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Vaso-occlusive crisis (VOC) is a hallmark of sickle cell disease (SCD)
and occurs when deoxygenated sickled red blood cells occlude the
microvasculature. Any stimulus, such as mental stress, which

decreases microvascular blood flow will increase the likelihood of red cell
entrapment resulting in local vaso-occlusion and progression to VOC.
Neurally mediated vasoconstriction might be the physiological link
between crisis triggers and vaso-occlusion. In this study, we determined the
effect of mental stress on microvascular blood flow and autonomic nervous
system reactivity. Sickle cell patients and controls performed mentally
stressful tasks, including a memory task, conflict test and pain anticipation
test. Blood flow was measured using photoplethysmography, autonomic
reactivity was derived from electrocardiography and perceived stress was
measured by the State-Trait Anxiety Inventory questionnaire. Stress tasks
induced a significant decrease in microvascular blood flow, parasympathet-
ic withdrawal and sympathetic activation in all subjects. Of the various
tests, pain anticipation caused the highest degree of vasoconstriction. The
magnitude of vasoconstriction, sympathetic activation and perceived stress
was greater during the Stroop conflict test than during the N-back memory
test, indicating the relationship between magnitude of experimental stress
and degree of regional vasoconstriction. Baseline anxiety had a significant
effect on the vasoconstrictive response in sickle cell subjects but not in con-
trols. In conclusion, mental stress caused vasoconstriction and autonomic
nervous system reactivity in all subjects. Although the pattern of responses
was not significantly different between the two groups, the consequences
of vasoconstriction can be quite significant in SCD because of the resultant
entrapment of sickle cells in the microvasculature. This suggests that mental
stress can precipitate a VOC in SCD by causing neural-mediated vasocon-
striction.

Introduction

Sickle cell disease (SCD) is a genetic disorder in which polymerization of deoxy-
genated sickle hemoglobin (HbS) leads to decreased deformability of the normally
flexible erythrocytes. These rigid sickle-shaped red blood cells (RBC) can occlude
the microvasculature leading to the sudden onset of painful vaso-occlusive episodes
(VOC).1,2 After HbS deoxygenates in the capillaries, it takes some time (seconds) for
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HbS polymerization and the subsequent flexible-to-rigid
transformation. If the transit time of RBC through the
microvasculature is longer than the polymerization time,
sickled RBC will lodge in the microvasculature.3 Any trig-
ger that decreases microvascular blood flow will prolong
the transit time, promoting the entrapment of sickled
RBC, resulting in vaso-occlusion. This physiology of SCD,
described decades ago,4,5 is fundamental to understanding
the triggering of VOC. Patients report that stress, cold, and
pain itself can trigger the onset of VOC6 but the frequency
of VOC is highly variable. To date, the mechanism of how
such events might trigger regional vaso-occlusion has not
been fully elucidated. 
Psychological stress is an exacerbating factor in many

chronic illnesses, such as SCD,7–10 coronary artery disease
and myocardial ischemia.11,12 Stress is significantly associ-
ated with increased pain intensity, reductions in social and
physical activities and greater health care utilization.8,13,14
Day-to-day stressors have been associated with onset of
pain and the course of VOC in SCD.9,10 Stress is well-
known to modulate autonomic nervous system (ANS)
activity which in turn plays a major role in the regulation
of regional blood flow.15 Interestingly, SCD children with
greater mental-stress-induced autonomic reactivity had
more severe clinical disease.16,17 SCD subjects also have
augmented ANS-mediated vasoconstriction in response to
sighing, hypoxia, and pain.18-20 Therefore, autonomic dys-
regulation in SCD represents a plausible physiological link
between mental stress and sickle RBC retention in the
microvasculature.16,18–21 Further understanding of this pro-
posed mechanism of VOC triggering would not only help
to predict disease manifestations, but would also open up
opportunities for therapeutic intervention in disorders
such as SCD in which preservation of microvascular blood
flow is important.22
To address the role of mental stress in the physiology of

SCD, we objectively quantified microvascular blood flow,
measured by photoplethysmography, in response to stan-
dardized mental stress tasks in subjects with SCD and in
controls. We also assessed cardiac ANS balance by analy-
sis of heart rate variability in response to mental stress. We
correlated photoplethysmogram-derived physiological
indices with subjective indices of perceived stress assessed
from standardized anxiety questionnaires. The aim of this
study was to determine the relationship of peripheral and
cardiac ANS responses with mental stress in SCD. 

