www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

The relationship between
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Postural orthostatic tachycardia syndrome (POTS) presents excessive orthostatic tachycardia and
orthostatic intolerance. POTS is a common and therapeutically challenging condition affecting
numerous people worldwide. As many disease entities can be confused with POTS, it becomes critical
to identify this syndrome. Moreover, unbalanced autonomic nervous activity can induce cardiovascular
diseases and influence the bio-feedback mechanism: Baroreflex (BR) and cerebral autoregulation (CA).
BR and CA are important bio-mechanisms that maintain a stable circulatory system via the autonomic
nervous system. Therefore, an impaired autonomic nervous system would lead to imbalanced BRS and
CA. Consequently, we propose an advanced cross-correlation function (ACCF) time-domain approach
to analyze baroreflex and cerebral autoregulation using physiological signals. This study assesses
relation changes in BR and CA using ACCF in POTS for early clinical detection and diagnosis. The ACCF
analysis results has thresholds that reveal that the BR of healthy and POTS groups present significantly
different maximum CCF values (p < 0.05). The complete CCF index shows that the BR phase changes
significantly into phase lag in the POTS group. Although CA analysis using the maximum CCF index
was mildly weak, it did not differ in the POTS group. Thus, POTS only affects BR. An increasing
sympathetic activity might induce an unbalanced baroreflex effect and increase cerebral vasomotor
tone with CA. Maximum CCF value correlation coefficients between BR and CA indicated positive in
POTS groups and negative in the healthy group. It could be speculated that the sympathetic nervous
system compensates to improve BR function, which remains CA function. The advantage of this ACCF
algorithm is that it helps observe BR and CA for early detection.

Keywords Cardiovagal baroreflex, Cerebral autoregulation, Postural orthostatic tachycardia syndrome,
Blood pressure, Heart rate, Advanced cross-correlation function

The definition of postural orthostatic tachycardia syndrome (POTS) may be traced to 1993 by Schondorf and
Low!, in which a small group of patients presented excessive orthostatic tachycardia and orthostatic intolerance.
The criteria for conventional POTS involves extreme orthostatic tachycardia and the lack of substantial
orthostatic hypotension and predominant orthostatic intolerance symptoms, worse with upright posture and
better with recumbence?. POTS is defined as a chronic orthostatic intolerance characterized by an excessive
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heart rate increase of 30 beats per minute (bpm) or more within 10 min of standing or head-up tilt. Frequent
orthostatic intolerance symptoms while standing up that quickly improve upon lying down. These symptoms
may include lightheadedness, palpitations, tremors, general weakness, blurred vision, and fatigue, lasting for at
least 3 months®.

POTS should also be viewed as a central nervous system disorder* with multiple contributing pathophysiologic
mechanisms. Three primary pathophysiologic agents that induce POTS include partial autonomic neuropathy,
hypovolemia, and hyperadrenergic. As a result, patients with POTS would have a higher heart rate of at least
30 bpm in an upright position®. Usually, POTS is accompanied by decreased brain blood flow, autonomic
dysfunction, and orthostatic intolerance®. It has been reported that heart rate variability (HRV) in patients with
POTS would be significantly irritated by age, sex, race, physical fitness, and circadian rhythm’. Another report
revealed that patients with POTS have baroreflex deficits and that the maximum baroreflex gain is reduced
by 25% in POTS compared with healthy control while in the supine position. It has been suggested that a
combination of exercise and pyridostigmine/digoxin, which increases parasympathetic activity and reduces
sympathoexcitation, might be beneficial for the treatment of POTS?®. It is estimated that postural tachycardia
syndrome affects more than 3 million people in the United States’. It affects more women (women: men 5:1) aged
15-50 years'®. In addition, POTS is a common and therapeutically challenging condition affecting numerous
people worldwide!!. As many disease entities can be confused with POTS, it becomes critical to identify this
syndrome. Unfortunately, there are gaps in the current criteria for identifying individuals with this condition'%.

