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Abstract
Study design Clinical trial.
Objectives Individuals with spinal cord injury (SCI) above T6 experience impaired descending cortical control of the
autonomic nervous system, which predisposes them to hypotension. However, treatment of hypotension is uncommon in the
SCI population because there are few safe and effective pharmacological options available. The primary aim of this
investigation was to test the efficacy of a single dose of midodrine (10 mg), compared with placebo, to increase and
normalize systolic blood pressure (SBP) between 110 and 120 mmHg during cognitive testing in hypotensive individuals
with SCI. Secondary aims were to determine the effects of midodrine on cerebral blood flow velocity (CBFv) and global
cognitive function.
Setting United States clinical research laboratory.
Methods Forty-one healthy hypotensive individuals with chronic (≥1-year post injury) SCI participated in this 2-day study.
Seated SBP, CBFv, and cognitive performance were monitored before and after administration of identical encapsulated
tablets, containing either midodrine or placebo.
Results Compared with placebo, midodrine increased SBP (4 ± 13 vs. 18 ± 24 mmHg, respectively; p < 0.05); however,
responses varied widely with midodrine (−15.7 to +68.6 mmHg). Further, the proportion of SBP recordings within the
normotensive range did not improve during cognitive testing with midodrine compared with placebo. Although higher SBP
was associated with higher CBFv (p= 0.02), global cognitive function was not improved with midodrine.
Conclusions The findings indicate that midodrine increases SBP and may be beneficial in some hypotensive patients with
SCI; however, large heterogeneity of responses to midodrine suggests careful monitoring of patients following
administration.
Clinical trials registration NCT02307565.

Introduction

Focus on blood pressure in the medical literature is heavily
skewed toward hypertension as opposed to hypotension. A
recent PubMed search for hypertension yielded 490,320
literature references compared with 65,491 for hypotension
over the course of the past century. Moreover, blood pres-
sure threshold(s) used to define hypotension vary exten-
sively, and whereas the diagnosis of hypertension is based
solely on blood pressure, the diagnosis of hypotension is
usually based on the presence of significant symptomology
reflecting cerebral hypoperfusion, which includes dizziness,
light-headedness, pre-syncope and syncope, as well as
nonspecific symptoms of generalized weakness, fatigue,
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nausea, cognitive slowing, blurry vision, leg buckling, or
headache [1]. However, it should be appreciated that indi-
viduals with low blood pressure often remain asymptomatic
and are, therefore, not diagnosed or treated. Further, long-
standing sentiment argues that low blood pressure is a
clinical syndrome unassociated with pathological con-
sequences, and there persists an implicit belief that hypo-
tension may convey significant cardiovascular benefit [2].
Yet 13-year all-cause and cardiovascular disease mortality
risk was 2.4–3.4 times higher, respectively, in males 40–49
years with systolic hypotension compared with age-matched
males with normal blood pressure [3], and in a recent meta-
analysis all-cause mortality was 36% higher in association
with orthostatic hypotension [4]. Moreover, there is a
growing body of evidence that links persistent asympto-
matic hypotension and orthostatic hypotension with adverse
changes in health-related quality of life, as well as an
increased incidence of anxiety and depression [2], cognitive
deficits [5], hopelessness [5], and dementia [6, 7]. There-
fore, treatment to increase and normalize low blood pres-
sure, even in asymptomatic patients should be considered.

The loss of integral descending cortical control of auto-
nomic cardiovascular regulation following spinal cord
injury (SCI) results in a variety of measurable abnormalities
in blood pressure, most prominently chronic hypotension,
orthostatic hypotension, and autonomic dysreflexia. As in
the general population, chronic hypotension and orthostatic
hypotension in the SCI population are associated with
cognitive deficits [8], adverse changes in health-related
quality of life [9], increased arterial stiffness [10] and a 3–4-
fold increased stroke risk [11]. Although evidence suggests
improved cognitive performance following increases in
blood pressure with midodrine [12], because most hypo-
tensive individuals with SCI are asymptomatic there is a
wide disparity between the incidence of hypotension and
orthostatic hypotension and the diagnoses of these condi-
tions and very few patients are treated for disorders of low
blood pressure [13, 14]. In addition, there is a paucity of
treatment options for hypotension and orthostatic hypoten-
sion that are clinically available and have been proven safe
and effective for widespread use in the SCI population.

Nonpharmacological remedies for treatment of hypo-
tension and orthostatic hypotension that are often prescribed
in hypotensive individuals with SCI include: exercise [15],
functional electrical stimulation [16], compression garments
[17], and salt and water intake [18]; however, there is little
supporting evidence for any of these interventions and the
data that are available are of poor quality [19].

Pharmacological treatment options for hypotension and
orthostatic hypotension include: midodrine hydrochloride
[20], L-threo-3,4-dihydroxyphenylserine (droxidopa) [21],
fludrocortisone and ergotamine [22], and ephedrine [23]. In
a randomized, placebo-controlled, double-blinded clinical

trial in four individuals with SCI, midodrine (10 mg)
increased average seated systolic blood pressure (SBP) to
within a normotensive range (i.e., 110 and 120 mmHg), in
one of the four subjects tested; one subject became hyper-
tensive (average SBP of 143 mmHg) and two remained
hypotensive (average SBP < 110 mmHg) [20]. Despite this
limited evidence, midodrine is the most commonly pre-
scribed anti-hypotensive agent used in the SCI population
(https://scireproject.com/evidence/rehabilitation-evidence/
orthostatic-hypotension/). Clearly, more data are needed to
support the clinical management of hypotension and
orthostatic hypotension in the SCI population.

