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Novel Methods for Quantification of
Vasodepression and Cardioinhibition During Tilt-
Induced Vasovagal Syncope

J. Gert van Dijk®, Maryam Gharig, Fabian |. Kerkhof, Robert Reijntjes, Marc J. van Houwelingen, Ineke A. van Rossum,
Dirk P. Saal, Erik W. van Zwet, Johannes J. van Lieshout, Roland D. Thijs, David G. Benditt

RATIONALE: Assessing the relative contributions of cardioinhibition and vasodepression to the blood pressure (BP) decrease
in tilt-induced vasovagal syncope requires methods that reflect BP physiology accurately.

0BJECTIVE: To assess the relative contributions of cardioinhibition and vasodepression to tilt-induced vasovagal syncope using
novel methods.

METHODS AND RESULTS: We studied the parameters determining BR, that is, stroke volume (SV), heart rate (HR), and total
peripheral resistance (TPR), in 163 patients with tilt-induced vasovagal syncope documented by continuous ECG and video
EEG monitoring. We defined the beginning of cardioinhibition as the start of an HR decrease (HR) before syncope and used
logarithms of SV, HR, and TPR ratios to quantify the multiplicative relation BP=SV-HRTPR. We defined 3 stages before
syncope and 2 after it based on direction changes of these parameters. The earliest BP decrease occurred 9 minutes before
syncope. Cardioinhibition was observed in 91% of patients at a median time of 58 seconds before syncope. At that time,
SV had a strong negative effect on BP, TPR a lesser negative effect, while HR had increased (all A<0.001). At the onset
of cardioinhibition, the median HR was at 98 bpm higher than baseline. Cardioinhibition thus initially only represented a
reduction of the corrective HR increase but was nonetheless accompanied by an immediate acceleration of the ongoing BP
decrease. At syncope, SV and HR contributed similarly to the BP decrease (FA<0.001), while TPR did not affect BP.

CONCLUSIONS: The novel methods allowed the relative effects of SV, HR, and TPR on BP to be assessed separately, although
all act together. The 2 major factors lowering BP in tilt-induced vasovagal syncope were reduced SV and cardioinhibition. We
suggest that the term vasodepression in reflex syncope should not be limited to reduced arterial vasoconstriction, reflected
in TPR, but should also encompass venous pooling, reflected in SV.

GRAPHICAL ABSTRACT: A graphical abstract is available for this article.
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the population and is classically provoked by fear,

pain, or prolonged upright posture.! The diagnosis
rests primarily on history taking and can in many cases
be confirmed with a tilt table test (TTT). Tilt-evoked
VWS (T-VVS) serves as a clinically useful model of VVS
induced by standing.?

Vasovagal syncope (VVS) affects about one-third of

Early views of the drop of blood pressure (BP) associ-
ated with T-VVS held that it was due to cardioinhibition,
vasodepression, or both. Cardioinhibition in the T-VVS
context is usually limited to a strong vagal decrease
of heart rate (HR) including asystole, although vagal
influences can also decrease contractility. Vasode-
pression has widely been interpreted as a decrease of
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Novelty and Significance

What Is Known?

* In vasovagal syncope (VVS), the decrease in blood
pressure (BP) has been attributed to cardioinhibition
(vagal bradycardia), vasodepression (usually defined
as reduced blood vessel vasoconstriction), and venous
pooling; all to varying degrees.

+ Conventional analysis techniques were unable to deter-
mine the amount each component contributed to VVS.

+ Current evidence in regard to the relative contribution
to VS, including heart rate (HR), stroke volume (SV),
and total peripheral resistance (TPR), was conflicting.

What New Information Does This Article
Contribute?

* Expressing changes over time for BE, HR, SV, and TPR
as logarithms of ratios allowed their relative effects to
be quantified and compared with one another, over
time, and between groups.

* The early decrease of BP in 163 cases of VVS during
tilt table test was due to low SV and incompletely com-
pensated for by an increase of HR. A minor decrease
of TPR contributed little to the BP decrease.

+ Cardioinhibition occurred in 91% of cases, began 1
minute before syncope, accelerated the BP decrease,
and had a final total effect on BP as large as that of

The pathophysiology of VVS, affecting one-third
of all people, is incompletely understood. The ten-
dency of VVS to occur during prolonged standing is
exploited with tilt table testing. Recording BP continu-
ously allows hemodynamic analysis of events through
Modelflow analysis. VVS is traditionally blamed on
vasodepression, a reduction of sympathetic arteriolar
vasoconstriction (apparent as low TPR), and on car-
dioinhibition, vagal bradycardia (apparent as low HR).
However, various studies showed a decrease of SV
before VVS, with conflicting roles for TPR and HR.
This study of people with complete VVS used 2 novel
methods: First, changes of BP, SV, HR, and TPR over
time were expressed as logarithms of ratios, quanti-
fying the relative effects of SV, HR, and TPR on BP.
Second, both the time of onset and magnitude of car-
dioinhibition were quantified. We found that reduced
SV was the first factor lowering BP. SV started to
decrease up to 9 minutes before syncope, probably
due to venous pooling. Cardioinhibition started one
minute before syncope and had a final effect as large
as that of SV. These findings greatly clarify vasode-
pression in reflex syncope to encompass both reduced
arteriolar vasoconstriction (decreased TPR), as well as
venous pooling (decreased SV).

low SV.
Nonstandard Abbreviations and Acronyms
BP blood pressure
co cardiac output
HR heart rate
MAP mean arterial pressure
sMAP smoothed mean arterial pressure
SV stroke volume
T-VVS tilt-induced vasovagal syncope
TPR total peripheral resistance
T tilt table test
VVS vasovagal syncope

sympathetic arteriolar vasoconstriction, apparent as a
decrease of total peripheral resistance (TPR).2 However,
hemodynamic changes in T-VVS have proved to be more
complex than mere decreases of HR and TPR.