Moreover, recent studies indicated that POTS syndrome would induce a 36% total loss of more than USD
10,000 in the past year before the survey!®. POTS patients have a higher HR than healthy patients after HUTT
and lower HRV in terms of time domain measurement but not frequency domain measurement. HR and HRV
time domain analyses are more reliable than frequency domain analyses in differentiating POTS patients from
healthy participants. Sensitivity and specificity studies may be required!. Many patients with POTS suffer
from fatigue, daytime sleepiness, and sleeping disturbances. POTS patients showed a reduction in LF/HF ratio
variability in different sleep stages'®. Using HRV analysis, Vagus activity reduction was the main physiological
point of POTS and identified that tall, lean teenagers were high-risk groups'®. Previous and current studies
revealed that POTS would significantly affect quality of life, and water, and salt supplementation, with exercise
could be non-pharmacological ways to improve symptoms, plasma volume, and orthostatic responses in patients
with POTS'7-1°. POTS similar symptoms have been reported after COVID-19 infection in previously healthy
patients. However, appropriate diagnostic investigations and therapies are necessary to identify and treat
autonomic dysfunction after COVID-192°. COVID-19 also provided a unique prospect for surveying autonomic
syndromes after infection, and it could lead to an understanding of the pathogenic mechanisms of POTS?!. ANS
adjusts the cardiopulmonary system homeostasis by modulating the interaction between blood pressure and heart
rate through arterial cardiovagal baroreflex. A negative feedback mechanism buffers blood pressure variation
to retain heart rate and blood volume to adjust to varying conditions in daily activities?. POTS is a central
nervous system disorder that affects the cardiopulmonary system and induces some circulation syndromes.
Age, gender, reflex, humeral, behavioral, and environmental factors may control cardiovascular variability and
baroreflex effectiveness®*?%. Baroreflex function, well or not, could be an index for circulatory regulation via the
atrial sinus node*>?’. A previous study reviewed approaches, ex. sequence method, cross-correlation method,
cross-spectral method, synchronization index, cross-multiscale entropy, joint symbolic dynamics, similarity
index, etc., for evaluating baroreflex function in POTS using ECG measurements. Abnormal baroreflex function
could be indicated early using autonomic cardiovascular imbalance?-3!. Another study demonstrated that BRS
algorithms included time and frequency domain methods. These methods might not be applied to observe
the sympathetic baroreflex component*~3%. Most published BRS algorithms focus on cardio-vagal function
but not sympathetic function. Therefore, impaired baroreflex function might not always be revealed due to the
limitations®. The interaction between blood pressure and cerebral blood flow could be assessed to quantify
the cerebral autoregulation function (CA). Researchers evaluated CA in POTS using auto spectra and transfer
function, revealing that impaired CA might underlie upright neurocognitive dysfunction®. A previous study
indicated that some patients with POTS were found to have a more significantly decreased CBV*’ and less
effective CA during head-up tilt*®. However, another report revealed that cerebral perfusion and autoregulation
in POTS were not significantly different from normal subjects. Hence, the POTS pathologies must be clarified*.

As we know, the physiological status was often related to the bio-signal responses. One of the analysis methods
in the time domain is the cross-correlation function (CCF). The CCF method was used to analyze the proposed
correlation estimations to assess the relationship levels of the two signals. CCF estimation’s advantage was
finding the hidden information and quantifying the temporal similarity*®. Furthermore, studies have shown that
CCF estimation could examine the sense of balance between the autonomic system and baroreflex control*!~*,
For example, cross-correlation baroreflex sensitivity (xBRS) was adopted to analyze the EUROBAVAR database,
including patients with a heart transplant and autonomic neuropathy. This indicated that a delayed baroreflex
occurred in patients*!. A modified cross-correlation function named advanced cross-correlation function was
applied to successfully identify arterial baroreflex in diabetes. It could explore hidden messages in diabetic
baroreflex control*®. Recently, CCF was adopted to evaluate multi-channel NIRS signals for the hemodynamic
responses after cupping therapy. It was found that there was a correlation between deoxyhemoglobin and a more
significant negative pressure intensity**.

