ectopic beats
were recognized visually and corrected by
linear interpolation. The subsequent off-line
signal processing was performed using
WinCPRS software (Absolute Aliens).

The autonomic function was eval-
uated in line with the recommenda-
tions of the recent European Diabetic
Neuropathy Study Group (NEURODIAB)
expert panel (15) by a set of four cardio-
vascular autonomic function tests: 1) the
expiration-to-inspiration ratio of RR in-
terval (RRI) during slow deep breathing,
2) the maximum-to-minimum 30-to-15
ratio of RRI during active standing, 3)
the SBP response to standing, and 4) the
maximum-to-minimum ratio of RRI

during Valsalva maneuver. Each test was
scored (0 if normal and 1 if abnormal)
according to Finnish age-specific refer-
ence values (16), giving a total autonomic
score between 0 and 4. The participants
with type 1 diabetes were grouped as
follows: CAN-0 (autonomic score = 0),
CAN-1 (autonomic score = 1), and CAN-2
(autonomic score >1). CAN-2 corre-
sponds to the established definition of
cardiovascular autonomic neuropathy.
The timing of breathing (controlled and
deep breathing) was given by a signal
from the WinCPRS software and verbal
instructions by the technician. At the
prospective visit, the respiration was
monitored with respiratory inductance
plethysmography (zRIP; Pro-Tech Services,
Mukilteo, WA).

Assessment of BRS

ECG and continuous blood pressure were
recorded in the supine position during
5 min of spontaneous breathing and 2 min
of controlled breathing (15 breaths per min)
and during 1 min of slow deep breathing
(6 breaths per min). Time series of the RRI
and the SBPs were constructed and saved
for further analysis. Power spectral analysis
of SBP and RRI was performed with Fast
Fourier transformation to obtain the power
in the low-frequency (0.04-0.15 Hz) and
high-frequency (0.15-0.40 Hz) bands.

BRS was determined from the spon-
taneous fluctuations in the RRI and SBP
during spontaneous, controlled, and deep
breathing by six different methods and the
average of these six methods (BRSyerage)-
The sequence methods (BRS™* and
BRS ~/7) are based on identification of se-
quences of three or more consecutive heart-
beats in which the SBP and the subsequent
RRIs changed in the same direction at the
minimum of 1 mmHg or 5 ms. The slopes
of the regression lines between SBP and RR
intervals were calculated for valid sequen-
ces with the correlation coefficient >0.85,
and average was taken as a measure
of BRS™* and BRS™/~, correspondingly.
a-Coefficients were calculated as the
square root of the ratio of the spectral pow-
ers of RRIs and SBP in the low-frequency
range (BRS-aLF) (0.04-0.15 Hz) and
high-frequency range (BRS-aHF) (0.15-
0.4 Hz). Transfer function BRS was de-
termined as the average of the SBP-RRI
cross-spectrum divided by the SBP spec-
trum in the frequency range of 0.04-0.15
Hz, when coherence exceeded 0.5. Fur-
thermore, we used a new method (BRS-
SD) (17), based on the calculation of the
ratio between the SD of the RRI divided
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by the SD of SBP as a measure of BRS.
Finally, we determined the average of all
six methods because none of the individ-
ual methods proved superior to the oth-
ers (17). Because controlled breathing by
forcing the patient to breathe 15 breaths
per min is likely to induce sympathetic
activation in some patients, the BRS dur-
ing spontaneous breathing was used as
the resting level. Deep breathing reduces
sympathetic activity (18), and therefore
we calculated the increase in BRS as a re-
sponse to deep breathing.

Ambulatory blood pressure
monitoring

Ambulatory blood pressure monitoring
(ABPM) was performed in a subset of 71
participants with a Spacelabs 90207
monitor (Spacelabs, Redmond, WA).
During the monitoring, patients were
asked to avoid vigorous physical exercise
and to keep their arm relaxed during
measurements. Blood pressure readings
were obtained every 20 min during the
day (7:00 AM~11:00 p.M.) and every 30
min at night (11.00 p.m~7:00 AMm.). Day-
and nighttime periods were defined based
on individual sleeping time. Patients
with a nocturnal decrease of systolic or
diastolic blood pressure <10% of the cor-
responding daytime value were defined as
nondippers. The change in blood pressure
over time was calculated as the baseline
value subtracted from the follow-up value.

Laboratory tests

Venous blood samples were obtained
after a light breakfast and analyzed for
HbA,., lipids, and serum creatinine.
HbA . concentrations were determined
by immunoturbidimetric immunoassay
(Medix Biochemica, Kauniainen, Finland).
Serum lipids (total cholesterol, triglycerides,
and HDL cholesterol) and creatinine were
measured by enzymatic methods. Urinary
albumin excretion rate was measured from
one 24-h urinary collection.

