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Abstract

Objective—We hypothesize that following a sudden decrease in cerebral blood flow velocity
(CBFV) in adolescents at faint, rapid hyperemic pulsatile CBFV occurs upon the return to the
supine position, and is associated with post-syncopal headache.

Study design—This case-control study involved 16 adolescent subjects with history of fainting
and headaches. We induced faint during 70° tilt-table testing and measured mean arterial pressure
(MAP), heart rate (HR), end-tidal CO2, and CBFV. Fifteen control subjects were similarly
evaluated with a tilt but did not faint, and comparisons with fainters were made at equivalent
defined time points.

Results—Baseline values were similar between groups. Upon fainting, MAP decreased 49% in
fainters vs. 6% in controls (P<0.001). HR decreased 15% in fainters and increased 35% in controls
(P<0.001). In fainters, cerebrovascular critical closing pressure increased markedly resulting in
reduced diastolic (-66%) and mean CBFV (-46%) at faint; systolic CBFV was similar to controls.
Pulsatile CBFV (systolic — diastolic CBFV) increased 38% in fainters, driving flow-mediated
dilation of cerebral vessels. Returning to supine, fainters” CBFV exhibited increased systolic and
decreased diastolic flows compared with controls (P<0.02).

Conclusion—Increased pulsatile CBFV during and following faint may cause post-syncopal
cerebral vasodilation and headache.
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Syncope is defined by a transient loss of consciousness and postural tone resulting from
cerebral hypoperfusion. Reflex syncope, also known as simple faint, may account for up to
80% of syncopal episodes in the young and tends to be benign (1, 2). Prolonged orthostatic
stress (upright posture) is the most common precipitant of reflex syncope in the young, and
loss of consciousness often follows decreased arterial blood pressure (AP) and heart rate
(HR), resulting in cerebral hypoperfusion as shown by “Faint” in Figure 1. Hyperpnea prior
to faint causes decreased end-tidal CO, (ETCO2), which contributes to cerebral
vasoconstriction and further decreases cerebral perfusion (3). The combined results are
transient cerebral ischemia with loss of postural tone and loss of consciousness.

Following such reflex syncopal episodes, individuals characteristically complain of
headache, a symptom known to be associated with all forms of orthostatic intolerance (1, 4).
The causes of these types of headaches are uncertain, but it has been proposed that rapid
decreases followed by rapid increases in cerebral blood flow (CBF) may be important (5-
10). Data from our laboratory indicate that such unstable CBF can result from diminished
cerebral autoregulation which immediately precedes fainting (11). During this period of
ineffective autoregulation, we hypothesize that a sudden decrease in CBF will occur at faint,
followed by a rapid hyperemic increase in CBF upon return to the supine position, and this
leads to a headache that is driven by enhanced pulsatile blood flow.

We tested 16 subjects with a history of fainting and associated headaches (11 female) and 15
healthy non-fainting control subjects (10 female) aged 13-19 years old. Fainters previously
gave a medical history and underwent a physical examination, electrocardiography, and
echocardiography to exclude cardiac and other medical causes of their fainting. Fainters
were referred to our center for testing after experiencing at least 3 episodes of fainting
within the last 6 months. Healthy control subjects reported no clinical illness, no orthostatic
intolerance, and had never fainted.

Exclusionary criteria for participation in this study included any infectious or systemic
disease (including cardiovascular disease), other forms of orthostatic intolerance,
competitive athletic training, recent long-term bed rest, pregnancy within the last 3 months,
and the use of all medications. The use of nicotine containing products was also an
exclusion. All subjects were instructed to refrain from caffeine and xanthine-containing
products for at least 72 hours prior to testing. All subjects were instructed to fast for 12
hours prior to testing. The study was approved by the Institutional Review Board of New
York Medical College. All subjects 18 or older signed an informed consent; those younger
than 18 assented to participate and their parent or legal guardian signed an informed consent.