Methods

The study was conducted under an institutional review board-
approved protocol at the Children’s Hospital Los Angeles with
approved consent/assent. Twenty SCD subjects with Hb SS, S-β0,
S-β+ or SC genotype and 16 age- and race-matched controls from
the patients’ family and friends were recruited. 

Experimental setup and study protocol
All studies were performed in an ANS laboratory under strictly

controlled settings.18 Neuropsychological stress was assessed at
baseline using the State-Trait Anxiety Inventory (STAI) question-
naire.23 The STAI Y-1 and Y-2 evaluate “anxiety at this moment,
aka state anxiety” and “how people generally feel, aka trait anxiety”,
respectively. 

Following 5 minutes of baseline recording, the stress induction
protocol was presented through psychological software (E-prime

2.0, Psychology Software Tools, USA). The protocol consisted of
a memory task (N-back)24 and a conflict test (Stroop),25,26 presented
in a randomized order, followed by a pain anticipation (PA) test
(Figure 1). During the N-back task, the subjects were asked to
respond when the current letter matched the letter from n steps
(n=zero, one, two, or three back) earlier in the sequence. During
the Stroop task, the participants were asked to identify the font
color of a word, not the written name of the word.  We measured
state anxiety between tasks.  During the PA task, subjects read the
following sentence on their computer screen: “You will receive a
maximum pain stimulus in one minute. When you cannot tolerate
the pain any longer, say STOP and the device will cool down to
normal level immediately”. However, no pain stimulus was actu-
ally applied. 

Physiological measurements and analysis parameters
All the physiological monitoring sensors were attached to the

subjects’ left arm. Microvascular blood flow was measured using
photoplethysmography (Nonin Medical Inc., USA) and laser
Doppler flowmetry (Perimed, Sweden). Respiration (thoracic and
abdominal bands, zRip DuraBelt, Philips), the electrocardiogram
and continuous blood pressure (Nexfin, Amsterdam) were record-
ed. 

Recorded data from all devices were exported for processing
and analysis in MATLAB. The photoplethysmogram amplitude
was normalized to its own 95th percentile value during the full
study. The average microvascular blood flow was calculated over
the 5 min baseline period, the N-back, Stroop and PA tasks. The
percent decrease in the amplitude of the photoplethysmogram or
microvascular perfusion waveforms (Figure 2; 2nd and 3rd signals,
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Figure 1. Time sequence of the study
protocol. The subjects were randomly
assigned to perform the N-back or
Stroop test first. STAI: State-Trait
Anxiety Inventory; Y-1: Sate question-
naire; Y-2 Trait questionnaire.



respectively) from the baseline mean was interpreted as a vaso-
constriction response.18,27

Cardiac autonomic balance was assessed by analysis of the R-
to-R interval and heart rate variability19,28,29 during baseline and
mental stress tasks. The following power spectral indices were cal-
culated: low frequency power, reflecting a combination of cardiac
sympathetic and parasympathetic activity; high frequency power,
reflecting parasympathetic activity;29,30 and the ratio of low fre-
quency power to high frequency power, reflecting sympathovagal
balance.30 

Percent changes in mean microvascular blood flow and mean
spectral indices from baseline to tasks were calculated. The
Student t-test (or Wilcoxon sign rank) or χ2 test was used to test
baseline group differences and task differences. Robust regression
was used to correlate vasoconstriction response and state anxiety
during the PA task. Repeated measures analysis of variance was
used to test differences in N-back and Stroop sublevels and accu-
racy scores. All statistical analyses were performed using
STATA/IC 14.1 (StataCorp LP, TX, USA) with nominal signifi-
cance set at P≤0.05.

The methods are described in detail in the Online Supplementary
Methods S1 .