Statistical analyses

All statistical analyses were performed
using PASW Statistics 18. Data in tables
are given as means * SEM or median
(range). Data were tested for distribution,
and skewed variables were log transformed
before analyses. Differences between
groups were analyzed with x* (for qualita-
tive variables) or unpaired Student ¢ test (for
quantitative variables). Pearson correlation
coefficients were used to evaluate associa-
tions. Statistical significance was defined as
P value = 0.05.
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Age adjustment. From our database, we
selected all available data on spontaneous
breathing obtained in healthy subjects with
an age range of 16-60 years (n = 425), and
we calculated age regression curves for each
BRS index, SD of all normal RRIs (SDNN),
and mean RRI. For the autonomic function
tests (E-to-I ratio, 30-to-15 ratio, Valsalva
ratio, and lying-to-standing change in SBP),
we obtained similar age regression slopes
from a previous study in 120 healthy sub-
jects aged 22-92 years (19). All age regres-
sions were significant except that with RRI.
Using equations obtained in healthy sub-
jects, we calculated the physiologic age-
dependent deterioration for each subject
over the individual follow-up period. To ob-
tain age-adjusted values, we added the age-
dependent BRS deterioration value to the
value of the follow-up result. Thus, the dif-
ference between baseline and age-adjusted
follow-up value reflected changes not due
to aging. To evaluate the change in BRS
over time, we performed a paired ¢ test be-
tween baseline BRS and both the measured
BRS and age-adjusted BRS at follow-up.

RESULTS —Table 1 shows the clinical
characteristics and ABPM data of the par-
ticipants at baseline and follow-up. Dura-
tion at baseline was 8.8 = 0.2 years and
13.8 = 0.2 years at follow-up with a mean
follow-up time of 5.0 = 0.0 years. Of the
5 patients with antihypertensive treat-
ment (AHT) at baseline, 1 terminated
the medication and 17 new patients star-
ted AHT. Thus, a total of 21 patients were
using AHT at the time of the follow-up
visit, whereas none used B-blockers. Re-
sults are given separately for these groups.
Office SBP did not change over time, but
the patients with AHT had higher blood
pressure both at baseline and follow-up.
The patients who started AHT were older
(35.6 = 0.9vs.30.8 £ 0.7 years; P < 0.001)
and had a later age at onset of diabetes
(213 = 1.0 vs. 172 * 0.7 years; P <
0.05). These patients also had a higher total
cholesterol level (P < 0.05). Four new pa-
tients were laser treated due to retinopathy
during follow-up. The lipid concentrations
remained unchanged, but 10 patients started
lipid-lowering medication during follow-up.
Urinary albumin excretion rate increased
marginally (P < 0.05). No major cardiovas-
cular events were reported during follow-up.

Autonomic score according to four
cardiovascular autonomic

function tests

At baseline, 68 patients had no signs of
CAN (CAN-0), whereas 11 patients had

borderline (CAN-1) and one had evident
(CAN-2) CAN. At follow-up, 63 patients
presented with CAN-0, 16 with CAN-1,
and 1 with CAN-2. One of the patients
progressed to CAN-2, and in 12 patients
the CAN score worsened. The single
patient with CAN-2 at baseline reversed
to CAN-1, and seven patients improved
their autonomic score. Thus, a total of 61
patients had an unchanged CAN score
over time. BRS indices at baseline did not
differ when patients were grouped by
CAN score at follow-up.

Change in autonomic function tests
and spontaneous BRS during
follow-up

When all patients were analyzed together,
the E-to-1 ratio, SDNN, and all but one of
the BRS indices declined significantly
during follow-up, but after age adjust-
ment only one BRS method (BRS-aHF)
showed a significant decline (P < 0.01)
(Table 2). In the group with AHT, there
was a significant drop with time in E-to-1
ratio, 30-to-15 ratio, SDNN, BRS-aHF,
BRS™/", and BRS,verage, but the changes
in E-to-I ratio, 30-to-15 ratio, and BRS-
oHF were significant even after age adjust-
ment (P < 0.01). In those without AHT,
E-to-I ratio and four of six BRS indices
declined significantly during follow-up,
but none of these changes were significant
anymore after age adjustment.

