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Abstract

Postural tachycardia syndrome (POTS) is a chronic form of orthostatic intolerance associated with
cognitive dysfunction. We hypothesized executive function and attention is impaired in POTS
during active standing. Eighty-seven POTS participants and 39 healthy controls of similar age, sex,
and education level completed executive function (Stroop word-color) and attention (CogState
Identification) tests in supine and standing postures in a cross-sectional study. POTS participants
had lower executive function (t-score: 48+ 11 vs. 55+10 control; p=0.009) and worse attention
(reaction speed: 2.78+0.11 vs. 2.69+0.06 control; p<0.001) during standing. These data provide
new evidence that active standing impairs attention and executive functioning in POTS.
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INTRODUCTION

Postural Tachycardia Syndrome (POTYS) is a chronic form of orthostatic intolerance that has
a strong female predominance (4-5:1), primarily affecting women of childbearing age.
(Arnold et al., 2018) POTS is defined by an increase in heart rate from supine of at least 30
beats/minute in adults (>40 beats/minute for age 12-19) within 10 minutes of standing or
head-up tilt and associated chronic orthostatic symptoms including fatigue, lightheadedness,
nausea, and palpitations.(Sheldon et al., 2015) In addition, many patients with POTS
experience subjective cognitive complaints or “brain fog” with reports ranging from 43% to
96% in the literature (Boris et al., 2018; Karas et al., 2000; McDonald et al., 2014; Ross et
al., 2013; Shaw et al., 2019; Tsai Owens et al., 2019). The underlying nature and impact of
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orthostatic stress on cognition in POTS, however, is not fully understood. Most previous
studies have reported normal cognition in POTS in the supine posture with impairment in
measures of attention, executive function, and working memory in the seated posture or with
head-up tilt.(Anderson et al., 2014; Arnold et al., 2015; Ocon et al., 2012; Stewart et al.,
2015; Stewart et al., 2012; Tsai Owens et al., 2019) No published studies to date have
examined cognition in POTS during active standing when patients are most symptomatic in
daily life. In this study, we hypothesized that cognitive domains of executive function and
attention are impaired in POTS compared to healthy participants during active standing.

METHODS

The Penn State Hershey Medical Center Institutional Review Board approved all protocols.
A convenience sample of POTS participants (n=87) was recruited from the 2018
Dysautonomia International Conference, which included 24 adolescents (age range: 14-19
years) and 63 adults (age range: 20-59 years). POTS participants were enrolled if they were
between 13 and 60 years of age, previously diagnosed with POTS, able to stand unassisted,
and able and willing to provide informed consent or assent. POTS participants self-reported
a previous diagnosis by a medical professional and remained on any prescribed treatments
during the study protocol. Healthy controls (n=39, age range: 13-57 years) were recruited
from the Penn State Health Milton S. Hershey Medical Center and the surrounding
community. Healthy controls were matched to POTS participants based on age, sex, and
educational level, were free of chronic illness, and able and willing to provide informed
consent or assent. POTS and healthy participants were excluded if they were less than 13 or
greater than 60 years of age, unable to give or withdraw informed consent, prisoners, or
unable to stand. Participants 18 years and older provided written informed consent, and
participants under 18 years old signed an assent form and a parent signed the consent form.
Participants completed a demographic survey in REDCap that included current medications.

Blood pressure and heart rate were measured following 1, 3, and 5 minutes in both the
supine and standing postures. Blood pressure and heart rate values were measured after 5
minutes in each posture are reported, to minimize potential hemodynamic and symptomatic
carryover effects from the previous posture. Following blood pressure measurements,
participants completed cognitive tests for 5 minutes in the supine and active standing
postures. There were no differences in testing duration between groups or between postures
within groups. The order of testing was randomized and counterbalanced to control for
potential postural and learning effects; half of participants performed cognitive tests supine
first, and then standing, and half of participants completed cognitive testing standing first,
then supine.

The cognitive tests included the Stroop word-color test of executive function and the
CogsState Identification Task of visual attention. For the Stroop test, participants are asked to
name the color of ink a word is printed in, when the word itself is a different color name.
(Jensen et al., 1966) This test takes ~3 minutes to complete. The number of words correctly
identified is transformed into a t-score based on age, gender, and educational level. The
mean t-score is 50, with an individual t-score within £1 SD of the mean (40-60) representing
normal functioning. An individual t-score less than 40 indicates clinically meaningful
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impairment. The CogState Identification task is a computerized test that measures attention
using a choice reaction time paradigm.(Maruff et al., 2009) In this task, a playing card is
presented on the screen face down, and when the card flips over, the participant must decide
if the color of the card is red or not. This test takes ~2 minutes to complete. The primary
outcome measure is the mean of log10-transformed reaction time for correct responses, with
higher values indicating worse performance. The normative data range for the age groups in
this study is 2.66-2.71. We used these tests as: (1) they are well established in the literature
to assess executive function and attention; (2) they can be accomplished within a short time
period, so that POTS participants could finish testing during standing; (3) they are relatively
immune to learning effects due to multiple versions or computerized paradigms; and (4)
previous studies have shown impaired executive function and attention in POTS in seated
and standing postures using these tasks (Anderson et al., 2014; Arnold et al., 2015).

