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Abstract

The arterial baroreceptor reflex in children and adolescents has not been well studied in the current literature with a lack of
agreed upon normal values, particularly in postural orthostatic tachycardia syndrome (POTS) or neurocardiogenic syncope
(NCS). We used the sequence method and head-up tilt test (HUTT) to evaluate baroreceptor function in 3 phases: baseline
supine position for 10 min, head-up position at 70° for 30 min or until syncope, and post-tilt supine reposition for 10 min.
We measured the number of baroreceptor events, baroreceptor effectiveness index (BEI), and the magnitude of sensitivity
of the events at each phase of HUTT. We studied 198 individuals (49 normal subjects, 67 POTS, 82 NCS) with age ranges
from 8 to 21 years. The data show a statistically significant decrease in slope and BEI in patients with POTS and NCS during
the head-up phase, with an increase in activity in the lag 1 and 2 portions of all phases in patients with POTS. This study
provides terminology to describe baroreceptor function and identifies the slope and BEI portions of the baroreceptor reflex
as the most useful objective measures to differentiate pediatric patients with POTS and NCS from normal subjects.

Keywords Baroreceptors - HUTT - Syncope - POTS

Abbreviations BRR  Baroreceptor reflex response
HUTT Head-up tilt test BEI Baroreceptor effectiveness index
POTS  Postural orthostatic tachycardia syndrome

NCS Neurocardiogenic syncope
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populations [8, 10-17]. However, the published literature
to date has provided mixed results regarding the impact of
arterial baroreceptors on these conditions, likely due to a
combination of small sample size and/or variation in study
design [1, 8, 9, 18-20]. Additionally, a clear terminology
to describe baroreceptors is needed given the variation in
the ways baroreceptors have been defined in the published
literature [1, 8—15, 17-20], resulting in difficulty to standard-
ize and compare research findings. The aim of this study is
to provide a concise definition of the overall function of the
arterial baroreceptors, which we are designating the baro-
receptor reflex response (BRR), characterized by: a. baro-
receptor activity, b. baroreceptor effectiveness index (BEI),
and c. baroreceptor sensitivity and to use the HUTT to assess
the BRR in pediatric patients with POTS and NCS as com-
pared to a normal cohort.

Methods
Tilt Protocol

The HUTT was performed according to a 3-phase protocol
involving a pre-tilt period (phase 1) consisting of a 10-min
supine period, followed by the head-up period (phase 2)
where the subject underwent an upright head-up tilt to
65-70° for 30 min, followed by a post-tilt period (phase
3) consisting of another 10 min of recording in the supine
position. In patients that experienced syncope, phase 2 of
the tilt protocol was terminated prior to the 30-min mark
and went on to complete the 10-min phase 3. We chose the
median period recommended by the European Society of
cardiology (minimum 20 min and maximum of 45 min) and
the previous reported protocol for pediatric patients by Rob-
inson et al. [21, 22].

Vital signs were recorded and logged using the Task
Force Monitor by CNSystems® (Graz, Austria) and con-
sisted of a continuous 12 lead electrocardiogram, continu-
ous heart rate monitor, and non-invasive continuous finger
blood pressure measurements standardized with a biceps
cuff pressure measurement every minute for accuracy. All
phases of the HUTT procedure were monitored by a physi-
cian to ensure proper recording of goal measurements and
manually validated at time of testing. All individuals were
fasted at least 3 h prior to start of the HUTT procedure.

Population Selection

The study prospectively enrolled a normal subject group
[16] that was then compared to patients with POTS and NCS
based on prospective enrollment and retrospective review
of cataloged HUTT data obtained from the Task Force
machine at the Children’s Memorial Hermann Hospital in
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Houston, TX between 2011 and 2018. Subjects were referred
for HUTT based on history of symptoms and were subse-
quently diagnosed with POTS or NCS based on criteria
described below. Patients with incomplete data, or other
diagnosed neurologic or cardiac diseases, or on any prescrip-
tion medications were excluded from the study. Consent was
obtained from the individuals and/or parents and the study
was approved by The University of Texas Health Science
Center at Houston Institutional Review Board.