First, TPR results were variable: before syncope,
decreases, but also some increases, were reported.*®
However, during syncope, TPR was increased®® as well as
during prolonged near syncope.® Second, HR during syn-
cope may remain unaltered or show cardioinhibition, that
is, vagal bradycardia/asystole. Both the magnitude and

Circulation Research. 2020;127:¢126-e138. DOI: 10.1161/CIRCRESAHA.120.316662

timing of cardioinhibition affect loss of consciousness in
T-VVS: while early asystole likely contributes to syncope,
late asystole need not do so, as patients may already be
unconscious due to vasodepression.'® Third, stroke volume
(SV) consistently decreased in presyncope,*®''='* usually
attributed to a decrease of venous return due to venous
pooling in the lower limbs, abdomen, or pelvis.*61415
Differences between studies may reside in the com-
position of study groups and in a limitation to presyncope:
only 3 studies assessed actual syncope, with TPR results
differing from presyncope.f® Finally, the methods used
to compare the contributions of SV, HR, and TPR to low
BP may not have reflected their multiplicative nature: the
hemodynamic parameters governing changes of BP dur-
ing T-VVS'6 can be analyzed using the beat-to-beat arte-
rial pressure waveform.' '8 Inasmuch as BP is the product
of cardiac output (CO) and TPR, and CO is the product of
SV and HR, BP is the product of HR, SV, and TPR.
Herein, we present 2 novel methods. The first defined the
onset of cardioinhibition as the start of the presyncopal HR
decrease; the second involves logarithmic transformation of
ratios of SV, HR, and TPR to quantify their relative effects
and thus of cardioinhibition and vasodepression. The findings
may enhance knowledge of the pathophysiology of T-VVS,
in particular regarding the contribution of cardioinhibition.
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We studied T-VVS before, during, and after syncope with a
temporal resolution of 1 second in 163 cases.

METHODS

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Patients and TTT Protocol

TTT data were gathered from the Syncope Unit of the Leiden
University Medical Centre. The clinical inclusion criterion was
probable VVS based on clinical features, including a combina-
tion of prodromal nausea, pallor, or sweating with the triggers,
including pain, fear, or standing.' Most patients were seen clini-
cally by J.G. van Dijk or R.D. Thijs.'®%

We used a modified Italian protocol with 10 minutes of
supine rest, 20 minutes of head-up tilt, administration of 0.4
mg nitroglycerin sublingually, and 20 minutes of tilt'® (Figure 1).
When syncope seemed imminent, the test was prolonged.
Patients were tilted back before the allotted time when syn-
cope, asystole, or EEG slowing occurred. Our TTT protocol
concerns recording of continuous finger BP (Finapres Nova or
BMEye Nexfin), at least one ECG channel, EEG and video. Al
signals were stored at 200 Hz on the EEG machine (Nihon
Kohden Neurofax EEG-1200).

The TTT inclusion criterion was syncope:

1. BP showed an accelerating decrease with either no HR

change or a decrease at syncope.

2. The EEG showed a slow or slow-flat-slow pattern.

3. Clinical findings, judged from direct observation and
video, were compatible with loss of consciousness. If the
clinical onset of syncope could not be judged, cases were
excluded.

4. Recognition of symptoms by the patient and eyewit-
nesses was required.

Exclusion criteria were presyncope only, additional ortho-
static hypotension, psychogenic pseudosyncope, postural
orthostatic tachycardia syndrome, apparent pacemaker activity,
and excessive artifacts or loss of data.

According to Dutch law, the use of anonymous data gath-
ered exclusively for patient care, as was the case here, did not
require individual informed consent. The medical ethics com-
mittee of the Leiden University Medical Center declared that
there were no objections to carrying out the study.

Clinical Parameters

TTT records were reviewed to note the times of events in sec-
onds, relative to onset of syncope.'® EEG data were not used
in the present study.

+ Video was used to record the onset of syncope (loss of
facial, jaw or neck tone, involuntary eye opening, or a lack
of response).

+ The times of tilting upwards, tilting back, and of nitroglyc-
erin use were noted.

+ Syncope latency was defined as the time to syncope
onset from either head-up tilt, when patients fainted
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without nitroglycerin, or from nitroglycerin administration
when syncope occurred after nitroglycerin.

» Onset and duration of the first asystole period were noted,
defined as an RR interval of at least 3 seconds. The dura-
tion of bradycardia was defined as that of contiguous RR
intervals of at least 2 seconds duration.

Syncope and Tilt Periods

We extracted ECG and BP signals to form the syncope period,
starting up to 10 minutes before syncope and ending 2 min-
utes after syncope (Figure 1). Note that the period before syn-
cope lasted <10 minutes if patients developed syncope within
10 minutes after head-up tilt or after nitroglycerin administra-
tion. We also extracted the tilt period, from 4 minutes before to
4 minutes after tilting up, to illustrate basic autonomic reactivity.

Hemodynamic Analysis

To quantify BR, we used the individual smoothed mean arte-
rial pressure (sMAP), in which each sample in a 200 Hz signal
represents the average of all samples from 1 second before to
1 second after the sample.

