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Summary 

In this study we tested whether joint evaluation of the frequency 

(fcs) at which maxima of power in the cross-spectra between the 

variability in systolic blood pressure and inter-beat intervals in the 

range of 0.06-0.12 Hz occur together with the quantification of 

baroreflex sensitivity (BRS) may improve early detection of 

autonomic dysfunction in type 1 diabetes mellitus (T1DM). We 

measured 14 T1DM patients (age 20.3-24.2 years, DM duration 

10.4-14.2 years, without any signs of autonomic neuropathy) and 

14 age-matched controls (Co). Finger arterial blood pressure was 

continuously recorded by Finapres for one hour. BRS and fcs were 

determined by the spectral method. Receiver-operating curves 

(ROC) were calculated for fcs, BRS, and a combination of both 

factors determined as F(z)=1/(1+exp(-z)), z=3.09–0.013*BRS–

0.027*fcs. T1DM had significantly lower fcs than Co (T1DM: 

88.8±6.7 vs. Co: 93.7±3.8 mHz; p<0.05), and a tendency 

towards lower BRS compared to Co (T1DM: 10.3±4.4 vs. Co: 

14.6±7.1 ms/mm Hg; p=0.06). The ROC for Fz showed the 

highest sensitivity and specificity (71.4 % and 71.4 %) in 

comparison with BRS (64.3 % and 71.4 %) or fcs (64.3 % and 

64.3 %). The presented method of evaluation of BRS and fcs 

forming an integrated factor Fz could provide further 

improvement in the risk stratification of diabetic patients. 
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Introduction 

Cardiovascular disease is the leading cause of 
mortality in adults with diabetes mellitus (Wadwa 2006). 
Especially, cardiovascular autonomic neuropathy (CAN) 
is a complication of diabetes mellitus which severely 
increases the mortality risk (Vinik et al. 2003), and 
therefore it has been tested for nearly 30 years (Ewing 
and Clarke 1982).  

Recent studies show that subclinical signs of 
autonomic cardiovascular dysfunction could be found 
already in diabetic children without the diagnosis of 
cardiovascular neuropathy based on Ewing’s tests 
(Javorka et al. 2011). The increased sympathetic and/or 
decreased parasympathetic control of heart rate and blood 
pressure at an early stage of CAN can be detected without 
the requirement of an active cooperation of the person 
tested. The application of spectral analysis to non-
invasive recordings of blood pressure oscillations in 
finger arteries lasting for several minutes show that heart 
rate and blood pressure variability, and baroreflex 
sensitivity as well, are individually characteristic features 
of blood-pressure control (Honzíková et al. 1990, Jíra et 
al. 2006, 2010, Dietrich et al. 2010). Examination of 
heart rate and blood pressure variability brought evidence 
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for an early increase of power of the low-frequency 
component in blood pressure spectra (Lucini et al. 2009), 
a decrease of the high-frequency component in the 
spectra of RR intervals (Laederach-Hofmann et al. 1999, 
Javorka et al. 2005, Krause et al. 2009), and suppressed 
baroreflex sensitivity (Krause et al. 2009, Lucini et al. 
2009, Javorka et al. 2011) in diabetic patients.  

A disturbance of the baroreflex loop can be 
characterized not only by its gain, e.g. baroreflex 
sensitivity, but also by a prolongation of the baroreflex-
loop time delay between oscillations in blood pressure 
and cardiac intervals assessed by a time-domain cross-
correlation method (Javorka et al. 2011).  

The frequency at which baroreflex control of 
blood pressure operates can be supposed to be a third 
characteristic of this oscillating system, being possibly 
dependent on baroreflex control of peripheral resistance. 
This branch of baroreflex operates at a frequency of about 
0.1 Hz (Sayers 1973, Wesseling et al. 1983). Penaz (1970) 
showed that the frequency response characteristics of 
resistance vessels in cat and rabbit to the stimulation of 
sympathetic nerves by a sinusoidally modulated frequency 
was dependent on the frequency of stimulation with the 
greatest gain in a range from 0.032 to 0.063 Hz. Nakahara 
et al. (1999) measured the transfer function of the efferent 
peripheral sympathetic system and evaluated the amplitude 
and the phase shift of the frequency response of peripheral 
resistance. They found that this transfer function 
corresponds to a low-pass filter of the second order with a 
natural frequency between 0.05 and 0.09 Hz linked in 
series with a constant lag of 0.4 s. Additionally, the 
frequency of the system resonance peak shifted to higher 
frequencies with increasing gain. They also showed that 
the administration of a neuronal uptake blocking agent at 
the neuroeffector junction decreased the dynamic gain and 
the natural frequency and prolonged the time lag of heart 
rate response on sympathetic stimulation. These data lead 
us to study the relationship between the heart-rate 
baroreflex sensitivity and the frequency of the feedback 
control of blood pressure, which includes association of 
variations in peripheral resistance and heart rate in the 
frequency range around 0.1 Hz. 