Results

Data from a total of 20 SCD patients and 16 controls
were analyzed. Transfused and non-transfused subjects
with SCD were grouped together and healthy and sickle
cell trait subjects (controls) were combined after it had
been demonstrated that these factors were not statistically
significant in the analyses. The percentage of HbS (HbS%)
was considered to be zero in patients with sickle cell trait

as the cellular distribution of HbS differs in sickle cell trait
and does not contribute to sickling under the conditions of
the experiments in this study, making the HbS% in sickle
cell trait not comparable to that in transfused or non-trait
sickle phenotypes. The subjects’ characteristics are sum-
marized in Table 1. Nine (45%) SCD subjects were on
chronic transfusion, nine (45%) were being treated with
hydroxyurea and two (10%) were not receiving either
treatment. The characteristics of both groups were bal-
anced except for hemoglobin concentration on the study
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Figure 2. Raw waveform and wave
amplitude signal output from the
Biopac System. Example of a record-
ing from a single subject. The top panel
(Tasks) is the output of the E-prime
software where the height of the bars
represents the difficulty of the task.
The second and third panels are the
photoplethysmography (PPG) signal
and PPG amplitude (PPG Amp), respec-
tively.  The fourth panel is microvascu-
lar perfusion (PU) determinecd by
laser-Doppler. Panel five is the R-to-R
interval from the electrocardiogram
and panel six is the respiratory signal.

Table 1. Population characteristics.
                                          Total             SCD        Controls          P-value
                                          N=36           N=20          N=16                  

Age in years                         20 (0.94)       21 (1.40)     20 (1.24)               0.5¶
Gender, n (%)                                                                                                      
Male                                      19 (47)           11 (55)          8 (50)                 0.77β

Female                                 17 (53)            9 (45)           8 (50)                     
Hemoglobin g/dL              11.4 (0.36)   10.02 (0.37) 13.13(0.32)       <0.0001*¶
Hemoglobin S%§               56.58(5.98)   56.58(5.98)          --                        --
State anxietyD                   28.11(1.18)   28.95(1.61) 27.06(1.75)           0.36 ¶
Trait anxietyD                     33.78(1.51)   35.55(2.40) 31.56(1.52)           0.30 ¶
Immediate anxiety          33.97(1.91)    34.9 (2.99)  32.81(2.19)            0.96¶
after first task◊

¶P-value from the Student t-test. Continuous variables are listed as mean ± standard
error. β P-value from the χ2 test. D State anxiety was assessed by the State-Trait Anxiety
Inventory (STAI) Y-1 questionnaire and Trait anxiety by the STAI Y-2 questionnaire at
the beginning of the experiment. ◊ Immediate anxiety was assessed by STAI Y-1 after
completion of the first task. §  Hemoglobin S% is the percentage of hemoglobin S,
which can contribute to sickling under normal physiological conditions.
*Statistically significant difference (P<0.05).



day. Sixty-one percent of subjects had a level of education
equivalent to high school or superior. Seventy-two per-
cent reported that they had a high level of competitiveness
on the visit screening questionnaire. 

Vasoconstriction due to mental stress
As determined from the photoplethysmogram, there

was a significant drop in microvascular blood flow during
both cognitive tasks (N-back and Stroop, P<0.0001) and
the PA task (P<0.0001) (Figure 3). Figure 2 (signal 2) shows
a typical response of vasoconstriction in one subject. The
drop in microvascular blood flow from baseline was
greater during the PA task than during the cognitive tasks.
A similar vasoconstriction response was observed when
the microvascular blood flow was assessed by laser-
Doppler flowmetry. Subjects had higher anxiety scores

immediately after completing the tasks than at baseline
(STAI Y-1, mean difference=6; P=0.0007). Eighty-five per-
cent of patients with SCD and 75% of controls showed
vasoconstriction compared to baseline during at least one
cognitive task. Eighty-five percent of SCD patients and
87.5% of controls had decreases in mean blood flow dur-
ing the PA task. There was no difference in the magnitude
of responses between individuals with SCD and controls.
Demographic variables such as age, gender, race, number
of days from last menstruation, and laboratory values
were not associated with the magnitude of the vasocon-
striction response. 
The Stroop test caused greater vasoconstriction than the

N-back task, irrespective of the order in which the tests
were presented (P=0.019) (Figure 3). Subjects who were
randomized to perform the Stroop task first had greater
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Figure 3. Microvascular blood flow under mental
stress in all subjects. Significant vasoconstriction
occurred during all mental stress tasks compared to
baseline. Open diamonds represent group median
values. SE: standard error of mean.