Subjects arrived at our center at 9:30 AM, which is climate-controlled at 70° F and were
instructed about the procedures and were instrumented while supine. Beat-to-beat blood
pressure was measured with a Finometer (FMS, Amsterdam, The Netherlands) on the left
middle finger calibrated to the brachial artery. The Finometer has a built-in height sensor
and software to compensate for the distance from the finger to the heart during standing.
Additionally, the Finometer uses a “modelflow” algorithm to estimate cardiac output (CO).
Transcranial Doppler ultrasound (Multigon, Yonkers, New York) insonated the left middle
cerebral artery (MCA), and the signal was optimized for depth and signal strength. A custom
headband held the 2 MHz probe in place. Respiratory plethysmography (Respitrace, NIMS
Scientific, Miami Beach, FL) and a capnograph (Smith Medical PM, Waukesha, WI)
measured changes in respiration and ETCO2. An ECG measured HR from the beat-to-beat
cardiac electrical interval.

J Pediatr. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ocon et al.

Page 3

Following instrumentation, subjects remained awake while supine for 30 minutes to
acclimate. Subjects were then tilted head-up to 70°. A vasovagal faint was defined as a loss
of consciousness and postural tone with a concomitant fall in systolic blood pressure (SBP)
below 60 mmHg and a fall in HR, following presyncopal symptoms such as
lightheadedness, nausea, or diaphoresis. All subjects defined as fainters fainted during this
protocol, and all fainters remained upright until they fainted. Upon faint, fainters were
lowered back to the supine position and monitored. All fainters complained of post-syncopal
headaches. Control subjects were tilted upright for a maximum of 10 minutes. We have
previously found this time limit to be comparable with fainters because in our laboratory,
most individuals faint within 10 minutes of upright tilt, and this duration also avoids false-
positive faints (3, 11). No control subjects experienced presyncopal symptoms, a fall in SBP
or HR, or a headache. After 10 minutes of tilt, control subjects were returned to the supine
position and monitored. Subjects did not receive any pharmaceutical agents to provoke
fainting, such as nitroglycerin.

We defined the “baseline” time interval of measurement as the last 5 minutes of the 30
minute supine period. We excluded the first minute of tilt because often adolescent and
young adult subjects experience an initial orthostatic hypotension that is not related to
fainting. The “stable tilt” time interval was defined in fainters as the period after the first
minute of tilt where blood pressure was maintained. In controls, this time period was
minutes 1-9.5 of tilt. Ten minutes was chosen as the end of testing because, in our
laboratory, control subjects remaining upright for longer than 10 minutes run the risk of
fainting, and fainting does not occur during tilts lasting less than or equal to 10 minutes. For
fainters, the “faint” time interval was defined as the 30 second period of time where blood
pressure and heart rate fell and the subject fainted. The comparison time period in control
subjects was called “end tilt” and it consisted of the last 30 seconds of tilt. For fainters and
controls, the “early post-tilt” time interval was defined as 0-2 minutes after the return to the
supine position and “late post-tilt” was defined as 2-5 minutes after the return to the supine
position. Thus, we compared equivalent time periods between groups. We have previously
employed similar techniques to define time intervals that aid in quantization of
hemodynamic events that accompany faint (3, 11).

Mean arterial pressure (MAP) was calculated from the systolic blood pressure (SBP) and
diastolic blood pressure (DBP) as MAP = 1/3 * SBP + 2/3 * DBP. Pulse pressure (PP) was
calculated from the difference between SBP and DBP [PP = SBP — DBP]. Pulsatile cerebral
blood flow velocity was calculated from the difference between the systolic CBFV and the
diastolic CBFV [pulsatile CBFV = systolic CBFV — diastolic CBFV]. The cerebrovascular
resistance index (CVRI) was calculated as the MAP at the level of the MCA (MAPpca)
divided by the mean CBFV [CVRi = MAP\ica/mean CBFV]. MAPy ca Was calculated as
MAP —d *0.735 * sin 70°, where d is the distance from the transcranial Doppler probe to
the 2" intercostal space (12). Similarly, SBP at the MCA (SBPca) and DBP at the MCA
(DBPpca) were calculated using the same formula.