Subject Classification

POTS in a pediatric patient was defined as an increase of 40
beats/min during the first 10 min of standing and without
associated hypotension [23, 24]. NCS was defined as a syn-
cope syndrome that usually (1) occurs with upright posture
held for more than 30 s or with exposure to emotional stress,
pain, or medical settings; (2) features diaphoresis, warmth,
nausea, and pallor; (3) is associated with hypotension and
relative bradycardia, when known; and (4) is followed by
fatigue [25-27].

BRR Measurements

The sequence method was used to identify and tabulate three
goal measurements. The first measurement was the arterial
baroreceptor activity, measured as number of baroreceptor
events per minute. A baroreceptor event was defined as a
change in blood pressure greater than 1 mmHg per heart beat
spanning over at least three heart beats, with an associated
change in heart rate defined as a change in the R—R intervals
greater than or equal to 4 ms. (Fig. 1) In addition, the lag
associated with the change in systolic pressure and heart rate
was also measured and defined as Lag O where the changes
in the R-R interval and blood pressure were synchronized,
Lag 1 where the change in heart rate was delayed by one
R-R interval from the change in blood pressure, and Lag
2 where the change in heart rate was delayed by two R-R
intervals. (Fig. 2).

The second goal measurement was the baroreceptor effec-
tiveness index (BEI) and was calculated as the ratio of events
that occurred divided by the total number of blood pressure
changes that took place, including those instances with no
associated heart rate change.

The third goal measurement was baroreceptor sensitiv-
ity (BRS), where the slope of the regression line between
the R-R intervals and blood pressures was calculated for
each event and reported as msec/mm Hg. The sensitivity was
further defined as an “up-event” where the blood pressure
and R-R interval were increasing, a “down-event” where
the blood pressure and R-R interval were decreasing and a
“net” value which offered a congregate mean of all the up
and down events (Table 1).
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Fig. 1 Baroreceptor event—figure shows an example of one event,
where a blood pressure decrease spanning 4 heart beats from the ini-
tial 118 to 104 mmHg (bottom) resulted in an increase in the heart
rate shown by a decrease of the R-R interval from 1020 to 960 ms
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Statistics

Descriptive statistics (mean, standard deviation, etc.) and bar
charts were provided for each lag at each phase of events per
minute, BEI, and slope in normal, POTS, and NCS groups
(Tables 2, 3 and 4; Figs. 3, 4, and 5). A generalized linear
mixed model with empirical estimators was used to model
outcomes on group, phase and/or lag, and their interac-
tions, while accounting for the within-subject correlation
robustly [28]. P values for pairwise comparisons among
normal, POTS, and NCS groups at each lag and phase were
adjusted by the Tukey method for multiple comparisons and
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significance set at P value < 0.05. All data analyses were
performed in SAS 9.4 (Cary, NC).

Results

Of the individuals analyzed during the study time period,
all met study criteria and were enrolled, 49 were normal
subjects, 67 patients had POTS, and 82 patients had NCS.
There was no statistically significant difference between the
median age and weight of the three groups. The patients
and normal subjects’ measured heart rate, blood pressure,
and BMI were noted between the 10th and 90th percentile
for their age.

POTS

In the 67 patients enrolled in the POTS group, the aver-
age maximum heart rate was 151 + 30 BPM. As shown in
Fig. 3, in comparison to the normal subject group, there
was a significant increase in the baroreceptor activity in the
lag 1 and 2 portions of the phase 1, a significant decrease in
lag 0 and a significant increase in lag 2 portion of the head-
up phase 2, and a significant increase in lag 1 portion of
phase 3. In regards to BEI, there was a significant decrease
in the patients with POTS during the head-up phase 2, but
no statistically significant difference during the other phases,
as shown in Fig. 4. In regards to baroreceptor sensitivity,
as shown in Fig. 5 there was a significant decrease in the