Figure 4. Effect of error rate during mental stress tasks on blood flow. (A, B) Mean ± standard error (SE) of microvascular blood flow and accuracy scores in sublevels
of the N-Back (zeroback, oneback, twoback and threeback) task (A) and Stroop (onestroop, twostroop and threestroop) (B).

A B



anxiety responses than did the subjects who performed
the N-back task first (mean difference=10; P=0.03).
Overall the accuracy score was significantly lower for the
Stroop task than for the N-back task in all subjects (mean
score difference=25, P<0.001).
The accuracy score for the Stroop and N-back tasks

decreased as the difficulty increased from zero-back to
three-back in the N-back task and from level one to level
three in the Stroop task (P<0.0001) (Figure 4) but there
was no further change in blood flow with increasing diffi-
culty. Once the subjects manifested vasoconstriction, in
comparison with baseline vascular tone, the vasoconstric-
tion remained throughout the whole task regardless of the
difficulty of the tasks. 

Vasoconstriction response to perceived anxiety during
pain anticipation
On robust regression, the effect of state anxiety on

blood flow response was greater in SCD patients than in
controls (P=0.03 for the interaction), suggesting that high-
er anxiety at baseline (STAI Y-1) in SCD subjects is associ-
ated with less change in blood flow (coefficient = -1.85,
P=0.002) in response to pain anticipation (Figure 5). State
anxiety had no effect on change in blood flow in control
subjects. To understand why SCD subjects would have
less response with high anxiety, we looked at the baseline
blood flow. We found that highly anxious subjects tended
to have a lower mean baseline blood flow (Online
Supplementary Figure S1), meaning they were already vaso-
constricted at baseline, limiting them from further vaso-
constriction. This trend was not seen among controls.
(Online Supplementary Figure S2A, B: high-anxiety SCD
responder and low-anxiety SCD responder).

Cardiac autonomic response
Since the ANS regulates blood flow and SCD subjects

have dysautonomia,15,28,31,32 we explored the effect of men-
tal stress responses on cardiac autonomic balance. In com-

parison to the value at baseline, there was a significant
decrease in R-to-R interval, signifying an increase in heart
rate, during all tasks (P<0.0001) (Figure 6A). As for the
microvascular blood flow response, the R-to-R interval
was less during the Stroop task than during the N-back
task (P=0.002). 
There was significant parasympathetic withdrawal dur-

ing the N-back and Stroop tasks as reflected by the drop in
high frequency power (P=0.002 and P<0.0001, respective-
ly) (Figure 6B) The Stroop task caused stronger parasym-
pathetic withdrawal than the N-back task (P<0.0001).
There was more sympathetic activation during the Stroop
test (low-to-high power ratio: P=0.03), but not during the
N-back task. We did not analyze autonomic reactivity dur-
ing the PA task because the 1-minute test period was not
long enough to derive spectral indices.29