Continuous BP data were used to calculate SV, TPR, and
CO using Modelflow (Finapres Medical Systems, Enschede,
The Netherlands). The calculations start with measured values
of BP and HR. SV is derived from the shape of the arterial pres-
sure curve per heartbeat. SV and HR together yield CO, and BP
and CO then yield TPR. The TPR calculations rely on preceding
heart beats and are susceptible to preceding calibration peri-
ods and artifacts, so more TPR data were omitted than was the
case for the other parameters. We expressed BP as mmHg;
SVasL;HR as min~" and TPR as mmHgmin'L™". Beats missed
by the software were added and erroneously recognized beats
deleted. Periods with movement artifacts, premature ventricular
complexes, or BP calibrations were inspected: when such peri-
ods lasted a few seconds and were preceded and followed by
stable periods of the same magnitude, BP or HR was linearly
interpolated. Longer stretches or omissions flanked by chang-
ing BP were treated as missing data. Interpolation or omission
of BP was also performed on the corresponding periods of sys-
tolic and diastolic BP, SV, TPR, and CO. All data were resam-
pled at one value per second. Please see the Major Resources
Table in the Data Supplement.

Distinguishing Stages

We averaged the 1 second time series across subjects to
reveal common patterns, using the onset of syncope to tem-
porally align data. We divided the syncope period into stages to
allow analysis on a group level, not to classify individual records.
We based the stages on changes of direction of SMAP, HR, SV,
and TPR. These concern the start or end of an increase of a
decrease. For instance, if HR is first stable, then increases, and
finally decreases, then both the start of the increase and of the
decrease constitute changes of direction. Stages were periods
between such changes of direction. To help visual identification
of these points, we calculated the slope of a line of best fit,
using least-squares linear regression, of an 80 seconds period
around each sample of the averages for sMAP, SV, HR, and
TPR. The slope was used to assess the presence of increases

Circulation Research. 2020;127:e126-e138. DOI: 10.1161/CIRCRESAHA.120.316662
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Figure 1. Formation of study periods.

A, The tilt table test (TTT) protocol: 10 min of supine rest, followed by 20 min of head-up tilt, administration of nitroglycerin (NTG), and another 20
min of head-up tilt. The tilt period ran from 4 min before tilt up to 4 min afterwards. The syncope period consisted of a maximum of 10 min before
syncope and 2 min after syncope. B, Syncope occurred about seven minutes after NTG. To avoid mixing the conditions with and without NTG, the
syncope period contained 7 min from NTG application to syncope plus 2 min after syncope. C, Syncope occurred >10 min after head-up tilt, so
10 min before syncope were extracted. D, The syncope period of B in detail: stage | ran from the start of the syncope period to either the start of
cardioinhibition (CI) or 30 s before syncope. The start of stage | represents a 1 min period at the beginning of the syncope period, indicated in B,
C, and D; this acted as the baseline for comparison with other stages. BP indicates blood pressure; and HR, heart rate.

and decreases objectively, for which we used a difference from
zero at A<0.05 (t-statistic).

We used short periods, epochs, to quantify sMAP, HR, TPR,
and SV within stages. The start and end points of these epochs
were based on whether the epochs occurred well before
syncope or close to it: events occurring >30 seconds before
syncope were determined individually, and later epochs were
described with fixed times relative to syncope onset.

Other Analysis Techniques

We defined cardioinhibition as an abruptly starting decrease
of HR, starting on average about one minute before syncope
and ending at syncope. Whether cardioinhibition occurred and
when it started in individual patients was determined through
a consensus procedure (J.G. van Dijk, I.A. van Rossum, F.
Kerkhof, and M. Gharig), using plots of individual HR, smoothed
HR, and a plot of the change of HR, without recourse to SMAP
or clinical data. The onset of cardioinhibition was defined as
the time when HR started a decrease towards minimal values
at syncope. Minimum HR was measured between 15 seconds

Circulation Research. 2020;127:¢126-e138. DOI: 10.1161/CIRCRESAHA.120.316662

before syncope to 15 seconds after it. The magnitude of car-
dioinhibition was the difference between HR at the onset of
cardioinhibition and the minimum HR near syncope. The speed
of cardioinhibition was the magnitude divided by the time differ-
ence between onset of cardioinhibition and syncope. To evalu-
ate effects of the start of cardioinhibition on BF, we aligned the
hemodynamic data according to the time of onset of cardioinhi-
bition and again created averages. To compare results with the
VASIS classification (Vasovagal Syncope International Study),
we also counted cases fitting the VASIS 2A criteria of cardio-
inhibition,?" that is, HR below 40 bpm for at least 10 seconds
without asystole.

Main Parameter Analysis

The parameters systolic BPF, diastolic BF, and CO will only
be shown for illustrative purposes. We limited the quan-
titative analysis to sMAR, SV, HR, and TPR. BP at a time A
(BP,) is the product of SV,, HR,, and TPR,; at a later time B,
BP,=SV_HR_TPR.. The alteration over the time between A
and B can be expressed as the ratio BP,/BP,:
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BFs _ SVg-HRg TPRg _ SV HRg TFRg
BPy SV4-HRA-TPRs SV4 HR, TPR4

Hence, calculating ratios per parameter (BP.=BP./BP,;
similar for SV, HR_, and TPRR) quantifies alterations of the 3
parameters affecting BP. We averaged data of the first minute
of the syncope period to obtain values for A and expressed all
subsequent measurements as ratios relative to this. As ratios
are dimensionless, they allow a comparison between variables.
Within one subject multiplication of the 3 ratios yields their com-
bined effect on BP. For example, suppose SV =0.5, HR_=1.2,
and TPR_=1.0. SV, will by itself decrease BP to 50%; HR_, will
increase it to 120%, and TPR_, will not change it. Together they
alter BP by a factor 0.5-1.2:1.0=0.6.