Cerebral autoregulation has been evaluated using CCF, which has been used successfully in previous
studies. They also showed the difference in the bio-mechanism between the healthy and patients®>~*. Although
researchers have applied the cross-correlation concept and CCF algorithm in many fields, the algorithm still has
a natural disadvantage®?-3*. Therefore, the purpose of this study was to apply a new model to enhance the CCF
algorithm into the advanced CCF (ACCF) and categorizes the relationship change between BR and CA to detect
POTS information in the early stage. This pilot study investigates BR and CA correlation performance using the
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advanced cross-correlation function (ACCF) to observe POTS progress. The findings from this novel approach
could be applied to realize the POTS effects on the relationship between baroreflex and cerebral autoregulation
using the proposed method -advanced cross-correlation function approaches.

Materials and methods

Subjects and measurement

This study enrolled eighteen age-matched patients (54.21 + 15.47 years) with POTS. The patients presented no
cardiovascular disease (including diagnosed diabetes) and no significant blood pressure difference (p> 0.05)
among groups in the supine position. In addition, ten healthy subjects (57.40 + 8.41 years) were recruited without
receiving any medication during the study period. Participants in this study provided written informed consent,
including the experimental process, and before evaluation, and the ethics committee of Cheng-Ching General
Hospital, Taiwan, approved the study (IRB No. HP160028). Finapres (Model 2300, Ohemda, Englewood, CO,
USA) uses the photoplethysmographic signal to clamp volume in the finger by servo control to acquire subjects’
continuous arterial blood pressure and heart rate signals were acquired for 5 min during resting and tilting
postures, respectively. Cerebral blood flow velocity signals were obtained through TCD (transcranial Doppler
ultrasound, EME TC 2020, Nicolet instrument, Warwick, United Kingdom) in conjunction with a 5-MHz
transducer fixed over the temporal bones by an elastic headband. In our experiments, the sampling rate is set to
60 Hz for acquiring the analog data from Finapres and TCD in this system. Subjects first laid down on a tilting
table with a safety belt. The subject was head-up tilted to 75 degrees within 4 s from horizontal supine posture
to induce BP fluctuation using the tilting table. Data acquisition was performed after a 10-minute relaxation
period in the resting position. All methods were performed in accordance with the relevant guidelines and
regulations’. The data that support the findings of this study are not openly available due to reasons of sensitivity
and are available from the corresponding author upon reasonable request. Data are located in controlled access
data storage at Cheng-Ching General Hospital, Taiwan.

Advanced cross-correlation function estimation

Cross-correlation function estimation

Cross-correlation is a method to assess the degree of similarity between two data sets. The Cross-correlation
function could determine the association between signals?2. Taking the systolic arterial blood pressure (SABP)
and the beat-to-beat heart rate signals as the input data for estimation, the relation and phase between the SABP
and the HR signals can be determined using the cross-correlation function. The phase relationship between
BP and HR is applied to discover the baroreflex sensitivity mechanism in the cardiovascular system. The phase
relationship between mean arterial blood pressure (MABP) and mean cerebral blood flow velocity (MCBFV) was
also determined using CCF estimation for evaluating the cerebral autoregulation function. The cross-correlation
function is expressed as CCF(k), W is the window length, k is the number of peak-to-peak displacement points,
and N is the total signal length. Assume SABP and HR signals are f{n) and g(n), respectively. To assess the
autonomic nervous system in specific frequency bands, both f(n) and g(n) signals were bandpass filtered in
low frequency (LF) ranges before applying the CCE. Where the LF range is 0.04 through 0.15 Hz, assume that
bandpass filtered f(n) and g(n) signals are f (n) and § (n), respectively. The CCF between f (n)and g (n) can
be calculated as follows:
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N is the total number of cardiac cycles, W is the window width, and k is the time lag. CC'F'; (o) is the CCF
outcome between f (n) and g (n) in the ith time window.

Advanced cross-correlation function estimation using the threshold setting
As described in Sect. 2.2.1, the original CCF estimation has N=256, W=64, and no other threshold following
the CCF estimation. Figure 1 shows typical 2D figures using the CCF estimation. Due to i=1 to N-W + 1, there
are 193 CCF curves in this study. A typical 2D representative figure and bar chart for maximum CCF index
distribution are shown in Figs. 1 and 2, respectively.