Until now, the information about the resonance 
frequency of the baroreflex control loop controlling 
peripheral vascular resistance was ignored, and therefore 
there is a lack of data on its possible changes in 
pathological circumstances. Therefore, in the present 
study we analysed whether evaluation of the frequency 
(fcs) at which maxima of power in the cross-spectra 

between the variability in blood pressure and inter-beat 
intervals in a frequency range of 0.06-0.12 Hz (low-
frequency band) together with the assessment of BRS 
could improve early detection of autonomic dysfunction 
in type 1 diabetes mellitus. Our analysis included not 
only the measurement of both parameters, fcs and BRS in 
diabetic patients and controls, but also analysis of 
correlation between both measures and determination of 
the sensitivity and specificity of each factor and their 
combination for discrimination between healthy controls 
and diabetic patients. 
 
Methods 
 
Subjects  

We examined 14 patients with type 1 diabetes 
mellitus (T1DM) and 14 healthy controls of the same age 
and gender (7 women and 7 men in each group). All 
subjects were examined in the laboratory of the 
Department of Physiology, Jessenius Faculty of Medicine, 
Comenius University in Martin, Slovakia. The Michigan 
Neuropathy Screening Instrument (MNSI), composed of a 
history questionnaire and physical assessment (foot 
sensation), did not reveal neuropathy in any patient. Ankle 
reflexes were bilaterally present in all subjects. Standard 
monofilament sensation testing was performed at a 
pressure of 10 grams in ten separate places on both feet. 
All diabetic patients showed correct responses to these 
stimuli. The response for the Ewing battery of tests was 
also physiological (Javorka et al. 2011). 

The patients with T1DM were aged 22.4  
(20.3-24.2) years [median (interquartile range)]. They had 
hyperglycaemia 8.8 (6.8-13.5) mmol/l and an increased 
HbA1c 9.7 (8.7-9.9) %. The duration of diabetes mellitus 
was 12.9 (10.4-14.2) years; insulin was the only therapy 
used in the T1DM group. The mean age of the controls 
did not differ from the T1DM group – 21.4 (20.3-24.2) 
years, but plasma glucose [4.9 (4.3-5.1) mmol/l]  
and HbA1c [4.7 (4.5-5.0) %] were significantly lower 
(p<0.001). No subject was treated by drugs affecting the 
cardiovascular system. 

The Ethics Committee of Comenius University 
in Martin approved the study, and all participants of the 
study gave their consent. 
 
Continuous blood pressure measurement, baroreflex 
sensitivity and peak frequency (fcs) determination 

All subjects were instructed to avoid substances 
influencing the cardiovascular system (e.g. caffeine, 
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alcohol) and smoking 12 hours before examination. All 
subjects were examined under standardized conditions in 
a quiet room from 8 to 12 a.m. They rested in the supine 
position for 20 min prior to the measurement; thereafter 
they were instructed to lie comfortably in the supine 
position and not to speak or move unnecessarily during 
the following 1 hour of recording. 

Finger arterial blood pressure was continuously 
recorded by Finapres (Ohmeda 2300, USA) for one 
hour. The analogue output signal was transferred into a 
PC by an analog-to-digital converter (PCL-711, 
Advantech, Taiwan) and a blood pressure waveform 
was sampled at a frequency of 500 Hz. Beat-to-beat 
values of the inter-beat interval (IBI), systolic and 
diastolic blood pressures (SBP, DBP) were determined, 
interpolated by the cubic spline function, resampled at 
10 Hz, and filtered by a low-pass filter with a 0.8 Hz 
cut-off frequency. Finally, the sampling frequency was 
reduced to 2 Hz. Prior to further processing, the very 
low frequency components of the signals were 
suppressed by a high-pass filter with a cut-off frequency 
of 0.02 Hz.  