Unfortunately, summarizing ratios across subjects yields
errors if there are decreases as well as increases. For example,
for one person SV =0.5, HR_=2.0, and TPR_=1.0. Their prod-
uct is 1.0 and shows that BP does not change. For another
person, SV,=2.0, HR_=0.5, and TPR_=1.0; again, the product
of 1.0 means that BP does not change. However, the means
across the 2 persons are 1.25 for SV, 1.25 for HR,, and 1.0
for TPR, suggesting an incorrect overall increase of BR In
truth, the doubling effect of one parameter canceled the halv-
ing effect of another within each subject. Logarithms solve this
problem: the logarithm (base 10) of 0.5 is —0.3010, the loga-
rithm of 2.0 is +0.3010, and the logarithm of 1.0 is 0.0. A multi-
plicative relation between parameters becomes an additive one
for their logarithms, as log (ab) = log (a) + log (b). Thus, the log
ratio of BR, BP , is SV .+HR +TPR .. The utility of this log-
ratio method becomes apparent by calculating mean log ratios
per parameter across the 2 persons: for SV, HR, and TPR, they
are O, correctly showing nil effect on BP. Thus, the absolute
value of the log ratios reflects effect magnitude, while their sign
indicates effect direction, that is, a decrease or increase.

This use of log ratios does justice to the physiological multi-
plicative effects of SV, HR, and TPR on BP while allowing quan-
titative comparisons between variables, periods, and groups.

Statistical Analysis

The y? test was used test group differences for count data.
Although most log ratios were normally distributed, as
assessed with the Kolmogorov-Smirnov test, we used non-
parametric analyses throughout, at a slight cost in power but
with increased robustness and a consistent presentation. We
used the Friedman test with post hoc tests based on the -
distributions to compare parameters per stage, and tested
whether variables had an effect on BP by testing whether the
median of each variable differed from zero with the sign test.
We used Matlab (Version R2018b, The Mathworks) for numeri-
cal and statistical analysis. A Bonferroni correction for multiple
testing for the 35 comparisons in the Table yielded a corrected
value of 0.0014; we used a threshold of 0.001.

RESULTS
Patients

The results of inclusion and exclusion and the character-
istics of the 163 included patients are shown in the Data
Supplement.’®?2-% Asystole was observed in 68 cases
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(42%) with a median duration of 6 seconds (range 3-37
seconds). Another 14 cases (8.6%) fulfilled the VASIS
2A criterion of cardioinhibition without asystole. Brady-
cardia occurred in 71 patients with a median duration of
12 seconds (range 2-155 seconds). Tilting back to the
horizontal position took 12 seconds and the horizontal
position was reached 13.6+4.2 seconds after the onset
of syncope (range 2-30 seconds).

T-VVS occurred in 53 (33%) patients without nitro-
glycerin, with a median syncope latency after head-up tilt
of 709 seconds (range 97-1686 seconds). T-VVS was
evoked with nitroglycerin in 110 patients (67%), with a
median syncope latency of 466 seconds after nitroglyc-
erin application (range 85—1558 seconds).

Effects of Tilting

Figure 2 shows averaged data for tilt-up periods. Tilting-
up caused increases of sSMAR, diastolic BP, HR, and TPR,
decreases of SV and CO (¢ test, all ~<0.001), and no
change in systolic BP.

Recognition of Stages

Figure 2 shows averages and numbers of valid measure-
ments. Note that data >b minutes before syncope only
reflect patients who fainted at least 5 minutes after the
start of their respective condition (head-up tilt or nitro-
glycerin application), while data closer to syncope also
reflect those who fainted earlier. Figure 3 shows which
sections of the averaged sMAR, SV, HR, and TPR exhib-
ited increases, decreases, or no change. The changes
of direction are indicated. Figure 4 shows averaged
log ratios. As holds for Figure 2, data just before syn-
cope represent more patients than data longer before
syncope. Also, note that aligning data according to the
onset of syncope has a smoothing effect on events that
occur at different times respective to syncope between
persons. This is the case for the start of cardioinhibition,
as illustrated by the histogram (see below for an analy-
sis according to the onset of cardioinhibition). Figures 2
through 4 suggest the following events up to syncope:

* sMAP started to decrease as early as 9 minutes
before syncope; this accelerated about 5 minutes
before syncope.

* SV decreased consistently from about 9 minutes
before syncope; this accelerated 30 seconds before
syncope.

* HR started to increase about 9 minutes before syn-
cope and started to decrease 90 to 30 seconds
before syncope.

* TPR changes were limited to a slight increase until
300 seconds before syncope, a slight decrease end-
ing about 30 seconds before syncope, when there is
an abrupt spike.

The very gradual start of the early changes of SV, sMAR,
and HR meant they could not be reliably measured

Circulation Research. 2020;127:e126-e138. DOI: 10.1161/CIRCRESAHA.120.316662
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Figure 2. Main results.

The panels represent group averages and standard errors for syncope cases (n=163). The left represents the tilt period, and the right the
syncope period as explained in Figure 1. The right also shows the number of valid measurements as light-colored lines, as a percentage of each
group. The left-hand side axes show the units of measurement for the parameters, and the right-hand ones a scale of 0%—100% for the number
of valid measurements. CO indicates cardiac output; DBP, diastolic blood pressure; HR, heart rate; SBPF, systolic blood pressure; sMAPF, smoothed
mean arterial pressure; SV, stroke volume; and TPR, total peripheral resistance.

individually, but the more abrupt onset of cardioinhibition
could be measured. We recognized 3 stages before syn-
cope: stage | ran from the start of the individual's syncope
period, meaning it started 10 minutes before syncope or
less if syncope occurred within 10 minutes after head-
up tilt or after nitroglycerin administration. Stage | ended
with either the onset of cardioinhibition or 30 seconds
before syncope, if cardioinhibition was absent. Stage I
started with the onset of cardioinhibition, if present, and
ended 30 seconds before syncope. Stage Il started 30
seconds before syncope and ended at syncope.