Table 1 Demographics

Normal POTS NCS
Median age years (IQR) 12 (10-15) 15 (12-16) 15 (13-16)
Male 45% 27% 30%
Median weight (Kg) 54 (25-104) 58 (31-104) 55 (35-113)
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Fig.2 Baroreceptor event lag—figure shows examples of Lag 0, 1, and 2 with the tracing on the bottom of the boxes representing the blood
pressure and the tracing on the top of the boxes representing the heart rate
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Table 2 Baroreceptor events

Events (events/min) (mean +

P value

SD)
Control  POTS NCS POTS vs. control NCS vs. control POTS vs. NCS
Phase 1 (pre-tilt)
Lag0 42+3 51+3 48+3.2 0.2709 0.5924 0.7877
Lag 1 2+2 32+£22 28+25 0.017 0.1395 0.6429
Lag?2 1+£08 1.5+12 1.3x1.2 0.021 0.2769 0.4847
Phase 2 (HUTT)
Lag0 72+3 59+£27 6x34 0.0347 0.0946 0.9437
Lag 1 64+28 67+£3 64x37 0.8257 0.9952 0.879
Lag?2 43+£22 58+26 51+29 0.0019 0.1993 0.2379
Phase 3 (post-tilt)
Lag0 55+£29 6.1x3 4+28 0.503 0.0085 < 0.0001
Lag 1 24+1.8 37+£24 22+2.1 0.0019 0.8137 0.0001
Lag?2 1.5+12 1.8+1 12+09 0.2625 0.4432 0.0008
Fig. 3 Baroreceptor activity— 8

figure depicts the mean values
for the activity of the barorecep-

tors during the three phases of z
the HUTT. The cross (+) indi-
cates a statistically significant

o

difference between the patient
and normal subject groups. The
asterisk (*) indicates a statisti-

w

cally significant difference
between the patient groups. Lag
0, 1, and 2 depicted by the (0,

B Normal

1, 2) designations below the bar
graphs

Baroreceptor Activity (Events/min)

0rT0i2 012
Pre-tilt Phase 1

patients with POTS during the head-up phase 2, but no sta-
tistically significant difference during the other phases.

NCS

In the 82 patients enrolled in the NCS group, the average
time to syncope was 12.1 + 5.3 min. As shown in Fig. 3, in
comparison to the normal subject group, there was no sta-
tistically significant difference in the arterial baroreceptor
activity between normal subjects and patients with NCS,
aside from the lag O portion of the post-tilt phase 3, where
the patients with NCS had significantly lower activity. The
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time of phase 2 varied due to a varied response of time to
syncope for these patients. When the time to syncope was
analyzed in respect to the number of events of lag 0 in
phase 3, it was found that a longer time to syncope corre-
lated to more lag O events in phase 3 with a correlation of
0.56515 and a p value of < 0.0001, which was statistically
significant. In regards to BEI, as shown in Fig. 4 there was
a significant decrease in the patients with NCS during the
head-up phase 2, but no statistically significant difference
during the other phases. In regards to arterial barorecep-
tor sensitivity, as shown in Fig. 5 there was a significant
decrease in sensitivity during the head-up phase 2, but no
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Fig.4 Baroreceptor effective-
ness index (BEI)—figure
depicts the mean values for BEI
of the baroreceptors during the
three phases of the head-up

tilt table test. The cross (+)
indicates a statistically signifi-
cant difference in comparison
between the patient group and
normal subject groups

BEI (%)

Fig.5 Baroreceptor sensitiv-
ity—figure depicts the mean
values for the sensitivity of the
baroreceptors during the three
phases of the head-up tilt table
test, as measured by the slope
of the baroreceptor reflex. The
cross (+) indicates a statisti-
cally significant difference in
comparison between the patient
and normal subject groups. Net
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Table 3 Baroreceptor effectiveness index (BEI)
BEI (%) (mean + SD) P value
Control POTS NCS POTS vs. control NCS vs. control POTS vs. NCS
Phase 1 (pre-tilt) 66.2 +21.6 709 +17.7 713 +12.7 0.4218 0.2802 0.9862
Phase 2 (HUTT) 70.1 £10.2 57.5+19.5 59.5+179 <.0001 <.0001 0.7883
Phase 3 (post-tilt) 633+ 183 69.4 +15.2 65.6 + 13.6 0.1334 0.7204 0.2448
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Table 4 Baroreceptor sensitivity