In ACCF estimation, we set threshold parameters for k, improved some limitations, and filtered some noise
to avoid a result bias. The settings were as follows:

Following the CCF estimation, we set N=256, W=64, and -5k <5.

The ACCF value between f (n) and g (n) can be calculated as follows:
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Fig. 1. (a) All ACCEF curves for a typical POTS subject that 100% curves satisfy the threshold by -55k<5 and
max ACCF(k)>0 (b) 2D representative figures of 47.67% ACCEF curves for a typical POTS subject satisfy the
threshold by -55k<5 and max ACCF(k)>0.3 (c) 2D representative figures of 39.38% ACCEF curves for a typical
POTS subject with curves satisfy the threshold by -55k<5 and max ACCF(k)>0.5 (d) 2D representative figures
0f 7.25 % ACCEF curves for a typical POTS subject with satisfy the by -55k<5 and max ACCF(k)>0.7.
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Setting 1: threshold by -5 < k<5 and maximum ACCF(k)> 0 (as shown in Fig. 1(a) and Fig. 2(a)).

Setting 2: threshold by-5<k <5, and maximum ACCF(k)> 0.3(as shown in Fig. 1(b) and Fig. 2(b)).
Setting 3: threshold by-5 <k <5, and maximum ACCF(k)> 0.5 (as shown in Fig. 1(c) and Fig. 2(c)).
Setting 4: threshold by-5 <k <5, and maximum ACCF(k)> 0.7 (as shown in Fig. 1(d) and Fig. 2(d)).

Baroreflex analysis with a threshold of cross-correlation function value
Figure 3 shows the maximum CCF value when the CCF value threshold setting is greater than 0~0.7 during
the resting position. It revealed that the maximum CCF values were significantly higher (p <0.05) than those
in the healthy group, while the threshold was more significant than 0~0.3. This setting could separate the
baroreflex difference between healthy and POTS groups in the resting position. In addition, it was revealed that
the correlation between blood pressure and heart rate in POTS was significantly higher.

The maximum CCF values trend to lower with the higher threshold between healthy and POTS groups.
Further, the threshold setting was practical when the threshold was from 0~ 0.3. On the other hand, when the
threshold was more significant than 0.5 and 0.7, it did not significantly show the difference.

Maximum cross-correlation function index results with threshold filtering

In Fig. 4, when the threshold setting for maximum CCF value is greater than 0~ 0.7, the maximum CCF index in
the POTS group was positive and negative in the healthy group during the tilting position. The index indicates
the phase between blood pressure and heart rate. It may indicate that the baroreflex phase in the POTS group
was significantly different (p <0.05) from those in the healthy group. That means phase change is significant
(p<0.05) in POTS subjects while position change is not in healthy subjects.
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Fig. 2. (a) bar chart for maximum ACCEF index distribution for a typical POTS subject that 193 curves satisfy
the threshold by -55k<5 and max ACCF(k)>0 (b) bar chart for maximum ACCF index distribution for a
typical POTS subject that 92 curves for a typical POTS subject satisfy the threshold by -55k<5 and max
ACCEF(k)>0.3 (c) bar chart for maximum ACCEF index distribution for a typical POTS subject that 76 CCF
curves for a typical POTS subject with curves satisfy the threshold by-5<k<5 and max ACCF(k)>0.5 (d) bar
chart for maximum ACCEF index distribution for a typical POTS subject that 14 curves for a typical POTS
subject with satisfy the by -55k<5 and max ACCF(k)>0.7.
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Fig. 3. The present maximum ACCF value using the threshold CCF>0, 0.3, 0.5, and 0.7 in the resting position.
(*P < 0.05, compared between Healthy control and POTS).
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Fig. 4. The present maximum ACCF index of baroreflex using the threshold CCF>0, 0.3, 0.5, and 0.7 in the
tilting position. (*P < 0.05, compared between Healthy control and POTS).

Position change effect by advanced cross-correlation function analysis with threshold
filtering

Figure 5 indicates the qualified maximum CCF index value results using the threshold in the resting and
tilting positions. When the threshold setting for the maximum value of the CCF is greater than 0.5 and 0.7, the
maximum CCF index showed significant differences (p <0.05) in POTS groups during a position change. In
addition, it indicated that the phase between HR and BP changed in the DM groups.