Events after syncope were divided into stages IV and
V. Their distinction rested on events 40 seconds after
syncope when the sharp HR rise stopped, SV increased
slower, and the TPR spike ended.

Comparison of SV, HR, and TPR Across Stages

Six epochs characterized the stages:
1. The start of stage | was the first minute of valid
measurements of the syncope period; data from
other epochs were compared with this one.

Circulation Research. 2020;127:¢126-e138. DOI: 10.1161/CIRCRESAHA.120.316662

2. The end of stage | was defined as a one minute
period ending at the start of cardioinhibition, if
present, or 30 seconds before syncope if not.

3. The end of stage Il was only defined if cardioinhibi-
tion was present, as a period of one minute end-
ing 30 seconds before syncope, or from the start
of cardioinhibition to 30 seconds before syncope,
if cardioinhibition started later than 50 seconds
before syncope.

4. The syncope epoch lasted 15 seconds and ended
when the horizontal position was reached at tilting
back, meaning it included the start of syncope but
excluded data in the horizontal position.

5. The end of stage IV ran from 20 to 40 seconds
after syncope, ending at a direction change for
sMAPR, HR, and TPR, as explained above.

6. The end of stage V comprised the last 20 seconds of
the record, from 100 to 120 seconds after syncope.

For all epochs, absolute values, ratios, and log ratios are
summarized in the Table and Figure 5. SV ., HR ., and
TPR . differed within every stage, meaning the 3 param-
eters exerted different effects on BP.
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Figure 3. Direction changes to help distinguish stages.

The averaged data of Figure 2 are shown. Lines of best fit were calculated for each sample up to syncope at 600 s, representing data from 40 s
before each sample to 40 s after it. Points after syncope were not included. Points at which slopes differed significantly from zero at A<0.05 are
indicated with red for increases and blue for decreases. Direction changes are indicated with ellipses for periods before syncope. Smoothed mean
arterial pressure (SMAP), stroke volume (SV), heart rate (HR), and total peripheral resistance (TPR) all show gradual changes as early as 9 min
before syncope. TPR shows a slight decrease around 5 min before syncope. HR shows a decrease 1 to 2 min before syncope, and SV decreases

and TPR increases simultaneously 30 seconds before syncope.

At the end of stage |, post hoc tests between the 3 pairs
of variables (SV-HR, SV-TPR, and HR-TPR) showed dif-
ferences for all 3 pairs. All 3 also differed significantly from
zero, meaning they all had an effect on BP. SV, and TPR
lowered BF, while HR . increased it. Their relative magni-
tude is reflected by the median log-ratio values. For SV,
HR , and TPR ., these were —0.077, 0.035, and —0.022.
Note that the value for BP . of —0.059 was close to the
sum of SV, HR, and TPR of —0.064 (the addition is not exact
due to missing values). SV, was over 3 times larger than
TPR ., while HR ., acting in the opposite direction of SV
and TPR , was only about one-fifth of their sum of —0.99.

The end of stage Il showed similar effects, except
for HR , that did not differ significantly from zero at the
end of stage Il, so SV, and TPR , remained as negative
influences on BP. Compared with the end of stage |, the
effects of SV , and TPR , were larger but more so for
TPR ; than for SV .. This phase shows a transition of
HR  from increasing BP to lowering it.

In the syncope epoch, the number of valid observa-
tions dropped sharply because of loss of data. The log
ratios SV, and HR _ were at their lowest. As they did not
differ from one another, they strongly decreased BP to
a similar degree. TPR _, did not differ from zero, so it had
no effect on BP, in this stage.

At the end of stages IV and V, SV, differed from HR .
and TPR , but HR . did not differ from TPR .. All 3 dif-
fered from zero; so, after syncope SV, increased beyond
initial tilted values, while HR . and TPR , remained lower.
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Effects of Nitroglycerin

The effects of nitroglycerin are described in the Data
Supplement.'1226-28 |n short, SV, was lower in stages |
and Il in those who used nitroglycerin than in those who
did not. In those who did not use nitroglycerin, SVLR was
also lower than baseline, showing that the SV effects
were augmented but not caused by nitroglycerin.

The Start and Magnitude of Cardioinhibition

We introduced a novel pragmatic definition of the time
course and magnitude of cardioinhibition as pertain-
ing to HR. Cardioinhibition was recognized in 149
(91.4%) of patients. In some remaining cases, HR
also decreased, but with such a gradual onset that it
could not be measured reliably. The histogram (Fig-
ure 4) of the start of HR decrease shows its variability.
The median time of cardioinhibition onset was 58.1
seconds before syncope, with a range of 199.6 to
12.1 seconds. At the start of cardioinhibition, median
HR was 98 bpm (range 54=146 bpm). Minimum HR
around syncope showed a median value of 33 bpm
(range 3-90 bpm). The median magnitude from the
start of cardioinhibition to minimum HR was 65 bpm
(range 16-139 bpm). The median speed of cardioin-
hibition was 0.99 bpm/s (range 0.13-4.9).

The VASIS 2A criteria of cardioinhibition without asys-
tole were met in 14 cases (8.6%) and the VASIS 2B
criteria of asystole >3 seconds in 68; together, these
constitute 50.3% of patients. Note that the VASIS cri-
teria only reflect the magnitude of cardioinhibition to

Circulation Research. 2020;127:e126-e138. DOI: 10.1161/CIRCRESAHA.120.316662
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Figure 4. Main parameters as log ratios.