Critical closing pressure (CCP) is the estimated calculated perfusion pressure at which blood
flow ceases in an arterial vessel (13). We estimated the critical closing pressure of the
cerebral vasculature at the level of the MCA for each heart beat based on the linear
regression between the mean CBFV and the MAPy,ca using the formula of a straight line y
=mx + b, where y is the mean CBFV, m is the slope of the regression line, x is MAPyca.,
and b is the y-intercept. The coefficient of determination R? was used to determine the
proportion of the data that the regression line fit for each heart beat. The critical closing
pressure was estimated as the x-intercept (the intercept on the MAPyca axis where mean
CBFV = 0) of the regression line and was equal to (—b/m). Typically, CBFV leads
MAPMca in time. Thus, prior to regression, the waveforms of MAPyca and mean CBFV
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were aligned for each beat, such that peaks and troughs occurred at the same time for both
signals. This resulted in a relationship between MAPy ca and mean CBFV that was linear
during each individual cardiac cycle. The slope of the linear relationship represents the
cerebrovascular conductance at frequencies exceeding the inverse of the RR interval. The
cerebral vasculature functions as a high-pass filter at frequencies exceeding approximately
0.07 Hz. Conductance is therefore not equivalent to the inverse of 0 Hz (D.C.) resistance but
relates to hydraulic impedance terms which are beyond the scope of the present
investigation. Custom written software calculated critical closing pressure for each cardiac
cycle over the entire time series. While upright, the blood pressure was corrected for the
difference in height during tilt to allow for an appropriate estimate of critical closing
pressure.

We sampled the data at 200Hz, stored the digital data on a computer hard drive, and
analyzed the data offline. NCSS 2007 statistical software was used for analysis.
Demographic data was analyzed using an independent Student t-test. All other data were
analyzed using repeated-measures ANOVA with a Bonferroni post hoc test. VValues are
presented as mean + SEM, and statistical significance was set at P < 0.05.

Comparing fainters with controls, age (16 + 1 vs. 17 + 1 years), height (163 + 1 vs. 164 + 2
cm), and weight (62 + 3 vs. 65 * 2 kg) were not different (P>0.05). Table I shows the
baseline supine values for fainters and controls. There were no differences in AP, HR, CO,
respiratory rate, ETCOZ2, or CBFV.

During the stable tilt interval, fainters exhibited an increase in DBP, MAP, HR, and
respiratory rate compared with control subjects, but no significant differences in ETCO2 or
CO was seen between groups (Table I). During the stable tilt period, there were no
differences in any CBFV variables between groups (Figures 1 and 2; available at
www.jpeds.com).

All fainters fainted during the “faint” time interval as previously defined. No control subject
fainted or experienced presyncopal symptoms. At the time of faint, fainters had decreases in
SBP (60+3 vs. 111+4 mmHg, P<0.001), DBP (31+2 vs. 62+3 mmHg, P <0.001), MAP
(4142 vs. 79£3 mmHg, P<0.001), PP (2942 vs. 49+2 mmHg, P<0.001), HR (574 vs. 88+4
bpm, P<0.001), CO (1.58+0.56 vs. 5.09+0.25 L/min, P<0.001), and ETCO2 (33£1 vs. 41+1
mmHg, P<0.001) compared with controls. Respiratory rate increased compared with
controls (23+2 vs. 16+1 breaths/min, P<0.01).

At the time of faint, there was a marked decrease in both mean CBFV and diastolic CBFV
(P<0.001 for both) in fainters compared with control subjects, and systolic CBFV was not
different between groups (Figure 2). Consequently, pulsatile CBFV increased markedly in
fainters and decreased in controls (P<0.01). Figure 1 shows tracings of systolic CBFV,
diastolic CBFV, and pulsatile CBFV for a representative fainter during all time intervals.

Compared with controls, fainters continued to exhibit a decrease in the absolute value of
ETCO?2 at early post tilt (39+1 vs. 44+1 mmHg, P<0.01). Absolute SBP remained lower in
fainters than controls at the early post tilt supine period (104+3 vs. 115+3 mmHg, P<0.05),
as did absolute CO (3.38+0.41 vs. 5.44+0.33 L/min, P<0.001).