Sensitivity (msec/mmHg) (mean + SD)

P value

Control POTS NCS POTS vs. control NCS vs. control POTS vs. NCS

Phase 1 (pre-tilt)

Net slope 29.2 +18.2 26 +15.4 26.7 +15.2 0.578 0.6942 0.9609

Slope up 30.8 +20.8 27.5+19.3 282+ 19 0.6522 0.7515 0.9716

Slope down 269 +17.1 24.6 +13.9 253+ 14.6 0.708 0.8444 0.9475
Phase 2 (HUTT)

Net slope 13.1+5.6 83+42 9.5+3.7 <.0001 0.0002 0.1766

Slope up 13.9+5.9 95+53 10.2 + 4.6 <.0001 0.0005 0.6279

Slope down 125 +5.5 7.6 +3.8 9+38 <.0001 0.0002 0.0624
Phase 3 (post-tilt)

Net slope 334 +174 277+ 14 299 +15.1 0.1388 0.4725 0.6176

Slope up 337+ 18.2 309+ 18.3 33+21.2 0.6838 0.9751 0.7939

Slope down 32+ 185 253+ 124 29.3 +14.7 0.0736 0.6682 0.1688

statistically significant difference during the other phases.
When analyzing the slope up versus down, there was no
change in statistical significance between the patients with
NCS and normal subjects.

POTS Versus NCS

In comparing the POTS and NCS groups, there was a sta-
tistically significant difference when comparing the arterial
baroreceptor activity in the post-tilt phase 3, with increased
activity noted in patients with NCS except in lag 2 where
there was a decrease in activity. All lag measurements show
a significantly lower activity in the patients with NCS in
comparison to POTS. The remaining measurements did not
have a statistically significant difference between POTS and
NCS. (Tables 2, 3, and 4).

Discussion

The arterial baroreceptor is an intricate reflex loop that
involves efficiency of activation, sensitivity, and an effec-
tiveness index; moreover, a description of each component
is necessary to fully define this reflex. Therefore, we propose
designating the new term, the baroreceptor reflex response
(BRR), consisting of a measure of the baroreceptor activ-
ity, sensitivity, and effectiveness index. This new descriptor
provides a more complete depiction of the different qualities
of the arterial baroreceptor and allows for a more directed
investigation into the overall performance of the arterial
baroreceptor. This study aims to describe the arterial barore-
ceptor physiology in a pediatric population with autonomic
dysfunction as compared to a normal subject cohort and to
establish a new terminology to more thoroughly characterize
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the components of the baroreceptor to better standardize the
findings between studies.

Postural orthostatic tachycardia syndrome is suspected
to affect 0.2% of the general population [23], while NCS
affects up to 25% of the general pediatric population [26]
causing injury on presentation in up to 18% of pediatric
patients [29]. With the development of the head-up tilt test
(HUTT) as a verified method to assess arterial barorecep-
tor function and activity [2, 30, 31], it has become feasible
to investigate these autonomic conditions without the need
for an invasive procedure. In addition, the sequence method
avoids pharmacological manipulation of the subjects’ recep-
tors that can potentially alter baseline arterial baroreceptor
physiology [12, 32, 33]. The sequence method also makes
it possible to monitor beat-to-beat changes in heart rate and
blood pressure to directly pinpoint any deviations or delays
from the expected reflex pathway [33, 34]. The coordination
of measurements of heart rate and blood pressure allows for
assessment of the lag of arterial baroreceptor activation, in
addition to the assessment of sensitivity and baroreceptor
effectiveness index (BEI) [34-37]. In our recently published
study, we described the arterial baroreceptor characteristics
in normal pediatric subjects using the HUTT and sequence
method, showing that under normal conditions, the arterial
baroreceptor activity increased during the head-up phase,
while the sensitivity decreased [16].