Discussion

VOC is a significant complication of SCD and a major
cause of morbidity and mortality.33 The frequency of VOC
is related in part to hemoglobin-F content, white blood cell
count, inflammatory status and other factors.34-36 However,
there is still significant variability in crisis frequency
among SCD subjects with otherwise similar hematologic
status. Pain crises can be promoted by preceding dehydra-
tion, infection, injury, exposure to cold or emotional
stress.37,38 Much of the research in past decades has focused
on adhesion and processes attributed to occlusion in the
post-capillary venule, and to decreased flow due to nitric
oxide depletion.39 While stress and cold are often men-
tioned, very little attention has been paid to decreased
flow due to neurally induced vasoconstriction.32,40 SCD
patients undergo a tremendous amount of stress not only
due to environmental challenges but also the illness-relat-
ed stress of painful episodes, repeated medical procedures
and life-threatening complications. Stress causes ANS
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Figure 5. Relation between vasoconstriction during
pain anticipation and perceived stress (state anxiety)
in sickle cell disease subjects and controls. State anxi-
ety was determined at baseline by the State-Trait
Anxiety Inventory Y-1 questionnaire (STAI Y-1) and
assessed in response to change in microvascular blood-
flow during pain anticipation (PA) in sickle cell disease
(SCD) subjects (closed circles, —) and controls (open
diamonds, - - -). SCD subjects who were highly anxious
at baseline had a smaller vasoconstriction response
during the PA task than the SCD subjects who were less
anxious (P=0.002); this effect was not seen among con-
trols. MBF: microvascular blood flow.



hyperreactivity by enhancing the sympathetic nervous
system and dampening the parasympathetic system in
SCD subjects compared to non-SCD individuals.16,17
Sympathetic and parasympathetic responses have been
related to clinical vaso-occlusion in SCD, through ANS
modulation of regional blood flow.15,17 SCD is probably the
best example of a disorder in which decreased microvas-
cular perfusion can be directly related to the pathology of
the disorder, because the increase in transit time from
decreased blood flow promotes entrapment of rigid red
cells in small vessels.3,5 To our knowledge, this is the first
study to quantify regional blood flow modulated by ANS
reactivity under mental stress in SCD.
Our data show that experimental mental stress caused a

decrease in regional blood flow in all participants. While
we thought that SCD subjects would exhibit stronger
vasoconstriction because of their hyperresponsiveness to
sympathetically induced stimuli, such as sighing,28 we did
not detect a difference in stress-induced vasoconstriction
between SCD patients and controls. We did find a signifi-
cantly higher anxiety response score (P=0.03) in subjects
who were exposed to the more difficult mental stress test
first (Stroop). We also found that the degree of vasocon-
striction was proportional to the magnitude of the stress.
Subjects reported that overall the Stroop task was more
stressful: accuracy scores were lower and there was also a
greater decrease in blood flow with this cognitive stressor
task. However, different sublevels of difficulty within a
task type did not correlate with levels of vasoconstriction.
This finding suggests that consecutive stressful events
could make SCD patients more vulnerable to vaso-occlu-
sion. We think that variability in the vasoconstriction
response to stress may account in part for differences in
clinical severity among SCD patients who have the same
hemoglobin phenotype. The frequency of VOC and inten-
sity of pain are higher among patients found to have high
anxiety and stress scores on standard psychological assess-
ments.8,41,42 We tried to correlate the vasoconstrictive
response with clinical severity. As our SCD patients were
either on chronic transfusion or hydroxyurea, the number
of VOC was too low to detect differences in this current
relatively small sample. 

Along with a strong vasoconstriction response, signifi-
cant autonomic reactivity was seen in all subjects. The
Stroop test was consistently more stressful, and induced
greater vasoconstriction as well as greater autonomic reac-
tivity. There was both sympathetic activation as well as
parasympathetic withdrawal during this cognitive task.
Mental stressors are known to influence autonomic func-
tion by sympathetic or parasympathetic tone alterations.
Higher anxiety induces atherosclerosis via enhanced sym-
pathetic modulation, increasing the risk of cardiovascular
disease.43 In addition, mental stress and anxiety have been
linked to impaired endothelial function via autonomic
dysfunction.43–45 Endothelial function, quantified by flow
mediated dilation, decreases as a result of mental stress
tasks.46 Similarly, in SCD, a synergistic interaction
between impaired local vascular function and the exagger-
ated neurally mediated vasoconstrictive response could
further reduce peripheral blood flow, setting the stage for
VOC. 
Consistent with the findings of our previous study,18