Figure 2 and Table | show that during the early post tilt supine period fainters compared
with controls continued to show greater decreases in mean CBFV (P<0.05) and diastolic
CBFV (P<0.01). Fainters exhibited an increase in systolic CBFV, and controls exhibited a
slight decrease (P<0.01). During the early post-tilt supine period, fainters continued to
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exhibit a greater increase in pulsatile CBFV than controls (P<0.05). During the early post-tilt
supine period, all fainters developed headache following fainting at the time of early post-
tilt, whereas control subjects did not.

During the late post-tilt period, no differences were found between groups (Table I). Fainters
described easing or relief of headache during the late post-tilt time period.

Critical closing pressure was similar between groups during baseline and decreased similarly
for both groups during stable tilt (Table II). As shown in Figure 3, during faint, the critical
closing pressure rose in fainters compared with controls (P < 0.05). During the early post-tilt
period, critical closing pressure remained significantly greater in fainters than controls (P <
0.05) (Figure 3 and Table I1).

The slope of the linear regression line for critical closing pressure changed during all time
intervals for both groups (Table I1). The slope was similar between groups during baseline
and stable tilt time intervals. At faint, the slope decreased in fainters compared with controls
and remained decreased during the early post-tilt time interval (P < 0.01 for both). The
coefficient of determination (R2) for the linear regression was similar during all time
intervals for both groups.

Also shown in Table Il, SBPpca, DBPpmca, and MAPyca Were similar between groups
during baseline, stable tilt, and post-tilt time intervals. During the faint time interval,
SBPMmca, DBPumca, and MAPyca all were significantly decreased in fainters compared
with controls (P < 0.001 for all). At faint, the critical closing pressure approached the
DBPpica.

Discussion

This study confirms our hypothesis that following a sudden decrease in CBF at faint, rapid
hyperemic pulsatile CBF occurs upon return to the supine position, and is associated with
post-syncopal headache. Fainting and onset of post-syncopal headaches coincided with an
increase in cerebral CCP and a decrease in CBF, potentiated by hyperpnea and hypocapnia
(3, 11). The decreased CBF in fainters was confined to diastolic flow, but systolic CBF
remained relatively unchanged. Thus, pulsatile CBF increased and was synchronous with a
rise in CCP.

Increased pulsatile CBFV and headache may both be mediated through NO; highly pulsatile
flow is a potent stimulus for NO release compared with laminar flow (14, 15). Systolic
CBFV is thought to be more affected by changes in NO than diastolic CBFV (16). Our data
show increased systolic CBFV following faint, that may be due to increased NO and
decreased diastolic CBFV that may be limited by increased CCP and hypocapnia (12, 13)
resulting in increased pulsatile CBFV.

Pulsatile flow-induced changes in cerebrovascular diameter mediated by NO have been
linked to fainting and headaches (17, 18). Migraine and episodic tension-type headaches
may also relate to vascular changes of CBF (5, 6, 8, 10). Nowak et al (19) found that
children with migraines and chronic-type headaches had increased CBFV during visual
stimulation, due to increased cerebrovasodilation. In animals, NO increases in the
cerebrovasculature during hypotension (20, 21). Typical vascular headaches have their onset
and greatest intensity during amplified vascular pulsations combined with hyperemic CBF.
Increased NO may cause release of calcitonin gene-related peptide (CGRP) (14). NO and
CGRP are mediators of migraines, either due to increased stretching of the vessels or to
stimulation of vascular nociceptors detected as pain via the trigeminal nerve (15, 22, 23).
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Others have suggested that the trigeminovascular system, through stimulation of C-fibers
and release of substance P and CGRP, cause pain and modulate changes in CBF (24-27).