Authors AJM, TS, KMB, and ACA performed the study procedures, and thus were not
blinded to testing order. All investigators, however, were blinded to testing results, including
author MF who analyzed and entered data. Data are shown as mean + SD unless otherwise
noted and were analyzed by either GraphPad Prism (Mersion 7) or SPSS (\ersion 26).
Cognitive outcomes were analyzed by two-factor ANOVA to examine main effects of group
(POTS, control) and posture (supine, standing) and their interaction with post-hoc Tukey’s
tests. Demographic data were compared between POTS and healthy participants using Mann
Whitney U tests. The proportions of POTS versus healthy participants that were female, had
orthostatic tachycardia, and had mild cognitive impairment were compared using Chi-square
tests. To determine potential clinical predictors for cognitive impairment, a general linear
model was used with cognitive test scores defined as the dependent measure, participant
group as a fixed factor, and hemodynamic and demographic variables as covariates.

RESULTS

Demographic data and orthostatic vital signs after 5 minutes in each posture are shown in
Table 1. POTS participants and healthy controls had similar age, sex, education level, and
systolic blood pressure. Supine and standing diastolic blood pressure and heart rate were
higher in POTS compared to controls (p<0.05, Table 1). Since treatments were maintained
during the study, most POTS participants did not exhibit orthostatic tachycardia >30 beats/
minute. Common medications taken by POTS participants during the study included: p-
blockers (49%), Vitamin B (30%), Fludrocortisone (29%), Midodrine (28%), 1V saline
(26%), Benzodiazepines (16%), Ivabradine (14%), Steroids (13%), Pyridostigmine (12%),
and Opioids (5%). If participants wore compression garments, they were asked to remove
them prior to the study visit.

The cognitive testing data are shown in Figure 1. The Stroop word-color t-scores of
executive function were on average lower in POTS versus healthy participants regardless of
posture (Pgroup= 0.001, Pposture= 0.891, P15¢=0,502) Post-hoc analysis revealed that Stroop
word-color t-scores were significantly lower in POTS versus controls in standing (POTS:
48+1, controls: 5542, p=0.007) but not supine (POTS: 4941, controls: 54+1, p=0.095,
Figure 1A) positions. Most POTS participants had executive function scores within the
normative range (t-score 40-60). A greater proportion of POTS participants, however, had
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scores consistent with clinically meaningful impairment in executive function (t-score <40)
in both supine (POTS: 24%, Controls: 8%, p<0.001) and standing (POTS: 25%, Controls:
3%, p<0.001, Figure 1A) postures. Importantly, executive function remained impaired in
POTS compared with healthy controls even after removal of t-scores <40 (Pgyoyp= 0.009,
Pposture= 0.190, Pjn¢= 0.446). Given that this study included both adolescent and adult
participants, we used a general linear model to assess the potential contribution of age to
impairments in executive function in POTS. We found that after adjustment for age, supine
and standing executive function remained impaired in POTS (p=0.017 and p=0.002,
respectively).

CogsState Identification scores of attention were also significantly different between POTS
and healthy controls (Pgyoyp<0.001), with no main effect of posture (Pposture=0.109) and a
group by posture interaction detected (P;,+=0.005). Attention scores were higher (worse) in
the standing versus supine posture in POTS (supine: 2.73+0.08, standing: 2.78+0.11,
p<0.001) but not in controls (supine: 2.70+0.06, standing: 2.69+0.05, p=0.884, Figure 1B).
Attention scores were worse in POTS compared to controls in the standing posture
(p<0.001), but not in the supine posture (p=0.478). After adjustment for age using a general
linear model, attention was still impaired in POTS participants during standing (p=0.001),
but not in the supine posture (p=0.783).

We also assessed for potential clinical predictors to cognitive impairment during active
standing in POTS participants. With standing executive function defined as the dependent
variable, there were no significant main effects of age (p=0.545), systolic blood pressure
(p=0.792), diastolic blood pressure (p=0.913), heart rate (p=0.602), or orthostatic changes in
systolic blood pressure (p=0.741), diastolic blood pressure (p=0.429) or heart rate (p=0.387).
With standing attention defined as the dependent variable, there were also no significant
main effects of age (p=0.116), systolic blood pressure (p=0.410), diastolic blood pressure
(p=0.081), heart rate (p=0.693), or orthostatic changes in systolic blood pressure (p=0.668),
diastolic blood pressure (p=0.138) or heart rate (p=0.782). Importantly, for both executive
function and attention, the participant group effect remained significant (p<0.01) after
adjustment for these demographic and hemodynamic variables when compared both within
POTS groups (normal versus impaired Stroop scores) and to healthy controls. Finally, we
found a significant negative correlation between Stroop word-color and CogState
identification scores in the standing position (r?=—0.191, p<0.001), with no correlation in the
supine position (r2=—0.035, p=0.095). This suggests a relationship between mild impairment
on the Stroop word-color test and slower reaction time on the CogState Identification task
during standing in POTS.