With respect to some disturbances in some 
signals at the beginning or at the end of the recording, 
only 42 minutes of the recordings were analysed starting 
1.5 min after the beginning of the recording. Mean values 
of IBI, SBP and DBP were calculated. Forty-two 
minutes’ recordings were divided into 14 three-minute 
segments. The autocorrelation and cross-correlation 
functions of IBI and SBP were calculated. In the next step 
the power spectra, cross-spectra and coherence of 
correlation functions of the IBI and SBP spectra were 
calculated by Fast Fourier Transform (Honzíková et al. 
2003).  

The peak frequency (fcs) was determined as 
follows: maximal power in cross-spectra between 
variability in blood pressure and inter-beat intervals in 
the low-frequency range of 0.06-0.12 Hz was 
determined and its frequency was taken as fcs. BRS was 
determined in this range as the gain of the transfer 
function between variations in systolic blood pressure 
and inter-beat intervals (Zavodna et al. 2006). We 
limited the frequency range with respect to the 
spontaneous respiration of the subjects. We wanted to 
minimize the influence of respiration on assessed 
transfer function, i.e. to eliminate the respiratory sinus 
arrhythmia from analysis (Bothova et al. 2010) – the 
upper border was set lower than the respiration 
frequency of subjects (about 0.15 Hz), and to minimize 

the influence of slow variations in respiratory pattern – 
the lower limit of analysed range was set to 0.06 Hz 
(Honzikova et al. 1995). We could not exclude the 
possibility that slower breathing patterns in the 0.06-
0.12 Hz range could influence BRS values (i.e., it could 
lead to higher BRS values). However, we have no 
information on any difference in the breathing patterns 
between compensated diabetics and healthy subjects; we 
therefore suggest that the possible influence of the 
breathing pattern on BRS measures was comparable in 
both groups analysed.  

 
Statistical analysis 

Mean values and standard deviations of BRS and 
fcs were calculated. The significance of the differences 
was evaluated by the Mann-Whitney test, and 
correlations were evaluated by Spearman correlation 
coefficient. Logistic regression analysis was applied for 
evaluation of the association between decreased BRS and 
fcs and the risk of autonomic dysfunction in type 1 
diabetes mellitus (Honzík et al. 2009, 2010). The 
predicting power of BRS, fcs, and a combination of both 
factors (index Fz) for autonomic dysfunction in diabetes 
mellitus was evaluated by sensitivity and specificity. Fz 
values were calculated by logistic regression from 
equation 

Fz = 1/(1+exp(-z)),  
where 
z = 3.09 – 0.013*BRS – 0.027 * fcs.  
The coefficients in this equation were 

determined by logistic regression. 
The optimal critical values were determined by 

the receiver operating curve (ROC), i.e., a plot of 
sensitivity versus specificity for moving critical values in 
steps as a value at which the highest combination of 
sensitivity and specificity was reached (Krontorádová et 
al. 2008, Honzík et al. 2010). 
 
Results 
 

The differences in circulatory parameters 
between patients suffering from T1DM and the controls 
are presented in Table 1. Mean values of individual 
parameters were calculated from whole beat-to-beat 
resting recordings of blood pressure lasting for 42 
minutes. All subjects had physiological values of blood 
pressure and inter-beat intervals and there were no 
differences in these characteristics between both groups.  
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Table 1. Differences in circulatory parameters between patients 
with type I diabetes mellitus (T1DM) and healthy controls. 
 

 T1DM Controls P (Mann-
Whitney)

Number of 
subjects 

14 14 NS 

SBP [mm Hg] 112.8 ± 12.1 117.3 ± 11.0 NS 
DBP [mm Hg] 58.6 ± 8.5 59.5 ± 5.0 NS 
IBI [ms] 825 ± 107 876 ± 112 NS 
BRS [ms/mm Hg] 10.3 ± 4.4 14.6 ± 7.1 p = 0.06 
fcs [mHz] 88.8 ± 6.7 93.7 ± 3.8 p < 0.05 
coherence 0.75 ± 0.10 0.74 ± 0.10 NS 

 
SBP, systolic blood pressure; DBP, diastolic blood pressure; IBI, 
inter-beat interval; BRS, baroreflex sensitivity; fcs, frequency of a 
maximum of the power in cross-spectra between variability in 
blood pressure and inter-beat intervals; NS, non-significant. 
 