On evaluation of arterial baroreceptor activity, the higher
dependence on the lag 1 and lag 2 portions of the barorecep-
tor reflex seen in the patients with POTS indicates an overall
slower response of the arterial baroreceptors as compared to
normal subjects. In contrast, patients with NCS had a differ-
ence in activity only during the lag O portion of the phase 3,
but otherwise there were no other statistically significant dif-
ferences when compared to the normal subjects. This small
difference found in lag O of phase 3 could indicate a possible
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reset of the arterial baroreceptor reflex post-syncope, hence
the lower activity; otherwise, the phase 1, phase 2, and phase
3 lag 1 and lag 2 activity in patients with NCS are similar to
that of the normal subject cohort. However, patients who had
a longer time to syncope in phase 2 had more lag O events in
phase 3 which could suggest a more coordinated and func-
tioning baroreceptor reflex response in those patients who
were able to sustain a head-up tilt longer during phase 2.
When comparing POTS versus NCS groups, there is a sig-
nificantly lower activity during all lag measurements in the
post-tilt phase 3, but otherwise no statistically significant
difference was found. This difference in phase 3 between
the patient groups could be due to the patients with NCS
entering phase 3 directly following a syncopal episode and
their arterial baroreceptors functioning at a lower level than
expected and therefore unable to recover fully. The only sta-
tistically significant difference noted in patients with NCS as
compared to normal subjects was during the lag 0 portion of
phase 3, which again could be due to the syncopal episode.
Nevertheless, it appears that arterial baroreceptor activity
plays a larger role in the pathophysiology of POTS with a
higher dependence on the delayed lag 1 and lags 2 responses,
which is not seen in the patients with NCS. Investigation into
the lag portions of the arterial baroreceptor reflex has not
been performed in these patient groups previously and this
novel data provide a better understanding of the underlying
physiology of the arterial baroreceptor function.

On evaluation of BEI, patients with POTS and NCS had
significantly lower values compared to the normal subjects
during the head-up portion of the study. This finding is in
contrast to a previous study in adults with NCS [8]. The
lower BEI suggests that there was a larger amount of blood
pressure changes that were not transmitted via the arterial
baroreceptors and did not result in heart rate changes. We
hypothesize that the decrease in BEI seen in both POTS
and NCS can be due to a saturation phenomenon where the
arterial baroreceptors can only transmit stimuli in a limited
frequency. In patients who require more adjustments for
their blood pressure, the arterial baroreceptors will continue
to be stimulated, but are perhaps refractory for a period of
time and cannot respond directly to the consecutive stimuli.
Therefore, the arterial baroreceptors end up responding to
a lower proportion of the total stimuli and thus resulting in
a lower BEI.

A possible reason for the increased stimuli in patients
with NCS or POTS can be explained by investigation into
baroreceptor sensitivity. Our data show that patients with
POTS or NCS had a significantly lower value compared to
the normal subjects during the head-up portion of the study.
When subdividing the net slope into slope up or down, the
data remain statistically significant indicating that for both
an increase and decrease in blood pressure, the arterial baro-
receptor reflex in patients with POTS and NCS is less robust

in the attempt to adjust for blood pressure difference. There
was no statistically significant difference found when com-
paring POTS versus NCS groups. The decreased sensitivity
is also consistent with the clinical presentation of patients
with POTS or NCS and their inability to properly compen-
sate for postural stresses that induce a blood pressure change
and result in symptoms of tachycardia or syncope. The less
robust heart rate adjustment can potentially be insufficient
to reach the goal cardiac output and a subsequent stimulus is
required in the body’s continued attempts to re-stimulate the
arterial baroreceptor until the goal cardiac output is reached
[9, 38]. This would in turn result in a higher measured baro-
receptor activity or lower measured BEI, as seen in our data.