Cerebral autoregulation analysis with a threshold of cross-correlation function value

Figure 6 shows the POTS group’s maximum ACCEF value between resting and tilting positions. It did not show
the difference with a threshold of CCF value. On the other hand, the maximum CCF values become more than
0.5 with a threshold of CCF value.

Figure 7 presents the maximum CCF index of CA using the threshold CCF>0, 0.3, 0.5, and 0.7 in tilting
positions in these two groups. The index values in these two groups were negative. Although it did not show
a difference between healthy and POTS groups, index values in POTS showed closer to zero than those in the
healthy group.

Relation between cerebral autoregulation and baroreflex
Figures 8 and 9 indicate the correlation coefficient results between BR and CA using the maximum CCF value
using the resting and tilting position thresholds. Again, the correlation coefficients were positive in the POTS
group, and there was no significant difference between the supine and upright positions. However, the correlation
coefficients were negative in response to the tilting position for the healthy control group. Therefore, BR and CAs
correlation coefficients differed in POTS and healthy control groups.

Figures 10 and 11 indicate the correlation coefficient trend between BR and CA using the maximum CCF
value with the CCF>0, 0.3, 0.5, and 0.7 thresholds in the resting and tilting positions. In the resting position, the
POTS group correlation coefficient values were positive in all thresholds. However, the healthy group correlation
coefficient values were negative in the 0.5 and 0.7 thresholds. The POTS group’s correlation coefficient values
remained positive in all thresholds in the tilting position. Nevertheless, the healthy group correlation coeflicient
values were negative in all thresholds. Therefore, correlation coefficient values could show the difference between
BR and CA in POTS and healthy groups.

Discussion

Figure 3 exhibited varying maximum cross-correlation function (CCF) values across different thresholds. The
POTS group demonstrated a notably elevated correlation between blood pressure and heart rate, as indicated
by the maximum CCF value. Specifically, within the 0 to 0.3 threshold range, the POTS group exhibited
maximum CCF values exceeding 0.6, significantly surpassing those of the healthy group. This observation
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Fig. 5. The present for qualified maximum ACCEF index value of baroreflex using the threshold CCF>0, 0.3,
0.5, and 0.7 in resting position. (*P < 0.05, compared between rest and tilt positions).
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Fig. 6. The present maximum ACCEF value of cerebral autoregulation using the threshold CCF>0, 0.3, 0.5, and
0.7 in POTS during rest and tilt position.

suggests a potential distinction between the POTS and healthy groups in the baroreflex buffer function. Figure 4
presents the advanced cross-correlation function (ACCF) analysis concerning the maximum cross-correlation
function (CCF) index value during tilting. The maximum CCF index value represents the phase relationship
between two time series. As indicated in previous studies, a negative lag in the maximum CCF index value may
signify phase-leading characteristics*®>’. Consequently, an earlier study suggests nearly zero time delay due
to impaired biological regulation performance?®. In our investigation, the ACCF analysis revealed consistently
negative maximum CCF index values in the healthy group across all thresholds, consistent with the expected
phase-leading characteristic of normal biological regulation. Conversely, positive maximum CCF index values
were observed in the POTS group, significantly differing from those in the healthy group (p <0.05), potentially
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Fig. 7. The present maximum CCF index of CA using the threshold CCF>0, 0.3, 0.5, and 0.7 in the tilting
position.
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Fig. 8. The present correlation coefficient value between BR and CA of the POTS group by maximum ACCF
value with the threshold CCF>0, 0.3, 0.5, and 0.7 in resting and tilting positions.

indicating a phase-lag characteristic of the baroreflex in POTS. Thus, the POTS syndrome may induce a phase
shift between blood pressure and heart rate due to baroreflex dysfunction during tilting. Figure 5 illustrates
the maximum cross-correlation function (CCF) index values for baroreflex using resting and tilting positions
within the POTS group. Notably, during the transition from supine to upright posture, the maximum CCF index
values were significantly higher within the 0.5 to 0.7 threshold range during the tilting position compared to the
resting position. Additionally, Fig. 5 highlights the advantages of advanced cross-correlation function (ACCF)
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Fig. 9. The present correlation coefficient value between BR and CA of the healthy control group by maximum
ACCEF value with the threshold CCF>0, 0.3, 0.5, and 0.7 in resting and tilting positions.
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Fig. 10. The correlation coefficient trend between BR and CA using the maximum CCF value with the
threshold CCF >0, 0.3, 0.5, and 0.7 in the resting position.