The primary aim of this investigation was to test the
efficacy of midodrine (10 mg), compared with placebo, to
increase seated SBP at rest and during a battery of neu-
ropsychological tests in hypotensive individuals with SCI in
a randomized, double-blinded, crossover trial. Our primary
hypothesis was that seated SBP would be significantly
increased from baseline following midodrine administration
as compared with placebo. Secondarily, we hypothesized
that the proportion and stability of SBP recordings within
the normotensive range would be significantly increased
during cognitive testing following administration of mido-
drine compared with placebo. Additional study aims were to
determine if midodrine administration would be associated
with increases in cerebral blood flow velocity (CBFv) and
improved cognitive function compared with placebo. We
hypothesized that CBFv would be significantly increased
and that composite scores on a battery of cognitive tasks
would be improved following midodrine administration.

Methods

Participants

This trial was conducted at two research facilities under
identical study protocols, which were approved by the IRB
committees at both facilities. Participants were deemed
eligible for an in-person screening visit based on the fol-
lowing criteria: (1) between the ages of 18 and 65 years, (2)
nonventilator dependent, (3) duration of injury more than
12 months, (4) native English speaker, and (5) better than
20/60 vision in worst eye with prescription eyewear.
Exclusion criteria included: (1) three or more self-reported
symptomatic episodes of autonomic dysreflexia per week,
(2) current illness or infection, and (3) documented history
of hypertension, diabetes, traumatic brain injury, or any
neurological condition other than SCI.

Eligible participants underwent a screening visit to con-
firm that they met the World Health Organization definition
of hypotension, (i.e., SBP ≤ 110 mmHg for males and
≤100 mmHg for females) [24]. At the screening visit blood
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pressure was measured at 1-min intervals for 5-min in the
seated and supine positions using manual auscultation at the
brachial artery. Eligibility for inclusion in the study was
based on either: (1) a supine SBP ≤ 90 mmHg; (2) seated
SBP ≤ 110 mmHg for males or ≤100 mmHg for females, or
(3) a fall in blood pressure ≥ 20/10 mmHg within 5 min of
assuming a seated upright position. Eligible participants
were then scheduled for two testing visits and were issued a
participant ID that was associated with the randomized
order as either: midodrine/placebo or placebo/midodrine.
The study participants, the research staff, and the investi-
gators were blinded as to the order of administration and the
randomization scheme was generated by the research
pharmacist at the James J Peters VAMC who was respon-
sible for dispensing the study medication. To limit the
chance of autonomic dysreflexia during or after testing, we
scheduled participant visits the day after their bowel-care
routine and asked that they void their bladder immediately
before testing began on each visit.

Procedures

Participants arrived at the testing site between 9 a.m. and 2 p.
m. and remained in their wheelchair in the seated position for
all study procedures, which were identical on both study
visits. The two-study visits were scheduled no less than 2 and
no more than 10 days apart and participants were asked to
arrive at the laboratory at approximately the same time of day
on both visits. Experiments were conducted in a quiet and
temperature-controlled room and participants were instructed
to avoid consuming caffeine, alcohol, and nicotine products
for 12 h prior to testing. Vigorous unaccustomed exercise
was also avoided for 24-h prior to testing. Participants were
asked to empty their bladder upon arrival to the testing
laboratory, to limit the influence of reflex sympathetic acti-
vation on peripheral vascular tone from bladder distension,
and medications were stopped for ~5 half-lives (at the sub-
ject’s primary care physicians’ discretion) whenever possible.
While resting quietly in the seated position, participants were
instrumented with three electrocardiogram electrodes, finger,
and brachial blood pressure monitors and a head harness to
secure probe placement for transcranial Doppler ultrasound
recording of CBFv. After instrumentation, a 5-min con-
tinuous baseline assessment of heart rate, blood pressure, and
CBFv was recorded, while the participant rested quietly prior
to administration of the initial neuropsychological battery of
tests. After completion of the neuropsychological battery,
midodrine or placebo was administered to the study partici-
pants in identical encapsulated tablets with a glass of water.
Following administration of study medication participants
rested quietly in their wheelchairs for 45-min. After which,
and prior to beginning the second cognitive test battery, a 5-
min continuous assessment of heart rate, blood pressure, and

CBFv was recorded. The second neuropsychological battery
was then conducted and heart rate, blood pressure, and CBFv
were monitored and recorded. The cognitive battery and
hemodynamic monitoring occurred between 45 and ~90min
after dosing, which corresponds to peak blood pressure
effects during a head-up tilt maneuver following adminis-
tration of midodrine 10mg. [25]