For each variable and individual the mean of the first valid minute of the syncope period was set to a value of 1. Group averages are shown for
smoothed mean arterial pressure (SMAP; black), stroke volume (SV; blue), heart rate (HR; red), and total peripheral resistance (TPR; green). At
each point in time the logarithm of the sSMAP ratio is the sum of the logarithms of the ratios of SV, HR, and TPR, so the SV, HR, and TPR data can
be summed to obtain SMAP. However, missing data for TPR around syncope mean that the sum may, however, be lower than the measured sMAP.
Stage | started at the onset of the syncope period and ended either at the onset of cardioinhibition or 30 s before syncope. Stage Il was present
if there was cardioinhibition and started at the onset of cardioinhibition, ending 30 s before syncope. Stage Ill started 30 s before syncope and
ended at syncope; stages IV started at syncope and ended 40 s after it. Stage V ran from 40 s after syncope to the end of the recording 2 min
after syncope. The red histogram shows the individually determined start of HR decrease, defining the start of cardioinhibition and of stage |I.
Stage lll started 30 s. before syncope, where SV started a steep decline while TPR started to increase. At syncope, virtually simultaneous with tilt
back, all variables change sign, starting stage IV. Stage V starts where the increases of HR and blood pressure (BP) stopped or slowed down. See

the text for an interpretation.

classify T-VVS results, whereas we also studied timing of
cardioinhibition.

To illustrate the consequences of cardioinhibition,
we used its start time as the alignment point to average
data across subjects (Figure 6). The resulting averaged
HR illustrates how abruptly cardioinhibition started. The
decrease of BP accelerated sharply at the start of car-
dioinhibition, and more so for those with a high than a low
speed of cardioinhibition.

We did not investigate whether contractility was
affected as a possible other expression of cardioinhi-
bition. A vagal decrease of contractility might cause an
additional decrease in BP through a decrease in SV.

Stages IVand V

Tilting back initiated a rapid rise of SV (Figure 2). The
increase of SV was not finished at the end of the record,
where it approached the initial supine levels. The TPR spike
ended abruptly, making way for a stable value similar to

Circulation Research. 2020;127:¢126-e138. DOI: 10.1161/CIRCRESAHA.120.316662

the supine level. In stage IV, HR increased at first, until the
increase stopped and made way for a limited decrease and
stabilization. SMAP showed an early quick partial recovery
in stage IV followed by a slower partial recovery in stage V.

DISCUSSION

The novel definition of the onset of cardioinhibition and
the logarithm ratio method to assess the determinants of
BP changes allowed quantification of the hemodynamic
evolution of T-VVS. Most importantly, a gradual decrease
in SV was the initial abnormality, starting as early as 9
minutes before syncope in some subjects. While SV fell,
HR rose, but not sufficient to prevent a slow decrease
of BP. Mean TPR also decreased, but, compared with
SV, the TPR decrease started later, had a much smaller
effect on BP, and ended earlier, that is, well before the
onset of syncope. Cardioinhibition started at a median
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Table. Relative effects of SV, HR, and TPR on BP
=
g Start Record End-Stage | End-Stage Il Syncope End-Stage IV End-Stage V
=< .
g Original
§ sMAP, mmHg, median [90.2 (82.3 to 101.3);| 76.8 (67.7 to 85.2); | 68.2 (60.1 to 78.8); | 33.2 (25.0 to 40.4); | 64.6 (55.1 to 74.0); | 78.7 (68.9 to 90.0);
::' (50th-75th); n 163 163 136 152 140 162
E SV, L, median (50th— 0.060 (0.049 to 0.047 (0.038 to 0.048 (0.039 to 0.034 (0.028 to 0.068 (0.055 to 0.083 (0.070 to
o= 75th); n 0.069); 162 0.060); 162 0.062); 135 0.047); 58 0.084); 132 0.098); 160
b HR, n/min. median 85.7 (75.8 to 96.3); |95.2 (80.7 to 109.1);(90.1 (74.1 to 104.7);| 47.3 (37.0 to 63.9); | 70.8 (58.8t0 81.4); | 61.2 (56.4 to 69.8);
(50th-75th); n 163 163 136 159 163 160
TPR, mmHg, min/L 19.3 (15.0t0 23.1); | 17.2 (14.5t0 21.7); | 16.5 (13.6 t0 20.5); | 16.4 (13.3t0 21.4); | 13.8 (11.6t0 18.2); | 14.6 (12.5t0 19.7);
median (50th—75th); n 162 162 135 49 130 160
Ratios
sMAP 1 0.87 (0.80 to 0.93) 0.77 (0.69 to 0.86) 0.35 (0.28 to 0.44) 0.71 (0.59t0 0.81) | 0.87 (0.76 to 0.97)
SV 1 0.84 (0.71 to 0.94) 0.83 (0.71 to 0.96) 0.58 (0.45 to 0.69) 1.18 (0.991t0 1.37) | 1.43 (1.23 to 1.60)
HR 1 1.09 (1.00 t0 1.18) 1.02 (0.93to0 1.14) 0.57 (0.40 to 0.78) 0.83 (0.711t0 0.95) | 0.75 (0.65 to 0.84)
TPR 1 0.95 (0.87 to 1.05) 0.92 (0.81 to 1.01) 0.91 (0.70to 1.12) 0.78 (0.64 t0 0.89) | 0.83 (0.70 to 0.99)
Logarithms
sMAP 0 —0.059 —0.116 —0.455 —0.150 —0.060
(~0.100 to —0.034) | (—0.164 to —0.069) | (~0.554 to —0.365) | (—0.231 to —0.096) | (—0.119 to —0.013)
SV 0 —0.077 —0.082 —0.242 0.051 0.154
(—0.150 to —0.029) | (—=0.156 to —0.022) | (—0.349 to —0.164) | (—=0.011 to 0.135) (0.088 to 0.203)
HR 0 0.035 0.006 —0.257 —0.082 —0.127
(0.001 to 0.073) (—0.033 to 0.056) (—0.42 to —0.124) | (—0.161 to —0.022) | (—0.189 to —0.076)
TPR 0 —0.021 —0.039 —0.040 —0.109 —0.080
(—0.064 to 0.021) (—0.095 to 0.001) (—0.161 t0 0.049) | (—0.193 to —0.049) | (—0.158 to —0.008)
Friedman (P <0.0001 <0.0001 F£<0.0001 <0.0001 £<0.0001
Post hoc SV:HR £<0.0001 SV:HR £<0.0001 SV:HR 0.90* SV: HR <0.0001 SV:HR <0.0001
SV:TPR <0.0001 SV: TPR 0.007* SV:TPR <0.0001 SV:TPR <0.0001 SV:TPR <0.0001
HR:TPR <0.0001 HR:TPR <0.0001 HR:TPR <0.0001 HR:TPR 0.02* HR:TPR 0.93*
Difference from zero (sign SV <0.0001 SV <0.0001 SV <0.0001 SV <0.0001 SV <0.0001
test) HR <0.0001 HR 0.55* HR <0.0001 HR <0.0001 HR <0.0001
TPR <0.001 TPR <0.0001 TPR 0.33* TPR <0.0001 TPR <0.0001