BRS and blood pressure

Baseline. The association between spon-
taneous BRS and 24-h AMBP and office
blood pressure at baseline were analyzed
in patients with AMBP data available.
Overall BRS correlated negatively with
24-h and daytime AMBP, predominantly
with diastolic blood pressure (DBP) and
mean arterial blood pressure (MAP). All
BRS variables except BRS™* correlated
with 24-h DBP (r —0.238 to —0.331;
P < 0.05) and daytime DBP (r —0.295
to —0.400; P < 0.05), whereas the cor-
relations with nighttime AMBP were non-
significant. Furthermore, office blood
pressures (SBP, DBP, and MAP) correlated
significantly with BRS-aLF (r —0.234 to
—0.275; P < 0.05), and transfer function
BRS (r —0.251 to —0.281; P < 0.05).
Follow-up. The correlations between
baseline spontaneous BRS-variables and
change in nighttime SBP are shown in Fig. 1.
Only patients without AHT are included
(n = 50). The lower BRS at baseline, the
more the nighttime SBP increased over time
(r=—0.348to —0.381; P < 0.05). In addi-
tion to resting BRS, we also calculated the

increase in BRS induced by deep breathing
at baseline (data not shown). Two of the
BRS methods showed a significant correla-
tion with the increase in blood pressure
over time, mainly with 24 h (BRS-aLF r =
0.323-0.346,P < 0.05; BRS-SDr=0.352—
0.454, P < 0.05) and nighttime (BRS-aLF
r = 0.303-0.434, P < 0.05; BRS-SD r =
0.333-0.481, P < 0.05) indices and with
daytime MAP (BRS-aLF r = 0.302, P <
0.05; BRS-SD r = 0.339, P < 0.05). With
the other BRS methods the correlations
between the response in BRS and blood
pressure variables were nonsignificant.

CONCLUSIONS —In a representative
sample of patients with type 1 diabetes,
we demonstrated that although the BRS is
reduced at baseline, the decline in BRS
during a 5-year follow-up is similar to that
seen in healthy subjects. The low BRS at
baseline does not progress to evident CAN
but predicts an increase in nighttime SBP.
Cross-sectional studies have shown
that cardiovagal BRS deteriorates with age
in healthy subjects (14). As expected,
there was a decline in the majority of the
autonomic indices in patients with diabe-
tes, but when the age-dependent deterio-
ration was eliminated the decline, which
could have been ascribed to the presence
of diabetes, was no longer significant. How-
ever, in patients with AHT there was a sig-
nificant drop in the E-to-I ratio, 30-to-15
ratio, and BRS-aHF even after age correc-
tion. Although these patients were older, the
results still suggest that they are more likely
to develop diabetes complications. This is
further supported by increased prevalence
of laser-treated retinopathy in this group.
In the current study, all but one of the
BRS-variables correlated inversely with
24-h DBP and daytime DBP at baseline—in
agreement with previous data (20). Impor-
tantly, baseline BRS predicted an increase
in nighttime blood pressure at follow-
up. Moreover, the BRS response to deep
breathing correlated with the increase
in 24-h blood pressure indices overall. A
recent meta-analysis confirmed that
nighttime SBP is a stronger predictor of
cardiovascular and noncardiovascular
mortality than daytime SBP both in hyper-
tensive patients and in randomly selected
populations (21). In contrast to some (12)
but not all (22) previous studies, we could
not detect any relationship between the in-
crease in nocturnal blood pressure and the
albumin excretion rate. Moreover, the non-
dipping status was not related to baseline
BRS and did not predict an increase in
blood pressure or albumin excretion rate.

2426

DiaBETES CARE, VOLUME 34, NOVEMBER 2011

care.diabetesjournals.org



Rosengdrd-Bdrlund and Associates

Table 1—Clinical characteristics and ambulatory blood pressure in patients with type 1 diabetes and according to antihypertensive treatment at follow-up

All patients (n = 80) AHT" (n=21) AHT™ (n=59)