Heart rate and blood pressure

The electrocardiogram recording was performed using a
bio-amplifier (Model RESP 1 with ECG: UFI, Morro Bay,
CA, USA), with electrodes placed at the right and left mid-
axillary lines in the 5th intercostal space and at the right
anterior axillary line. Continuous beat-to-beat blood pres-
sure (mmHg) was assessed at the finger using photo-
plethysmography (Finometer PRO, Finapres Medical
Systems B. V., The Netherlands) and at 1-min intervals at
the brachial artery with manual auscultation (Series Wall
Mobile Sphygmomanometers, Trimline Medical Products,
Raritan, NJ, USA). The beat-to-beat electrocardiogram and
photoplethysmography blood pressure signals were sam-
pled at 500 Hz and were continuously monitored in real
time on a computer screen. The digitized signals were
stored on a computer hard-drive for subsequent analysis
using custom data analysis programs written with Lab-
VIEW graphical software for instrumentation (National
Instruments, 11500 North Mopac Expressway Austin, TX
78759-3504). Brachial artery blood pressure recordings
were used to calibrate the finger blood pressure assess-
ments, to determine the proportion of blood pressure
recording within the normotensive range and to calculate
the area-under-the-curve (AUC) of the blood pressure
recordings during each of the cognitive batteries before and
after administration of study drug. The normotensive range
was defined as a SBP between 110 and 120 mmHg and a
diastolic blood pressure between 70 and 80 mmHg.

Cerebral blood flow velocity

Transcranial Doppler ultrasound technology (Terumo Car-
diovascular Systems 1311 Valencia Avenue Tustin, CA
92780-6447) was used to measure CBFv. The probe was
operated at a frequency of 2.0 MHz to visualize the middle
cerebral artery and insonation was through the left temporal
window. The middle cerebral artery was identified by the
target depth (45–55 mm), sound, and direction of flow (i.e.,
toward the probe), the characteristic spectral waveform and
relatively faster flow velocity compared with surrounding
cerebral vessels. Once the middle cerebral artery was
visualized, probe placement was secured for the duration of
testing using a head harness. Data output from the tran-
scranial Doppler ultrasound was monitored in real time and
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included systolic flow velocity, diastolic flow velocity, and
mean flow velocities, which were recorded in centimeters
per second (cm/s). The beat-to-beat signals were sampled at
500 Hz and were stored on a computer hard-drive for sub-
sequent analysis using custom data analysis programs
written with LabVIEW graphical software for
instrumentation.

Neuropsychological testing

Participants underwent an abbreviated, nonmotor dependent,
cognitive battery, to assess global cognitive function. This
battery included tests of verbal fluency (Controlled Oral
Word Fluency Test), verbal learning and memory (Hopkins
Verbal Learning Test-Revised), cognitive inhibition
(Stroop), auditory working memory (WAIS-IV Letter-
Number Sequencing), cognitive flexibility (Oral Trail
Making Test), and processing speed (Symbol Digit Mod-
alities Test). The battery took about ~45 min to complete
and was performed by the participants before and after
administration of study medication on each study visit. A
different version of each neuropsychological test was used at
each time point to minimize a possible learning effect.
Cognitive impairment was defined by a Global Deficit Score
(GDS) of at least 0.5, which converts demographically-
corrected T-scores to a deficit score, representing the dis-
tance each test score is below the normative mean [26].
Overall GDS is the average of all converted test scores and a
GDS score of 0.5 or higher translates to performance of at
least 1 SD below the normative mean on at least half of the
cognitive measures. This methodology has demonstrated
discriminative validity in detecting individuals with neuro-
logical disorders and cognitive impairment [27], as well as
external validity with disease state and everyday functioning
outcomes [28]. GDS was calculated under each of the four
test conditions: pre- and post-placebo administration; pre-
and post-midodrine administration.

Statistical analyses

Repeated measures ANOVA models were constructed to
determine significant main and interaction effects for drug
(midodrine and placebo) and time (pre- and post-adminis-
tration) for the systemic and cerebral hemodynamics and for
cognitive GDS. Because in these 2 × 2 models, the inter-
action effect is equivalent to a paired t test on the change
scores [29], we also calculated effect sizes (Cohen’s dz)
[30], 95% confidence intervals, Bayes factors and Bayesian
credible intervals from the t-test calculations [31]. For the
change scores, mean differences were calculated as mido-
drine minus placebo. Multilevel modeling using the lme4
package in R was used to determine the relationship
between changes in SBP and changes in mean flow velocity

from pre- to post-testing following administration of
midodrine compared with placebo.

To assess SBP stability, we used the serial brachial
recordings and set the normotensive systolic range between
110 and 120 mmHg, inclusive. To quantify stability, for the
time series of SBP values under each time and drug com-
bination, we first calculated the percentage of beats that fell
within the desirable range and then expanded the range
serially by ±10 mmHg, such that the subsequent systolic
range was 100–130 mmHg, and repeated the percentage
calculation until we were inclusive of all SBP observations
(i.e., 40–190 mmHg). The resulting percentage within each
range was then plotted against the SBP range at each
iteration and the AUC was calculated for each plot. The
same method was applied to the serial diastolic blood
pressure data, with the desirable range set at 70–80 mmHg.
The blood pressure processing and AUC calculations were
performed with a custom LabVIEW program. The larger the
AUC, the closer the systolic and diastolic blood pressure
values were to the respective desirable range, and the more
stable were the signals across the recording period. To
assess the efficacy of midodrine to normalize blood pres-
sure, the proportion of values that fell within the systolic
and diastolic desirable ranges described above was also
quantified. As with the hemodynamic data from above, the
AUC and proportion in the desirable range data were ana-
lyzed with a drug × time repeated measures ANOVA and
change score analysis with paired t tests was used to cal-
culate effect sizes, confidence intervals, Bayes factors and
Bayesian credible intervals.