For each of the 6 epochs that characterize the stages of VVS data are presented for the main parameters sSMAP, SV, HR, and TPR. These are presented first as
absolute measurements, then as ratios, relative to the first minute of the tilted syncope period, and finally as logarithms of these rations. All are represented as the median
value and the 25th and 75th percentile values. Finally, the statistical analysis is presented. The Friedman test data concern whether there are differences between the log
ratios of SV, HR, and TPR within an epoch, and the post hoc tests show which pairs of parameters show significant differences. The differences from zero show whether
a parameter exerted a statistically significant effect on BP. BP indicates blood pressure; HR, heart rate; SMAF, smoothed mean arterial pressure; SV, stroke volume; TPR,
total peripheral resistance; and VVS, vasovagal syncope.

“"As most effects were highly significant, Pvalue larger than 0.001 are shown.

time of 58 seconds before syncope. At syncope, low SV,
and low HR contributed similarly to the very low BP.
The novel methods and the high temporal resolution,
large number of subjects and use of averaging as an
illustration technique allowed recognition of stages and
of as yet underestimated phenomena. Major ones were
the abrupt effect of the start of cardioinhibition on BR,
the final perisyncopal decrease of SV, and the abrupt
and short-lived TPR spike around the time of syncope.

Recognizing Stages

Beginnings and ends of stages were based on changes
of direction of sMAR, SV, HR, or TPR. The stages were
defined to study events on a group level, not for individ-
ual analysis. Individual variability was large, so some per-
sons may have early TPR increases, while others have
decreases.

These stages differ from the 4 phases described ear-
lier,* using other underlying principles and meant for indi-
vidual analysis. The most important difference is that we
emphasize the start of cardioinhibition as a fundamental
as well as a literal turning point. Its profound effects on
BP warrant labeling cardioinhibition as the second major
pathophysiological event in T-VVS, next to the fall of SV.

2202 ‘. $8go100 uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Effects of Tilting Up

The changes of SV, HR, and TPR after tilt-up conformed
to expectation, meaning a reduction of venous return is
the likely explanation for the fall in SV.
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Figure 5. Hemodynamic variables at specific times.

The log ratios of stroke volume (SV), heart rate (HR), and total peripheral resistance (TPR) are shown as box plots for 5 epochs. The vertical
line down the middle of each box plot reaches from the 10th to the 90th percentile, while the colored patches denote the 25th, 50th, and 75th
percentiles. For the initial period (not shown), log ratios were zero. The dots represent data from individual patients. Corresponding ratios are
shown at the right-hand axis. Statistical differences are shown in the Table and discussed in the main text.

From Falling SV to Cardioinhibition

Low SV in T-VVS has been attributed to venous pool-
ing in the abdomen, pelvis, or skeletal muscles.*51415
Cardioinhibition, here restricted to a decrease of HR,
was present in 91% of subjects. This seemingly high
percentage is the result of the chosen definition, but

probably also reflects the inclusion criterion of full syn-
cope, as late cardioinhibition may be missed when the
test is stopped at presyncope. From its onset, cardio-
inhibition took only one minute to lower BP as much
as SV had done over a much longer time. At the onset
of cardioinhibition, the median HR was 98 bpm, which
was higher than baseline HR. Hence, cardioinhibition

120 rmmHg A | 120rbpm N
100, M | 1 100t ‘ .
N W’ i

gol All ‘ 1 sl All i
ool 1 6ot ]
40 o sl .
20| | 20} N
A. sMAP 1 B. HR 1
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Figure 6. The start of cardioinhibition (CI).