 

 
 
Fig. 1. Examples of determination of spectral peak frequency in 
a range of frequencies between 0.06 and 0.12 Hz in cross-
spectra of systolic blood pressure and inter-beat intervals 
(spIBI*SBP) in two subjects: a) control subject with maximum 
power at 0.1 Hz; b) T1DM patient with maximum power at 
0.07 Hz.  

 
 
Determination of individual values of BRS and fcs 

required a different procedure. The whole recording (42 
min) was divided into 14 segments lasting for 3 minutes in 
which fcs and BRS were determined by spectral analysis. 
The frequency fcs was determined in a frequency range 
between 0.06 to 0.12 Hz at a maxima of power in the 

cross-spectra of systolic blood pressure and inter-beat 
intervals (coherence was higher than 0.5). Examples of the 
cross-spectra of systolic blood pressure and inter-beat 
intervals in two subjects are given in Figure 1. The 
maximum of power is at 0.1 Hz in one control subject 
(Fig. 1a, upper curve) and at 0.07 Hz in a T1DM (Fig. 1b, 
lower curve). BRS values were calculated at these 
frequencies. The resulting individual values of fcs and BRS 
were calculated as a mean of these 14 values determined in 
each recording. Finally, BRS and fcs between the T1DM 
group and the controls were compared. The frequency fcs 
was significantly lower in diabetic patients comparing to 
controls (p=0.045) (Table 1). BRS also tended to be 
decreased in T1DM but this difference was marginally 
non-significant (p=0.06) (Table 1). Because BRS 
fluctuated similarly as blood pressure and IBI and an 
individual mean was calculated only from 14 values, we 
tested the reliability of the calculated values of BRS by 
shifting the beginning of the analysed recording. The 
results were comparable with p-values varying from 
p=0.04 to p=0.09. Concerning the effect of shifting the 
beginning of the analysed recording on fcs, this value was 
in any case significantly lower in diabetic patients 
comparing with the controls, p value varied in a range of 
0.01-0.05. We present the results of calculation at a 
standard beginning in all subjects. The results were not 
influenced by coherence, because coherence was similar in 
both groups (Table 1).  

 
 

Table 2. Sensitivity and specificity of baroreflex sensitivity (BRS), 
frequency of a maximum of the power in cross-spectra between 
variability in blood pressure and inter-beat intervals in a low-
frequency range (fcs), and a combination of BRS and fcs (index Fz) 
determined for critical values at which the highest combination of 
sensitivity and specificity was reached. 
 

Predictor Specificity Sensitivity Critical value

BRS  71.4 % 64.3 % 11.34 ms/  
mm Hg 

fcs  64.3 % 64.3 % 91.1 mHz 
Fz (BRS 
and fcs) 

71.4 % 71.4 % 0.49 

 
 

The correlation between BRS and fcs was not 
significant in any of the groups, controls and T1DM; on 
the other hand, it was significant in all subjects together 
(Table 3).  

The discriminating performance of fcs, BRS, and 
both these indices combined as index Fz between 
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diabetics and controls was compared after determination 
of their sensitivity and specificity for discrimination 
between diabetics and controls. The optimal critical 
values for BRS, fcs, and a combination of both factors 
(Fz) were determined (Table 2, Fig. 2). A combination of 
sensitivity and specificity reached the highest value for 
the combined index Fz (Table 2).  

 
Discussion 
 

The major finding of this study is the shift of the 
central frequency of the cross-spectrum of blood pressure 
and heart rate fluctuations towards a lower value in young 
diabetic patients as a new characteristic of baroreflex 
impairment in this high-risk group.  