All continuous data are presented as mean ± standard
deviation and significance was set at an α of <0.05. Sta-
tistical calculations were performed using SPSS and JASP
(for the Bayesian calculations) and R for the multilevel
modeling.

Results

Characteristics of the participants

A total of 43 individuals with SCI were consented to par-
ticipate; however, two withdrew prior to initiation of the
study procedures, therefore data are reported in 41 partici-
pants (Table 1). The participants were mostly male, with
cervical (90%), motor-complete lesions (81%). Self-
reported levels of physical activity suggested that most
(85%) engaged in at least 1 day of exercise/week at a
moderate intensity and that they were otherwise healthy.
Twenty participants were randomly assigned to receive
midodrine on the first study visit and placebo on the second
visit and 21 received placebo first; there were no significant
differences for hemodynamics by randomization order.
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Resting hemodynamic responses

Average systemic and cerebral hemodynamic data are pre-
sented for 5-min in the seated resting position prior to
(Table 2a) and following (Table 2b) administration of study
medication. Resting hemodynamics did not differ sig-
nificantly prior to administration of study medication. The
drug by time interaction effect was significant for heart rate

(all p ≤ 0.023) (Fig. 1a) (95% CI of mean difference
(midodrine minus placebo)=−10.1 to −3.8 bpm), SBP
(Fig. 1b) (95% CI of mean difference= 9.0–24.1 mmHg),
diastolic blood pressure (Fig. 1c) (2.5–10.4), mean flow
velocity (Fig. 1e) (0.3–4.4 cm/s), and diastolic flow velocity
(Fig. 1f) (0.4–5.4 cm/s), but was not significant for systolic
flow velocity (Fig. 1d) (95% CI for mean difference=−3.3
to 6.8 cm/c). Results of the repeated measures ANOVA
models are presented (Table 3), which indicate large Bayes
Factors10 (BF10) for heart rate (BF10= 390.7), SBP (BF10=
319.1), and diastolic blood pressure (BF10= 15.0) indicat-
ing strong evidence that these hemodynamic responses to
midodrine differed from placebo. Whereas the BF10 for
mean flow velocity (BF10= 2.01) and diastolic flow velo-
city (BF10= 1.84) were more modest and would be con-
sidered “anecdotal” evidence of a treatment effect [31].

The association between change in SBP and change in
mean CBFv is depicted following placebo (Fig. 2a) and
midodrine (Fig. 2b). Results of the multilevel modeling
examining the relationship between SBP and mean CBFv
indicate a significant main effect for SBP (p= 0.02); how-
ever, main effects for time (p= 0.52) and drug (p= 0.34)
and the associated interaction effects were not significant
(all p > 0.31). This suggests, that regardless of time or drug,
higher SBP is associated with higher mean blood flow
velocity in hypotensive individuals with SCI.

Nine of the 41 participants (22%) had an average resting
SBP within the normotensive range following midodrine
administration; however, SBP exceeded the normotensive
range in 17 (41%) and remained below the desirable range
in 15 (37%) participants (Fig. 3a). Further, the change in
SBP (mmHg) following midodrine administration sug-
gested wide variability (delta of −15.7 to +68.6 mmHg) in
individual responses to the medication compared with pla-
cebo (delta of −15.8 to +38.7 mmHg) (Fig. 3b).

Normalization and stability of blood pressure

An average of 25 ± 4 brachial SBPs were collected in par-
ticipants during each cognitive test battery. The interaction
effects for the proportion of systolic or diastolic blood
pressures within the desirable ranges were not significant
(Table 3), indicating that treatment with midodrine did not
“normalize” blood pressure compared with placebo. The
AUC of blood pressure “stability” before and after admin-
istration of placebo and midodrine is also summarized
(Table 3). The interaction effect for AUC was not sig-
nificant for systolic or diastolic blood pressure, which
indicates that the midodrine treatment did not improve
blood pressure stability compared with placebo. Corre-
sponding AUC curves for SBP are presented for three
participants pre- and post-midodrine administration (Fig. 4);
one participant who remained hypotensive (left panel), one

Table 2 (a) Average pre-treatment hemodynamics. (b) Average post-
treatment hemodynamics.