The data of all subjects with syncope and recognized Cl (n=149) were shifted in time to align the time of start of Cl to zero on the time axis,

resulting in averaged smoothed mean arterial pressure (SMAP) in A and heart rate (HR) in B. As before, the thin line represents the number of valid
observations over time. Data after tilting back to the horizontal position were omitted because they represented a different condition than the head-up
tilt position in which syncope occurred. This data censure explains the sharp decrease in the number of valid observations shortly after the start of CI.
Note the abrupt onset of Cl in the HR (B) and the kink in SMAP in A, where Cl accelerated the decrease of blood pressure (BP). This acceleration
was explored further by using the speed of CI (ie, the magnitude of HR divided by the time between the start of Cl and the onset of syncope). Two
groups were made according to the median of the speed of Cl: fast Cl (blue) and slow Cl (red). C, Data for sMAP, D for HR. The difference in speed
of Clis obvious in D. C, The rate of decrease of BP was very similar for both groups in the 4 min before the start of Cl, and both groups then showed
an acceleration of BP decrease at the start of Cl. This was more pronounced for those with fast Cl than with slow Cl, illustrating effects on HR on BP.
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started as a mere weakening of the initial corrective
influence of HR, but even this modest HR decrease
was associated with an immediate acceleration of the
decrease of BP (Figure 6). About 10 seconds after
the onset of cardioinhibition, HR decreased below
values just after head-up tilt, so from then on cardio-
inhibition decreased HR below levels needed for the
upright body position.

We hypothesize that cardioinhibition was not directly
triggered by gravity but was secondarily evoked by
an as yet unidentified hemodynamic consequence of
venous pooling.

Given its effects on BP, perhaps preventing the fall of
HR at the start of cardioinhibition by pacing might slow
the BP decrease, perhaps allowing patients the time to
prevent syncope. There is evidence that early pacing
could indeed be beneficial 2930

The Final SV Fall and TPR Spike

The final SV fall and TPR spike occur at stages Il and
IV, when BP is low and changes quickly. We discussed
the validity of Modelflow under such conditions in the
Data Supplement. We concluded that, as Modelflow in
the present study was not calibrated using a reference
method, the use of relative values is superior to that
of absolute values. The reliability of CO, SV, and hence
TPR is unknown when BP is below 60 to 70 mmHg
and when large SV changes occur within 5 seconds.
This holds for the period near syncope, that is, stages
[l and IV.

The abrupt final fall of SV starting 30 seconds
before syncope was as unexpected as the simultane-
ous spike of TPR. Still, the 3 papers we found using
Modelflow during actual syncope all recorded a rise in
TPR at syncope.’® A TPR increase was also present
in patients with a vasovagal response with a stable
very low BP® and can also be seen in Figure 4 of a
review. Hence, the TPR spike is not limited to our
study. There is no obvious pathophysiological explana-
tion for the SV fall or the TPR spike. This may be the
result of reduced reliability of Modelflow.

The TPR spike suggests a sudden increase in periph-
eral resistance, contradicting findings of muscle nerve
sympathetic activity that point to a cessation of vasocon-
strictor impulses in muscles during syncope.®'#2 However,
this cessation does not occur in all cases.®*%* Resolving
the discrepancy may require simultaneous assessment
of clinical events, Modelflow and nerve traffic in T-VVS,
as suggested previously.#

Vasodepression and Cardioinhibition

Vasodepression has been used as a descriptive term
without a specified mechanism in the VASIS crite-
ria for TTT.2'% A narrow interpretation of the term
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may limit it to a loss of sympathetically mediated
arteriolar vasoconstriction, apparent as a decrease of
TPR. However, in view of the strong effect of SV, we
propose to redefine vasodepression in the context
of T-VVS as all BP-lowering mechanisms that are
independent from HR. This leaves the VASIS clas-
sification intact. This wider concept of vasodepres-
sion has been used before.”® Vasodepression then
comprises venous vasodepression, meaning venous
pooling apparent as a SV decrease, as well as arterial
vasodepression, that is, decreased arteriolar vaso-
constriction apparent as a TPR decrease. In patho-
physiological calculations, vasodepression can be
presented as the product of SV and TPR, just as CO
is the product of HR and SV.

The relative importance of the 3 factors cardioinhibi-
tion, venous, and arterial vasodepression may well differ
in other forms of reflex syncope. For instance, the com-
bination of cardioinhibition with arterial vasodepression
would reflect a more classical reflex concept, which may
occur in forms with a very short latency after being trig-
gered, such as carotid sinus syncope.

Limitations

The first limitation is that the events of T-VVS depend
on the protocol: for instance, the duration of tilting back
is known to affect the incidence and duration of asys-
tole.%® We do not know the extent to which our findings
depended on the protocol. Second, the log-ratio method
ignores the absolute value of the baseline parameters.
Third, doubts may be raised about Modelflow accu-
racy at the extreme conditions during syncope. We
discussed Modelflow limitations in the Data Supple-
ment. 837780 Fourth, we did not assess individual vari-
ability nor effects of factors that may affect the patterns
described here, such as sex or age. As for nitroglycerin,
the similarity of events with and without nitroglycerin has
been stressed.'™? Fifth, we did not attempt to quantify
changes of ventricular contractile state during the course
of T-VVS. Finally, we refrained from trying to assign the
changes to autonomic or humoral influences.®

Conclusions

T-VVS is the result of 3 overlapping processes. The first
is a gradual fall of SV, likely due to venous pooling. The
second and least important process is a decrease of
TPR, the likely result of diminished arteriolar vasocon-
striction. The third and final process was cardioinhibi-
tion, starting late but gaining strength so quickly that its
effect on BP at syncope was similar in size to that of
the fall of SV. Before the onset of cardioinhibition, HR
had increased, tending to correct the developing hypo-
tension. However, once cardioinhibition was triggered,

Circulation Research. 2020;127:e126-e138. DOI: 10.1161/CIRCRESAHA.120.316662


https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316662
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316662
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.316662

2202 ‘1 100100 uo Aq Bio'sfeuinofeyes/:dny woly papeojumod

van Dijk et al

HR declined precipitously, causing BP to decline steeply,
ending with syncope.
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