We recently reported that myogenic cerebral autoregulation may become ineffective prior
to, during, and after fainting in young adults (11), and thus CBF is not maintained. During
the early recovery phase of faint, as blood pressure recovers, the more distal cerebral
vasculature is transiently exposed to increased pressure, which may contribute to evoked
pain. Autoregulation loss or decreased effectiveness increases the instability of CBF that
may propagate cerebrovascular blood pressure increments, contributing to vascular-related
headaches. Our determination of CCP and the linear relationship between mean CBFV and
MAPMcAa suggests that autoregulation has failed at the time of faint, and that autoregulatory
mechanisms continues to be ineffective during the early post-faint. During hypotension, a
linear relationship occurs between CBF and MAP that may not denote loss of
autoregulation; pulsatile flow may maintain CBF during falling MAP (28). The sympathetic
nervous system may modulate cerebrovascular tone during hypotension. Zhang et al (29)
and Ogoh et al (30) suggested that following acute hypotension, sympathetically-mediated
cerebrovasoregulation may occur, however neither studied vasovagal syncope. Also,
sympathetic activity may be associated with headaches as chronic tension-type headaches
may be related to decreased Mayer wave activity in the cerebrovasculature (31).

We calculated CCP of the MCA using a linear regression model; our values are similar to
that reported by others (12, 32). We found that CCP decreased in fainters and controls
during stable tilt. CCP remained relatively unchanged in controls throughout tilt, and
fainters exhibited an increase CCP at faint. During early post-tilt, CCP returned to near
baseline in controls, but in fainters increased above baseline. A rise in CCP at faint and early
post-tilt could interfere with cerebral perfusion, especially during diastole (12, 13).

During upright jugular collapse (33), the pressure difference across the vasculature can be
represented by the difference in cerebral perfusion pressure and CCP, which approximates
intracranial pressure. This difference is large for healthy controls because perfusion pressure
is maintained and CCP is low. This difference is much smaller during faint because
perfusion pressure is lower and CCP is relatively increased. Diastolic CBFV may therefore
be critically limited during tilt because the values of the DBPy,ca and CCP become similar.
Thus, pulsatile CBFV increases throughout syncope due to the difference in systolic and
diastolic CBFV. We showed that pulsatile flow is most marked during faint but persists into
early post-tilt, similar to the increased pulsatile CBFV in healthy subjects during
pharmacologically-induced hypotension (28).

Decreased diastolic CFBV occurs when CCP increases, and diastolic CBFV may be
influenced by hypocapnia (12, 13, 34). At faint, our fainters were significantly hypocapnic
compared with controls. The increases in CCP may be due directly to hypocapnic cerebral
vasoconstriction (13). Increased CCP was observed during faint which approached DBPpca
(12). When DBPpca approaches CCP, diastolic flow may be hindered. Thus, decreased
diastolic pressure at the MCA, increased CCP, hypocapnia, ineffective cerebral
autoregulation, and inappropriate cerebrovascular regulation may cause decreased diastolic
CBFV.

Hypocapnia causes cerebral vasoconstriction which precedes faint. Assuming a 2% change
in CBFV per 1 mmHg change in ETCO2, we estimated that the change in ETCO2 could
account for ~6% decrease in CBFV for both groups during stable tilt, a 20% decrease for
fainters at faint with a 7% decrease for controls at end tilt, a 9% decrease for fainters during
the early post-tilt period with a 1% increase in CBFV for controls, and a 1% increase in
CBFV for both groups during the late post-tilt period. These changes in CO» therefore likely
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contribute to alterations in pulsatile blood flow during faint. Changes in CO, may also affect
headaches as migraineurs, who were headache-free at testing, exhibited greater CBFV and
cerebrovascular reactivity to CO5 than healthy control subjects (5,7).

Our current data supports the finding that at faint, fainters’ systolic CBFV remains relatively
unchanged and similar to controls due to cerebrovascular dilation (12). Following fainting,
we found a relative increased systolic CBFV at early post-tilt that may be caused by a
reactive hyperemia following abrupt relief of cerebral ischemia, and by NO release (18, 21).
Relief from ischemia and hyperemia occur with the return to the supine position, during
which AP and ETCO2 rise in a setting of fully dilated cerebral vasculature. Other changes
may account for increased systolic flow as CO and SV also increase on return to the supine
position. Ogoh et al (38) found that CO directly influenced CBFV at rest. Also, Verheyden
et al (39) found that SV and CO fell steeply at faint and then rose to baseline during
recovery, and these changes were major factors leading to hypotension and faint. However,
Deegan et al (40) failed to find an influence of CO on cerebrovascular regulation at rest.
Studies of changes in CO or SV to relative CBFV during fainting have not yet been done.