Placebo Midodrine

(a) Pre-treatment

Heart rate (bpm) 68.0 ± 10.2 67.6 ± 10.9

Systolic BP (mmHg) 98.1 ± 14.0 98.6 ± 16.3

Diastolic BP (mmHg) 57.8 ± 9.5 59.6 ± 10.6

Systolic FV (cm/s) 69.4 ± 19.2 70.0 ± 15.9

Mean FV (cm/s) 43.3 ± 13.3 43.5 ± 10.7

Diastolic FV (cm/s) 30.4 ± 8.3 29.7 ± 7.8

(b) Post-treatment

Heart rate (bpm) 65.0 ± 10.5 60.0 ± 12.0

Systolic BP (mmHg) 106.3 ± 18.0 115.0 ± 27.1

Diastolic BP (mmHg) 61.4 ± 13.3 66.0 ± 16.5

Systolic FV (cm/s) 70.5 ± 15.6 71.0 ± 16.8

Mean FV (cm/s) 44.6 ± 11.7 46.0 ± 10.5

Diastolic FV (cm/s) 31.3 ± 11.1 32.9 ± 13.2

Hemodynamic data collected during the 5-min of seared rest before
and after treatment with placebo and midodrine. Dare means ± SD.

bpm beats per minute, BP blood pressure, FV flow velocity, cm
centimeters, s seconds

Table 1 Subject characteristics.

Participants (n= 41)

Age (years) 44 ± 12

Males, n (%) 33 (80)

Caucasian, n (%) 23 (56)

African American, n (%) 8 (20)

Hispanic, n (%) 8 (20)

Other, n (%) 2 (5)

American Veteran, n (%) 6 (15)

BMI (kg/m2) 24 ± 4

Duration of injury (years) 16 ± 12

Level of injury C4-T9

AIS A, n (%) 18 (44)

AIS B, n (%) 15 (37)

AIS C, n (%) 6 (15)

AIS D, n (%) 2 (5)

Data are means ± SD; other ethnicity= 1 Asian and 1 East Indian.

BMI body mass index, m meters, kg kilograms.
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Fig. 1 Resting systemic and cerebral hemodynamic responses to
placebo and midodrine. Results of the repeated measures ANOVA
models for heart rate (a), systolic blood pressure (b), diastolic blood
pressure (c), systolic flow velocity (d), mean flow velocity (e), and

diastolic flow velocity (f) pre- to post-placebo (closed circles) and
midodrine (open squares) administration. ***p < 0.001; **p < 0.01;
*p < 0.05 for the drug by time interaction effect.

Table 3 Hemodynamic changes
and blood pressure instability:
midodrine vs. placebo.

Variable p value Mean
Difference

95% CI of mean
Difference

Bayes
Factor10

Effect size Effect size
95% credible
interval

Heart rate (bpm) <0.001 −7.0 −10.1 to −3.8 390.70 −0.93 −1.39 to
−0.47

Systolic BP (mmHg) <0.001 16.5 9.0–24.1 319.10 0.90 0.44–1.37

Diastolic BP (mmHg) <0.001 6.4 2.5–10.4 15.00 0.66 0.21–1.12

Systolic FV (cm/s) 0.48 1.8 −3.3 to 6.8 0.21 0.13 −0.28 to 0.55

Mean FV (cm/s) 0.023 2.3 0.3–4.4 1.84 0.47 0.05–0.91

Diastolic FV (cm/s) 0.026 2.9 0.43–5.4 2.01 0.46 0.05–0.90

Systolic proportion in
desirable range

0.86 −0.01 0.14–0.11 0.17 −0.04 −0.44 to 0.36

Systolic AUC (au) 0.76 159.4 −872.6 to 1191 0.18 0.06 −0.35 to 0.46

Systolic standard
deviation (mmHg)

0.88 −0.2 −2.8 to 2.4 0.17 0.03 −0.43 to 0.37

Diastolic proportion in
desirable range

0.16 −0.1 −0.22 to 0.04 0.44 0.28 0.13–0.70

Diastolic AUC (au) 0.13 −385.4 882.6–111.9 0.52 −0.30 −0.73 to 0.10

Diastolic standard
deviation (mmHg)

0.48 −0.62 −2.40 to 1.15 0.21 −0.14 −0.55 to 0.26

Hemodynamics collected during the cognitive assessments following administration of midodrine compared
with placebo.

p values= drug × time interaction effect, which equals a paired t test comparing change scores of midodrine
minus placebo.

Mean difference= average difference in change scores (post-test–pre-test) between midodrine minus
placebo.

95% CI of mean= frequentist confidence interval about the mean difference in change score between
midodrine minus placebo.

Bayes Factor10= the likelihood of the data under the alternate hypothesis vs the null hypothesis.

Bayes effect size= the median Bayesian effect size for the difference in change scores between midodrine
minus placebo using an estimate, the population standard deviation as the denominator.

Bayes effect size 95% credible interval=the Bayesian credible interval about the median effect size.
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participant who was normotensive (middle panel) and one
participant who became hypertensive (right panel) after
midodrine administration. Increased AUC (i.e., improved
blood pressure stability within or near the desired range)
was noted in the participant who had a normotensive
response to midodrine (middle panel). Of note, midodrine
was effective at stabilizing blood pressure within or near the
normotensive range in 6 of the 41 study participants.

GDS analyses

Sixty-three percent of the study participants exhibited an
average GDS ≥ 0.5 before administration of placebo or
midodrine, indicating impaired function in more than half
of the cognitive domains tested. There were no significant
main or interaction effects for cognitive GDS (interaction
p= 0.91, BF10= 0.17), suggesting that compared with
placebo, midodrine administration did not improve global
cognitive function in these 41 hypotensive participants with
SCI. However, it might be noted that of the nine partici-
pants with a normal SBP following midodrine, three

showed evidence of improved global cognitive function
after administration.