DISCUSSION

Overall, we found that executive function and attention are impaired in POTS during active
standing when compared to healthy controls of similar age, sex, and education level. These
impairments in cognitive function were observed in POTS participants even on medications
and with the majority demonstrating well-controlled orthostatic tachycardia. While most
POTS participants had cognitive test scores within normal limits, approximately 25%
exhibited clinically meaningful impairment in executive function. These findings suggest
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that active standing impairs cognitive domains of attention and executive function
particularly within a subset of POTS participants and emphasizes the need for further
research to better understand how orthostatic stress affects cognition in this patient
population to help identify novel targeted treatment approaches.

Brain fog is described in POTS as “forgetful”, “cloudy”, and “difficulty focusing, thinking,
and communicating” suggesting impairment in multiple cognitive domains including
executive function, attention, and memory.(Ross et al., 2013) In the supine position, studies
have shown no differences between POTS patients and healthy controls in memory (n-back,
CogsState One Card Learning, and WRAML2 memory tasks), and attention and psychomotor
function (CogsState Identification and Detection tasks, WRAML2 attention/concentration
index).(Anderson et al., 2014; Ocon et al., 2012; Stewart et al., 2015; Stewart et al., 2012;
Tsai Owens et al., 2019) In contrast, a study showed decreased attention (Ruff 2&7 Selective
Attention speed), cognitive processing speed (Symbol Digits Modalities Test), and executive
function (Stroop word-color and Trails B) in POTS when tested in the semi-recumbent
posture to minimize orthostatic tachycardia (Arnold et al., 2015). This study noted
selectivity in cognitive deficits in POTS with normal performance on measures of
psychomotor speed, memory function, and verbal fluency. Finally, a handful of studies have
tested cognition in POTS during passive upright posture induced by head-up tilt, and
reported impairments in working memory (n-back) and attention and information processing
(CogState Detection and Identification tasks).(Anderson et al., 2014; Ocon et al., 2012;
Stewart et al., 2015; Stewart et al., 2012)

While previous studies measured cognition in response to head-up tilt, no studies have
evaluated cognition during active standing. Active standing differs from passive upright
posture induced by head-up tilt in that the body compresses and releases pressure on veins in
the lower extremities to engage the skeletal muscle pump and to increase venous return to
the heart.(Rowell, 1986) These reflex responses to counteract effects of initial and prolonged
standing are significantly less present during passive tilt, resulting in reduced venous return
over time. This results in marked differences in hemodynamic responses, with a previous
study showing exaggerated orthostatic tachycardic responses in POTS patients during head-
up tilt versus active standing.(Plash et al., 2013) In addition, active standing is more realistic
to what people with POTS experience daily, and therefore induces less emotional stress than
head-up tilt, which may affect cognition.

The current study shows that standing impairs attention in POTS, but not in healthy
participants. These findings are consistent with a study showing no difference in CogState
Identification scores between POTS participants and healthy participants while semi-
recumbent, but worse scores in POTS participants following head-up tilt.(Anderson et al.,
2014) We further provide new evidence that POTS participants exhibit worse executive
function compared to controls during active standing, with a similar trend observed in the
supine posture. This is consistent with a previous study showing impaired executive function
in semi-recumbent POTS patients using the Stroop test.(Arnold et al., 2015) We
acknowledge the tests used in this study do not assess all aspects of cognition, and future
studies in POTS should not be limited to the tests used in the current study. Importantly, the
impairment in executive function and attention in POTS participants remained significant
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after adjustment for age, suggesting these cognitive impairments were not driven by
differences in performance between adolescent versus adult participants.

While cognitive test scores were generally within normal limits, they were on average
significantly lower in POTS compared with healthy participants, with a higher proportion of
POTS participants scoring in a range consistent with clinically meaningful impairment for
executive function. This overlap in cognitive scores between POTS and healthy participants
has been observed in previous studies (Arnold et al., 2015), and may reflect heterogeneity of
this condition. There is also a clear disconnect between subjective cognitive complaints and
objectively measured cognitive dysfunction in POTS. While most POTS patients report
symptoms of “brain fog,” previous studies have only demonstrated objective cognitive
impairment in 20-30% of patients.(Anderson et al., 2014; Arnold et al., 2015; Tsai Owens et
al., 2019) Consistent with this, we found that only a subset of POTS participants had
clinically meaningful impairment of executive function. This subjective-objective disconnect
could reflect a mismatch of expectations (patients had higher pre-morbid intellectual
functioning) as well as cognitive hypervigilance. We found, however, that the impairments in
executive function are not solely driven by this subgroup of POTS participants.