Scientific Reports|  (2024) 14:25158 | https://doi.org/10.1038/s41598-024-77065-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Correlation coefficient —— Healthy control
0.6 1 = POTS

0.4 A

-0.2 4

-0.8 T T T |
original >0 >0.3 >0.5 >0.7

Fig. 11. The correlation coefficient trend between BR and CA using the maximum CCF value with the
threshold CCF>0, 0.3, 0.5, and 0.7 in the tilting position.

analysis, demonstrating significant differences in maximum CCF index values at higher 0.5 and 0.7 thresholds.
Consequently, this study suggests that baroreflex dysfunction may exhibit significant phase-lag characteristics
(p <0.05) during the transition to an upright posture at elevated thresholds.

In the CA ACCF analysis, maximum CCF value results did not show a difference in the POTS group during
both resting and tilting positions using the results shown in Fig. 6. It may indicate that posture change did not
affect CA in the POTS group. On the other hand, Fig. 7 shows the maximum CCF index based on the ACCF
analysis results. However, it did not show a difference between healthy and POTS groups. The maximum CCF
index values with all thresholds in the POTS group were closer to zero than those in the healthy group. This
may indicate that CA in the POTS group trended to mild dysfunction and slightly differed from the healthy
group. The relationship between BR and CA is shown in Figs. 8, 9 and 10, and 11. It can be observed that
positive and negative correlation coefficient values in POTS and healthy groups, respectively. Figure 8 presents
a positive relation between BR and CA in the POTS group. This may mean that the interaction between BR and
CA was unbalanced. The ACCF estimation advantage can also be observed in Fig. 9, and it showed a negative
relation with higher thresholds of 0.5 and 0.7. A previous study indicated healthy subjects showed an inverse
correlation between CA and BR. The increased sympathetic activity might induce an unbalanced baroreflex
effect and increase cerebral vasomotor tone with CA>!. In our study, the healthy group has a negative correlation
coefficient value. It satisfies the previous report’s results®!. However, the POTS group showed a positive relation
between BR and CA. It could be speculated that the sympathetic nervous system compensation for improving
BR function, which remains well in CA function. The results revealed that the threshold setting k for maximum
CCEF value was 0 to 0.5, showing a significant difference in BR between POTS and healthy groups. This relation
could be a reference to observe the difference of BR and CA between POTS and healthy groups.

A recent study indicated that hypocapnic orthostatic intolerance with POTS and without hypocapnic cerebral
hypoperfusion (HYCH) tachycardiathe syndromes have a comparable orthostatic decline in CBFV and end-tidal
CO, without orthostatic hypotension, POTS had lower levels and a greater decline in upright end-tital CO,*~.
Furthermore, studies also revealed that there was also a tendency for more gastroenteric symptoms in HYCH
and that it could be speculated that irritable bowel syndrome (IBS) could be due to decreased volume loss. In
the last decade, research studies have identified peripheral irritants or mechanisms that cause IBS symptoms and
are classified as a neuro gastrointestinal disorder®>*. Therefore, ACCF could be a useful tool in the future, along
with other clinical measurements, to help diagnose related syndromes in POTS, HYCH, IBS, etc.
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Conclusion

This study demonstrated the results from assessing the BR change using an advanced CCF analysis in POTS and
healthy groups. The significant differences might indicate that POTS patients with a higher heart rate would be
one of the main factors in inducing dysfunction BR control and sympathetic nervous system properties in the
POTS group. The ACCF analysis results with appropriate threshold parameters could extract the hidden BR and
CA performance characteristics in POTS patients. We speculate that an irregular autonomic nervous system
would lead to BR dysfunction but maintain CA function. Advanced cross-correlation function could be a tool to
observe the bio-feedback mechanism and its interaction in the human body.
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