Discussion

Hypotension and orthostatic hypotension are not high on the
clinical priority list in patients with SCI, which is due in part
to the lack of safe and effective treatment options available
for use in the population [19]. Yet low resting blood pressure
and orthostatic hypotension may be clinically relevant signs
to indicate impaired autonomic nervous system control of
cardiovascular function and are associated with significant
adverse health outcomes. Therefore, treatment of hypoten-
sion and orthostatic hypotension should be considered
important aspects in the clinical management of individuals
with SCI. It was our goal to determine the effectiveness of
midodrine, compared with placebo, to increase and maintain
SBP within a tight normotensive range of 110–120mmHg in
hypotensive participants with SCI. Our findings suggest that,
although midodrine did increase blood pressure, large het-
erogeneity of response was evident such that only a small
percentage (22%) of the study participants had SBPs within
the normal range following administration. Furthermore, the

Fig. 2 Relationship between change in SBP and change in MFV.
The relationship between change in systolic blood pressure (SBP) and
mean cerebral blood flow velocity (FV) following administration of
placebo (a) and midodrine (b).

Fig. 3 Systolic blood pressure following placebo and midodrine.
Average (a) and the change (b) in 5-min seated resting systolic blood
pressure (mmHg) following administration of placebo and midodrine
for each participant. The dashed lines represent the upper and lower
limits of the normotensive range (a) and the no change (b).
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proportion and the stability of SBPs recordings within the
normotensive range were not improved with midodrine
compared with placebo.

There is substantial evidence that demonstrates improved
standing blood pressures and reduced symptoms associated
with cerebral hypoperfusion following midodrine adminis-
tration in models of symptomatic neurogenic orthostatic
hypotension [32]; however, there is limited evidence to
support widespread utility in the SCI population. While it is
not our intent to discourage the use of midodrine to treat
hypotension and orthostatic hypotension in the SCI popu-
lation, we sought to (1) increase awareness of the hetero-
geneity of response, (2) encourage more frequent
monitoring of blood pressure following prescription, and (3)
adjust dose as needed. With that in mind, several points
should be considered when interpreting these results in the
context of clinical algorithms used to manage hypotension
and orthostatic hypotension in the SCI population: (1) lack
of a clear consensus regarding the definition of hypotension
and normotension, (2) changing guidelines for the man-
agement of hypertension, (3) highly prevalent blood pres-
sure instability, and (4) the impact of anti-hypotensive
treatment on blood pressure surges during autonomic
dysreflexia.

There is a lack of clarity regarding the definition of
hypotension that contributes to low diagnosis and treatment
rates. A recent systematic literature search, that included 63
publications involving over 7000 participants, found 15
different definitions for hypotension [33], and different
definitions yielded significantly altered incidence rates [34].

Large epidemiological studies tend to define hypotension as
the lowest 5–30% of the population [2, 35] while smaller
prospective studies use upper limit cutoffs of between 100
and 120 mmHg systole [36]. The definition of hypotension
in the SCI population as published in the International
Standards to Document Remaining Autonomic Function
after Spinal Cord Injury is a supine SBP < 90 mmHg. [37]
However, the World Health Organization defined hypo-
tension as a resting SBP of <110 mmHg for males and
<100 mmHg for females without regard to diastolic blood
pressure [24], which has been used by our group to define
hypotension in persons with chronic SCI [8].

The diagnosis of hypotension is usually based on the
presence of significant symptomology. Despite views that,
in the absence of clinical symptomology, hypotension
represents a “non-disease” state [38], recent evidence sug-
gests that lower baseline SBP predicts incident depression at
a 2-year follow-up after adjustment for socioeconomic sta-
tus and relevant clinical factors (cardiovascular disease,
chronic illness, and frailty) [39]. In addition, individuals
between the age of 30 and 75 years with asymptomatic
hypotension are at increased risk for cognitive and affective
disorders, including decreased memory and concentration
[5], higher rates of hopelessness [5], and an increased pre-
valence of dementia, which includes both Alzheimer’s
disease and vascular dementia [7]. Therefore, the treatment
of asymptomatic hypotension in the SCI population should
be considered a clinical priority.

To our knowledge there are no long-term studies doc-
umenting the potential association between hypotension and

Fig. 4 Stability of systolic blood pressure during cognitive testing
before and after midodrine. Systolic blood pressures pre- (closed
circles) and post- (open squares) midodrine administration in 3 indi-
vidual participants (top) and the AUC curves which were generated
from these data (bottom). Left panel: the participant is hypotensive
pre- and post-midodrine administration (a) and the AUC indicates a
modest improvement in normalizing systolic blood pressure post-