Given the identification of a subgroup of POTS participants with clinically meaningful
impairment of executive function, we assessed for potential clinical predictors to cognitive
impairment during standing. Of interest, we did not find any relationship between executive
function or attention scores and age or hemodynamic variables. POTS participants with
clinically meaningful impairment in executive function, however, did have worse reaction
times on the attention test, perhaps suggesting a more global cognitive impairment. Overall,
this heterogeneity in response and subjective-objective mismatch could in part underlie the
lack of difference in cognitive parameters observed in previous studies. In addition, future
research may need to consider pre-selection of patients with objectively measured cognitive
dysfunction, particularly for treatment trials in order to observe measurable improvement.

An advantage of the current study is that we included a large sample of POTS participants
recruited from a patient conference, with participants remaining on any usual treatments to
mimic real-world conditions. Previous studies testing cognition in POTS were performed in
small groups of patients from tertiary care centers with variables such as medications, diet,
and time of day controlled. We observed that, despite controlled orthostatic tachycardia in
90% of POTS participants, attention and executive function were still impaired during active
standing. This finding is consistent with two previous studies in which cognitive impairment
was present in POTS participants even when orthostatic tachycardia was minimized, such as
in the semi-recumbent posture and at low angles of head-up tilt.(Arnold et al., 2015; Ocon et
al., 2012) One study, however, did observe an association between orthostatic heart rate and
the degree of cognitive impairment in POTS. (Anderson et al., 2014) As recently reviewed,
other mechanisms that may contribute to cognitive dysfunction in POTS include central
norepinephrine dysregulation, structural and functional brain abnormalities including
changes in cerebral blood flow and neurovascular coupling, psychiatric symptoms, presence
of chronic fatigue syndrome or other comorbidities, and sleep disturbances.(Raj et al., 2018)
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There are several limitations to this study. First, we relied on self-reported diagnosis of
PQOTS, and did not confirm with medical records. We could not confirm POTS diagnosis
with orthostatic vital signs as participants remained on any usual treatments to manage their
symptoms, and we only measured blood pressure and heart rate in each posture for 5
minutes prior to cognitive tests. Second, while most clinical research studies in POTS to date
have relied on a convenience sample, this study is potentially influenced by sampling bias
and therefore may not be representative of the generalized patient population. Finally, we did
not control for potential effects of hemodynamic, psychiatric, or pain medications, all of
which could impact cognitive functioning in POTS. While this study aimed to mimic real-
word conditions where patients remain on usual medications, determining the impact of
classes of medications on cognitive functioning is POTS is an important area for future
research.

Overall, the current study adds to the limited literature on cognition in POTS by
demonstrating that measures of attention and executive function are worse particularly in a
subset of POTS participants when compared to healthy participants during active standing,
despite standard treatment and management of orthostatic tachycardia. The mechanisms by
which orthostatic stress affects cognition in POTS and treatment approaches to ameliorate
this symptom remain to be determined.
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Figure 1. Executive function and attention are impaired in POTS during standing.
Stroop word-color test of executive function (A) and CogState Identification Task of visual

attention (B) were worse in POTS participants compared to healthy controls in the standing
posture. Values represent mean = SD. Dotted lines in Panel A are £1 SD of the mean for
Stroop word-color test t-score of executive function representing within the average range,
with normalized t-scores <40 representing clinically meaningful impairment.
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Table 1.
Demographic Data and Orthostatic Vital Signs
POTS Control

(n=87) (n = 39) P-value
Age, median years (IQR) 27 (19-37) 24 (23-29) 0.699
Female, n (%) 82 (94%) 36 (92%) 0.400
Education Level, years 15+3 16+2 0.110
Systolic Blood Pressure (mmHg)
Supine 114+ 12 110+ 10 0.087
Standing 115+ 14 115+11 0.836
Standing-Supine 2+10 4+7 0.141
Diastolic Blood Pressure (mmHg)
Supine 7410 697 0.004 "
Standing 86+ 11 74+6 50001
Standing-Supine 13+7 5%5 >0.001
Heart Rate (beats/min)
Supine 77+ 14 71+12 035"
Standing 91+17 8312 007
Standing-Supine 15+ 10 13+7 0.188
Heart Rate change > 30 beats/min
n (%) 9(10) 0(0) 0,001

Page 10

Blood pressure and heart rate values obtained after 5 minutes in the supine and standing postures are reported. IQR, interquartile range. Data are

shown as mean+SD unless otherwise noted.

*
P<0.05
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