There is general agreement that baroreflex 
control of heart rate is impaired in patients with type 1 
diabetes mellitus suffering from cardiovascular 
autonomic neuropathy. Several studies showed that 

decreased BRS belongs among signs of CAN in both 
adults (Martiniskova et al. 2009) and children (Boysen et 
al. 2007, Dalla Pozza et al. 2007, Krause et al. 2009), and 
that the degree of its decrease is related to the duration of 
the disease (Dalla Pozza et al. 2007) and to the quality of 
the control of glycaemia examined as HbA1c (Krause et 
al. 2009). It has to be taken into account that there are 
more mechanisms affecting baroreflex sensitivity besides 
CAN. For example, changes of the mechanical properties 
and function of the arterial wall (e.g. increased arterial 
stiffness (Labrova et al. 2005, Atabek et al. 2006), 
impaired endothelial function (Poredos et al. 2006) may 
lead to changes in afferent signalling. Our finding of a 
marginally lower BRS (p=0.06) in diabetic patients 
without CAN detectable by Ewing’s tests is in agreement 
with this fact and indicates a high sensitivity of the BRS 
method to the detection of early autonomic function 
impairment.  

The frequency of the spectral peak in the cross-
spectra of systolic blood pressure and heart rate 
fluctuations in the low frequency range between 0.06 and 
0.12 Hz (fcs) is a new measure examined in our study 
characterizing baroreflex control of heart rate. We 
showed that this measure was even better in the detection 
of baroreflex dysfunction compared to BRS measurement 
with both indices being decreased in young patients with 
type 1 diabetes mellitus. The two factors, BRS and fcs, did 
not significantly correlate within both controls and 
diabetic patient groups. On the other hand, they did 
correlate in the entire prognosis data set. The 
classification improvement by combining fcs and BRS 
was reflected at optimal critical values in the ROC 
characteristics. These characteristics suggest a partly 
independent contribution of fcs and BRS to the two-factor 
logistic regression prognosis model. This fact can be 
explained by additive involvement of more factors related 
not only to BRS and to the development of CAN, but also 
to the shift of the resonance frequency of the spectral 
peak in the cross-spectra of systolic blood pressure and 
heart rate fluctuations related to the regulatory properties 
of baroreflex control of peripheral resistance (Van De 
Vooren 2007).  

We analysed recordings from patients without 
CAN based on the standardly used Ewing battery of tests. 
We suggest that the observed inter-group differences in 
cardiovascular control could be the very early signs of an 
ongoing process of cardiovascular dysregulation 
detectable later by less sensitive methods. It could only 
be hypothesized that the mechanisms found in a 

Table 3. Spearman’s correlations between baroreflex sensitivity 
(BRS) and frequency of a maximum of the power in cross-spectra 
(fCS) in the whole group and in the particular subgroups. 
 

Group Spearman R p-value 

All subjects 0.512 <0.005 
Controls 0.429 NS 
T1DM 0.481 NS 

 
 

 
 
Fig. 2. Receiver operating curves of baroreflex sensitivity (BRS, 
full thin line), of spectral peak frequency in a range between 0.06 
and 0.12 (fcs, dashed line), and of combination of both factors 
(index Fz, full thick line). Optimal critical values: BRS (triangle), 
fcs (square), and Fz (black circle). 
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developed CAN in diabetic patients might influence the 
time lag in the feedback control of blood pressure, and 
this effect might occur very early. They might involve an 
autoimmune reaction in the sympathetic ganglia (Duchen 
1980) or in the adrenal medulla, and the sympathetic 
and/or parasympathetic nervous system dysbalance 
(Rabinowe 1990, Vinik 1995). Sorbitol created from 
glucose abundance is accumulated in Schwann cells of 
patients with diabetes. It cannot pass through the 
membrane and induces cell oedema leading to possible 
functional changes (Suzuki et al. 1994).  

In conclusion, an early diagnosis of CAN is 
important for intensive therapeutic intervention in 
diabetic patients to reduce the future risk of 
cardiovascular complications. The frequency of the 
spectral peak in the cross-spectra of systolic blood 
pressure and heart rate fluctuations (fcs) is decreased in 
young diabetics and could provide a new diagnostic tool 
for the detection of autonomic nervous system 
impairment in these patients. The method of joint 
evaluation of BRS and fcs as an integrated index 

presented by ourselves seems to be more sensitive than 
the usual tests for autonomic neuropathy as documented 
by ROC curves and offers advancement in the risk 
stratification of diabetic patients. It might also be 
suggested that actual monitoring (e. g., in the form of a 
repeated measurement within years) of the BRS in terms 
of gain and LF central frequency might be a sensitive tool 
for the early detection of a neuropathy. On the other 
hand, a major shortcoming of this study is a small size of 
the tested groups of controls and patients. More studies 
with larger samples confirming the present findings are 
needed. 
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