midodrine administration (b). Middle panel: the participant is hypo-
tensive pre-midodrine and normotensive post-midodrine administra-
tion (c) and the AUC reflects an increased proportion of normal blood
pressure post-midodrine administration (d). Right panel: the partici-
pant is hypotensive pre-midodrine and hypertensive post-midodrine
administration (e) and the AUC reflects a reduced proportion of normal
blood pressure post-midodrine administration (f).
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incident depression or cognitive changes with aging in the
SCI population. However, we previously documented
higher rates of depressive symptom reporting and deficits in
memory and information processing in hypotensive indivi-
duals with SCI compared with a normotensive SCI cohort
[8]. Moreover, although most hypotensive individuals with
SCI do not spontaneously report symptoms, when asked
directly, they are able to ascribe adverse impacts of hypo-
tension and orthostatic hypotension on their activities of
daily living and quality of life [9]. Although the results
herein do not demonstrate a lessening of cognitive dys-
function following increases in blood pressure with mido-
drine, the data do suggest that higher blood pressures are
associated with higher cerebral blood flow velocities and
one-third of participants with normal SBP responses to
midodrine displayed improved cognitive function. These
results suggest that, if higher—more normal blood pressure
is maintained with prolonged anti-hypotensive treatment,
improvement in long-term cognitive performance may be
evident.

There are nearly 200 prescription medications with FDA
approval for label and off-label use to treat hypertension,
and many patients require combinatorial therapy to maintain
optimal blood pressure control. A similar approach to the
treatment of hypotension and orthostatic hypotension may
be beneficial; however, until a variety of safe and effective
agents with different mechanisms of actions are identified,
clinical treatment will be inadequate, and individuals will
remain un- or under-treated. Further, while prioritizing the
treatment of asymptomatic hypertension in clinical practice
is well appreciated, lack of acknowledgment that there may
be a blood pressure value that is recognized to be too low is
noteworthy. Current guidelines used in treatment algorithms
for hypertension indicate a normal SBP of <120 mmHg,
with systolic pressures between 120 and129 mmHg being
elevated [40], therefore, we chose a desirable range for SBP
of between 110 and 120 mmHg in this trial. Notwith-
standing the lack of clear consensus regarding what con-
stitutes normal blood pressure and the relatively tight
normotensive range selected, it is not surprising that we
document limited efficacy of midodrine to “normalize”
blood pressure following a single 10 mg dose. However,
what was surprising is the wide variability in response to
midodrine, compared with placebo, in our participants
with SCI.

We appreciate that blood pressure instability, which is
commonly reported in persons with SCI [41], complicates
the clinical management of hypotension and orthostatic
hypotension. We recently noted that fluctuations in SBP of
≥20 mmHg, over a 30-day period were increased with age
and duration of injury [42], which may be associated with
the loss of baroreceptor buffering of blood pressure, similar
to the general population [43]; therefore, management of

hypotension in the SCI population should aim to stabilize,
as well as to normalize, blood pressure.

The AUC analyses suggest that the stability of the blood
pressure, relative to the normotensive range, was not
improved with midodrine. In fact, the AUC was lower
following midodrine administration compared with fol-
lowing placebo in half of the participants. This finding
indicates increased blood pressure instability following
midodrine administration, which speaks to the large het-
erogeneity of responses. However, it should be noted that a
few participants did respond to midodrine with a normal
and stable SBP, as depicted in Fig. 3c, d. Average brachial
SBP was within the normotensive range in 9 of the 41
participants tested and these participants tended to be
younger and injured fewer years than those with inadequate
and excessive responses to midodrine.

Given the heterogeneity of response to midodrine and
significant blood pressure instability in persons with SCI,
increasing the armamentarium of safe and effective clinical
strategies is vitally important, particularly in individuals
who are prone to autonomic dysreflexia. We did not induce
autonomic dysreflexia in this trial and none of the partici-
pants reported feeling symptomatic prior to or after
administration of study drug. A previous study found that
increases in blood pressure during penile vibrator stimula-
tion for sperm retrieval (i.e., a procedure known to induce
autonomic dysreflexia) were not worsened with the addition
of midodrine [44]. However, this response to midodrine was
reported during a closely observed clinical procedure; home
use of midodrine during life events that may induce auto-
nomic dysreflexia should be studied. Additionally, the
practice of “boosting” during athletic competition, should
serve as an indicator of the importance of increasing blood
pressure—safely—to avoid this dangerous and uncontrolled
practice in athletes with SCI.

Limitations

There are several study limitations to consider when inter-
preting the findings reported. Based on prior evidence, we
only tested the efficacy of a single 10 mg dose of midodrine,
compared with placebo, over a relatively brief observation
period; however, higher doses for those who remained
hypotensive and lower doses for those in whom blood
pressure was elevated above the normotensive range should
be tested for efficacy. In addition, while the 10 mg dose did
not improve blood pressure stability, a lower dose (2.5 or 5
mg) administered more frequently throughout the day may
be more effective and may provide more clinically relevant
information. We did not assess supine blood pressure
responses to midodrine and did not investigate the effects
on blood pressure during autonomic dysreflexia. We did not
record symptom reporting in association with the increase in
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blood pressure, which in many participants met the defini-
tion of autonomic dysreflexia (i.e., systolic increase > 20
mmHg). The range selected to define normotension was
narrow and arbitrary, because there are currently no
guidelines, other than those which define elevated blood
pressure and hypertension. Finally, the study sample
included a largely homogeneous cohort of participants and
extrapolation to the broader SCI population may be
inappropriate.