The current study was of adolescents; however, we speculate that similar findings would be
detected in adults who experience classical vasovagal syncope. We also used control
subjects who did not faint; an alternative design may be to use fainters as their own controls
in a crossover study. We did not have any objective measure of headache intensity in our
subjects. This limits any comparison that could be made between the extent of the increase
in pulsatile CBFV and the corresponding headache pain associated with it. Also, CBFV
measured by Doppler is always equal to or less than the actual flow velocity. Additionally,
we assume the diameter of the MCA remains relatively constant during orthostatic stress.

It is not feasible to get direct values for CCP in healthy subjects. Thus, modeling of CCP
based on the linear regression of CBFV and MAP)ca is an over-simplified expedient.
Another possible source of concern is our use of the calculated CVRI, which uses absolute
values for MAPp ca and mean CBFV based on Finometer and transcranial Doppler
recordings. The ability of these tools to provide a totally accurate value for either
measurement is highly limited.

We describe a group of adolescent fainters who developed headaches following faint. These
headaches may be related to pulsatile changes in CBFV. Following faint, fainters exhibited
increased systolic CBFV and pulsatile CBFV and decreased diastolic CBFV compared with
control subjects. At faint, fainter’s critical closing pressure increased and remained elevated
at the early post-tilt period following fainting.
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CBF cerebral blood flow
MAP mean arterial pressure
HR heart rate
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ETCO2 end-tidal CO2

CBFV cerebral blood flow velocity
AP arterial pressure

CcoO cardiac output

MCA middle cerebral artery

SBP systolic blood pressure

DBP diastolic blood pressure

PP pulse pressure

CVRIi cerebrovascular resistance index
NO nitric oxide

CGRP calcitonin gene-related peptide
SV stroke volume

Resp. Rate respiratory rate

CCP critical closing pressure
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Figure 1.

A) Arterial pressure (AP), B) heart rate (HR), C) mean cerebral blood flow velocity
(CBFV), D) systolic CBFV, E) diastolic CBFV, and F) pulsatile CBFV for a representative
fainter. The fainter is representative of the typical “vasovagal” pattern seen during fainting
in adolescents. During the stable tilt period, AP, HR, and CBFV were steadily maintained.
Prior to fainting, AP and HR decrease and then sharply fall at the time of faint. At the time
of faint, systolic CBFV is relatively maintained, diastolic CBFV decreases greatly, and
pulsatile CBFV increases. During early post-tilt, there is an increase in systolic CBFV;
diastolic CBFV remains low and slowly increases; pulsatile CBFV is increased greatly.
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Figure 2.

Percent change in systolic, diastolic, pulsatile, and mean cerebral blood flow velocity
(CBFV) in fainters (black bars) and controls (gray bars) during stable tilt, faint, and early
and late post-tilt time intervals. There were no differences between groups during the stable
tilt period. During the faint, mean CBFV and diastolic CBFV decreased markedly in fainters
compared with controls, and pulsatile CBFV increased. At early post-tilt, diastolic CBFV
remained decreased and pulsatile CBFV remained increased in fainters compared with
controls, and systolic CBFV increased above baseline in fainters but not controls. Mean +
SEM. *, P <0.05; t, P <0.01; %, P < 0.001 compared with controls.
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Figure 3.

Critical closing pressure at the level of the middle cerebral artery for fainters (black) and
controls (gray). During baseline, critical closing pressure was similar between groups.
Critical closing pressure dropped in both groups during stable tilt. At the time of faint,
critical closing pressure rose in fainters compared with controls. At early post-tilt, critical
closing pressure was higher in fainters compared with controls. Mean £ SEM. *, P < 0.05
compared with controls.
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