Baseline Follow-up P Baseline Follow-up P Baseline Follow-up P
Sex (male/female) 46/34 46/34 — 16/5 16/5 — 29/28 29/28 —
Age (years) 27.0 £ 0.6 32.0x 0.6 E 31.6 £ 09 356 %09 HE 258 £ 0.7 30.8 £ 0.7 o
Diabetes duration (years) 88 *0.2 13.8 0.2 ok 92+03 143 +03 ks 85*0.2 13.7 £ 0.2 ok
Age at onset (years) 182 0.6 — — 213x1.0 — — 17.2 £ 0.7¢ — —
BMI AWM\BNV 248 04 257*05 E 249 0.7 253 %08 NS 247 *£05 258 £ 0.6 oE
Waist-to-hip ratio 0.86 £ 0.08 0.87 £0.01 NS 0.88 = 0.02 091 = 0.01 NS 0.85 £ 0.01 0.86 £ 0.01% NS
Current smokers (%) 16.0 13.8 NS 25.0 20.0 NS 11.9 11.9 NS
AHT (%) 6.3 26.3 ok 19.0 100.0 * 1.7 0.0 NS
Laser-treated retinopathy (%) 1.3 6.3 NS 0.0 19.0 * 1.7 1.7 NS
HbA,. (%) 75 *0.1 8.0=*x0.1 o 75*03 8.0*0.2 * 74 *0.1 8.0=*0.1 HE
Total cholesterol (mmol/L) 47 =*=0.1 45+ 0.0 NS 50x0.2 45*0.2 * 4.6 0.1t 45 =*0.1 NS
HDL cholesterol (mmol/L) 1.71 = 0.05 1.60 = 0.05 * 1.63 = 0.11 1.48 = 0.08 * 1.73 = 0.06 1.63 £ 0.06 *
LDL cholesterol (mmol/L) 24 *+0.1 24 *+0.1 NS 2.72 =0.18 244 +0.12 NS 233+ 0.10 2.40 = 0.09 NS
Triglycerides (mmol/L) 0.97 (0.47-5.17) 0.99 (0.40-4.59) NS 1.15 (0.49-5.17) 0.99 (0.4—4.59) NS 0.95 (0.47-3.00) 0.98 (0.40-3.33) NS
UAER (mg/24 h) 3(1-113) 4 (0-458) * 3(2-113) 5 (0—458) NS 3(1-31) 4 (0-28) NS
Serum creatinine (wmol/L) 70x1 69 * 1 NS 73%3 72+2 NS 702 68 £ 2 NS
Office SBP (mmHg) 134 £2 132 =1 NS 141 £3 137 £ 2 NS 131 = 2% 131 £ 1.6F NS
Office DBP (mmHg) 78 =1 78 =1 NS 81 +2 80 =2 NS 77 £ 1 77 £ 1 NS
24-h SBP 123 =1 126 = 1 o 127 = 1 127 £ 2 NS 122 = 1 125+ 1 wE
24-h DBP 73%1 76 =1 ok 77+ 1 78+ 1 NS 72 1 75 *1 o
24-h MAP 90 =1 92 =1 o 93 + 1 94 +1 NS 88 + 1 92 £1 HE
24-h heart rate 731 74 *1 NS 72 +3 77 %2 wE 731 72+ 2 NS
Daytime SBP 128 £1 131 =1 ok 132 £2 132 £2 NS 127 £ 1 131 1 ok
Daytime DBP 78 =1 82*1 o 82 %2 83 +2 NS 77 £ 1 811 HE
Daytime MAP 95+ 1 98 + 1 o 98 + 1 99 +2 NS 93+ 1 97 + 1 wE
Daytime heart rate 771 781 NS 763 82*x2 o 78 =2 77 *x2 NS
Nighttime SBP 113+ 1 114 =1 NS 118 £ 2 116 =2 NS 111 =1 114 =2 NS
Nighttime DBP 62=*+1 641 * 67 =2 66 2 NS 77 %=1 80 1 *
Nighttime MAP 79+ 1 81 *1 NS 84 1 83 %2 NS 62*1 62*1 NS
Nighttime heart rate 63+ 1 63+ 1 NS 64 + 2 67 *3 NS 62+ 1 62+ 1 NS

Data are means = SEM or median (range). AHT", antihypertensive treatment at follow-up; AHT ", no antihypertensive treatment at follow-up; UAER, urinary albumin excretion rate. *Significant at P < 0.05.

**Significant at P < 0.01 for baseline vs. follow-up. {Significant at P < 0.05. +Significant at P < 0.01 for AHT" vs. AHT .
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Figure 1—Correlations between baseline spontaneous BRS and change in nighttime SBP during 5-year follow-up.
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vs. 0.59 + 0.07 mmHg?, P < 0.001; con-
trolled breathing 0.21 * 0.08 vs. 0.83 =
0.08 mmHg?, P < 0.001). Whether the de-
cline in BRS-aHF is a cause or a consequence
of the increase in SBP-HF remains unclear,
but the ability of the BRS to buffer blood
pressure changes in the HF region is obvi-
ously reduced. Further research is needed to
establish the significance of this finding,

A major limitation of this study is the
small sample size. Furthermore, the asso-
ciation between baseline BRS indices and
the change in blood pressure over time
was studied only in patients not treated
with AHT, and thus the current study was
not designed to assess the association
between BRS and albuminuria.

In conclusion, although the decline in
BRS over time appears to be physiological, a
reduced BRS at baseline predicts an increase
in blood pressure. The assessment of BRS
could help to identify those patients with
type 1 diabetes who would benefit from
early interventions aiming to reduce sympa-
thetic overactivity and to delay the develop-
ment of hypertension.
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