anticipation of pain caused significant vasoconstriction
and this response was quantitatively greater than that of
the calibrated experimental stress tasks (Figure 3). We do
not have strong evidence to conclude that the presence of
SCD alone influences mental stress-induced vasoconstric-
tion but anxiety seems to be a modifying factor.
Interestingly unlike control subjects, SCD subjects who
were highly anxious had less vasoconstriction during the
PA task and vice versa. We think that this pattern of
response occurred because highly anxious subjects were
already vasoconstricted at baseline and this limited the
magnitude of further vasoconstriction. So the fact that
SCD subjects have less change in the vasoconstriction
response to the stressors than controls actually reflects
their chronically vasoconstricted state. Although not sta-
tistically significant, the trend of lower baseline blood
flow with high anxiety in SCD can be seen in Online
Supplementary Figure S1, which also shows the significant
variability in baseline measures. Photoplethysmogram
and microvascular perfusion signals from Perimed do not
have absolute units, so measurements made as percent
changes from baseline are more reliable, basically correct-
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Figure 6. Autonomic nervous system responses to mental stress.  (A) R-to-R interval (sec) and (B) high frequency power (sec2/Hz, shown on a log scale) in response
to the N-Back and Stroop tasks in all subjects. There is a significant decrease in R-to-R interval and parasympathetic withdrawal during mental stress tasks compared
to baseline. SE: standard error of mean; HFP: high frequency power. 
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ing for baseline variability and allowing detection of the
differences seen in Figure 5. These findings may be related
to pain catastrophization and increased psychophysical
pain sensitivity due to frequent pain episodes.7,47,48 Over
the years, pain catastrophization may increase the fre-
quency of pain and severity of pain crises.47,49 From a
standpoint of neural physiology, repeated acute pain cre-
ates a central neural pathological pain connectome50 that
leads to baseline chronic pain and chronic vasoconstric-
tion. Although baseline blood flow was not statistically
significantly lower, probably due to insufficient study
power, we suspect that the above-described phenomenon
is the explanation for our findings and warrants further
study.
We showed that neurally mediated vasoconstriction is a

biophysical marker of mental stress in SCD patients and
controls. Mental stress has been identified as a trigger for
pain crises in SCD and its connection with a decrease in
microvascular perfusion seems to make a causal link to
VOC. The probability of vaso-occlusion is predicted to be
related to the relation between time to polymerization of
deoxy HbS and microvascular flow.3,5 Obviously, HbS is
the major pathology in SCD. However, neurally mediated
changes in microvascular flow certainly play a significant
and unappreciated role. Individual variation in patterns of
vasoconstriction with different ANS reactivity may offer a
possible biological explanation for the variability in the fre-
quency of VOC in SCD patients with similar hemoglobin
phenotype. Identifying the high-risk individuals who
show a phenotype of chronic vasoconstriction and repeat-
ed pain crises, and targeting them with neuro-modulatory
cognitive-based therapies may improve vascular and neu-
ral physiology in SCD. In the primary stage of a crisis,

implementing these learned cognitive-based therapies or
distraction and relaxation techniques will help to improve
the prognosis during acute pain. Microvascular flow in
response to stress may also serve as an important surrogate
endpoint for therapy in SCD and other diseases in which
small vessel blood flow and reactivity are important. 
Some limitations of this study should be acknowledged.

One limitation was that the small sample size did not
allow us to detect a difference in the magnitude of vaso-
constriction between groups and correlate it with a clinical
outcome such as VOC. Since the concept that mental
stress causes vasoconstriction has not been studied in SCD,
prior effect size was not known to permit sample size cal-
culation. Another reason for lack of difference between
groups is that over 90% of our patients are on hydroxyurea
or chronic transfusion and thus clinical crises are relatively
uncommon. Any real magnitude differences would be
more likely to emerge in studies with larger samples and
untreated patients.  However, the primary aim of this
study was to understand the changes in peripheral and car-
diac responses to mental stress. The fundamental study
design presented here was able to detect changes in phys-
iological signals with millisecond accuracy and clearly
showed vasoconstriction responses and ANS reactivity due
to mental stress in all subjects. We think that the conse-
quences of these findings are mechanistically related to the
pathophysiology of sickle cell vaso-occlusion.
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