The BRS findings in our study are in contrast to the pre-
viously reported higher BRS values in pediatric and adult
patients with POTS [39] and NCS [8]. In our study, we found
no significant difference in BRS during phase 1 between the
normal subjects, POTS, and NCS, but did show a significant
difference during phase 2. In both of the above-mentioned
studies, BRS was measured at rest in contrast to our study
which evaluated BRS in phase 2 as well. Additionally, in
the second study above, there was a broader age range of
both adolescents and adults [8]. Differences between chil-
dren, adolescents, and adults in the BRS and HR have been
noted [40]; moreover, different cardiac responses have been
noted in POTS patients [41]. Additional studies with tighter
delineated age groups and using the sequence method and
evaluating patients in specific phases, measuring lags, may
be warranted in the future to further clarify these differ-
ences; however, the lower BRS found in our study in phase
2 appears to be more consistent with the clinical presenta-
tion and other baroreceptor characteristics of patients with
these conditions.

The findings measured in our study may explain the mani-
festations of the symptoms in the two conditions studied. For
the POTS group, the higher dependence on the lag 1 and
lag 2 portions of the baroreceptor reflex could indicate an
uncoordinated or delayed response to the stimuli. Multiple
pathophysiological mechanisms have been proposed as the
cause for the symptoms associated with POTS, including
impaired sympathetic vasoconstriction, excessive cardiac
sympathoexcitatory responses, volume dysregulation, and
physical deconditioning [5]. The less robust baroreceptor
sensitivity in addition to the delayed and perhaps lingering
response resulting in tachycardia symptoms is consistent
with the theory of impaired sympathetic response and vol-
ume dysregulation in patients with POTS [38]. For patients
with NCS, the underlying cause of their disease involves a
lack of coordinated cardiac reflex response to a decrease
in blood pressure resulting in a decrease in cerebral perfu-
sion and subsequent brief loss of consciousness until re-
establishment of homeostasis and rapid recovery [34, 42].
A less robust arterial baroreceptor response that results in
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an inadequate heart rate response can be the reason for the
patients exhibiting fainting due to inadequate brain per-
fusion. The higher number of lag 0 events in phase 3 in
NCS patients with a longer time to syncope would suggest
variability in ability to mount a coordinated cardiovascular
response to orthostatic stress in such patients. In addition,
the higher dependence of the patients with POTS on the
delayed lag 1 and lag 2 portions of the baroreceptor reflex
could also potentially indicate a similar delayed response in
the NCS patients, but to a larger degree that would require
measuring lag 3 or lag 4 to uncover the effects. Further study
into the lag subdivision of the arterial baroreceptor reflex
can clarify this theory.

Conclusion

This study identifies key differences and provides more
understanding of arterial baroreceptor reflex components,
the baroreceptor activity, BEI, and sensitivity in pediatric
patients with POTS and NCS. Our data show that slope and
BEI appear to be the main factors that change in pediatric
patients with POTS and NCS. We also provide new data
regarding delayed heart rate responses to pressure changes
in the Lag 1 and Lag 2 values found to be statistically sig-
nificant in the patients with POTS. These findings indicate
that these patients deviate from normal subjects in regards
to their arterial baroreceptor physiology as made evident by
the stressor of the head-up position. This new data regarding
the difference in arterial baroreceptor function of patients
with autonomic disorders further highlight the impact of this
reflex on the symptoms and manifestation of these disorders
and may provide a potential new avenue for therapies. A lon-
gitudinal study of the arterial baroreceptor response to thera-
pies and the resulting changes in symptoms would delineate
the effect of the baroreceptor reflex on these patients and
is an opportunity for further study. Finally, our study also
defines a new term, the baroreceptor reflex response (BRR),
to more clearly describe the different characteristics of the
baroreceptor reflex and to provide a framework for more
consistent and complete investigation of this physiologic
response to stress.

Limitations

A limitation of this study was the inability to enroll infants
and toddlers due to difficulty with compliance with the
HUTT and thus a portion of the pediatric population was
unstudied. Additionally, this study did not specifically
address sex differences in relation to POTS or NCS. Ortho-
static intolerance is more common in females compared to
males. This may be due to differences in stroke volume,
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cardiac size, and the effects of estrogen on the central auto-
nomic nuclei; however, the sample size was not large enough
to adequately compare sex differences in this study. Also,
this study represents the findings at one academic institution.
Although our institution encompasses a large and diverse
patient population, our experience may differ from other
institutions and further investigation and correlation will be
beneficial.
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