Conclusion

Compared with placebo, midodrine, on average, sig-
nificantly increased SBP; however, large heterogeneity of
responses among these hypotensive participants with SCI
were evident. Furthermore, and perhaps more concerning,
was that midodrine appeared to increase blood pressure
instability in about half of the participants tested. That said,
prescription of midodrine may benefit individual patients,
particularly those who are younger and injured for fewer
years; this finding requires further study to definitively
identify responders from non-responders. In addition,
higher SBPs were associated with higher cerebral blood
flow velocities, which may have beneficial effects on long-
term cognitive function. Given the growing body of evi-
dence indicating significant adverse sequela of untreated
asymptomatic hypotension and orthostatic hypotension,
identifying an armamentarium of safe and effective treat-
ment options for use in the SCI population is needed.

Data availability

The data sets generated and analyzed in the current study
are available from the corresponding authors upon request.

Acknowledgements We would like to thank all the study participants
for their involvement in this study and want to acknowledge Beatrice
Ugiliweneza, Samineh Mesbah and Susan Harkema for their pro-
gramming and statistical skills in creating the area-under-the-curve
analyses.

Funding This project was funded by the Craig H Neilsen Foundation
(Grant #284196) and the Department of Veterans Affairs, Veterans
Health Administration, Rehabilitation Research and Development
Service Center for the Medical Consequences of Spinal Cord Injury
(Grants #D1382-P and #B2020-C).

Author contributions JMW oversaw and was primarily responsible for
designing the study, participant enrollment, data collection procedures,
database management, data analysis, result dissemination, and reg-
ulation compliance; JPW was primarily responsible for designing the
study, data analysis, and result dissemination; CGK was primarily
responsible for participant enrollment, data collection procedures,
database management, and regulation compliance; NDC oversaw
study design pertaining to the cognitive outcomes and was primarily

responsible for the cognitive data analyses; SCK was responsible for
monitoring patient safety at the Kessler Foundation; TAD was
responsible for participant enrollment and monitoring patient safety at
the Kessler Foundation; EW was responsible for analysis of the cog-
nitive outcomes; WAB monitored patient safety at the VA and over-
saw data analysis and result dissemination.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethics The authors certify that all applicable institutional and gov-
ernmental regulations concerning the ethical use of human volunteers
were followed during the course of this research.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Miller ER 3rd, Appel LJ. High prevalence but uncertain clinical
significance of orthostatic hypotension without symptoms. Cir-
culation. 2014;130:1772–4.

2. Hildrum B, Mykletun A, Stordal E, Bjelland I, Dahl AA, Holmen
J. Association of low blood pressure with anxiety and depression:
the Nord-Trondelag Health Study. J Epidemiol Community
Health. 2007;61:53–8.

3. Lindholm L, Lanke J, Bengtsson B, Ejlertsson G, Thulin T,
Scherstén B. Both high and low blood pressures risk indicators of
death in middle-aged males: isotonic regression of blood pressure
on age applied to data from a 13-year prospective study. Acta Med
Scand. 1985;218:473–80.

4. Angelousi A, Girerd N, Benetos A, Frimat L, Gautier S, Weryha
G, et al. Association between orthostatic hypotension and cardi-
ovascular risk, cerebrovascular risk, cognitive decline and falls as
well as overall mortality: a systematic review and meta-analysis. J
Hypertens. 2014;32:1562–71.

5. Czajkowska J, Ozhog S, Smith E, Perlmuter LC. Cognition and
hopelessness in association with subsyndromal orthostatic hypo-
tension. J Gerontol A Biol Sci Med Sci. 2010;65:873–9.

6. Moretti R, Torre P, Antonello RM, Manganaro D, Vilotti C,
Pizzolato G. Risk factors for vascular dementia: hypotension as a
key point. Vasc Health Risk Manag. 2008;4:395–402.

7. Min M, Shi T, Sun C, Liang M, Zhang Y, Wu Y, et al. The
association between orthostatic hypotension and dementia: a
meta-analysis of prospective cohort studies. Int J Geriatr Psy-
chiatry. 2018;33:1541–7.

8. Jegede AB, Rosado-Rivera D, Bauman WA, Cardozo CP, Sano
M, Moyer JM, et al. Cognitive performance in hypotensive per-
sons with spinal cord injury. Clin Auton Res. 2010;20:3–9.

9. Carlozzi NE, Fyffe D, Morin KG, Byrne R, Tulsky DS, Victorson
D, et al. Impact of blood pressure dysregulation on health-related
quality of life in persons with spinal cord injury: development of a
conceptual model. Arch Phys Med Rehabil. 2013;94:1721–30.

10. Katzelnick CG, Weir JP, Chiaravalloti ND, Wylie GR, Dyson-
Hudson TA, Bauman WA, et al. Impact of blood pressure, lesion
level, and physical activity on aortic augmentation index in per-
sons with spinal cord injury. J Neurotrauma. 2017;34:3407–15.

11. Wu JC, Chen YC, Liu L, Chen TJ, Huang WC, Cheng H, et al.
Increased risk of stroke after spinal cord injury: a nationwide 4-
year follow-up cohort study. Neurology. 2012;78:1051–7.

968 J. M. Wecht et al.



12. Phillips AA, Warburton DE, Ainslie PN, Krassioukov AV.
Regional neurovascular coupling and cognitive performance in
those with low blood pressure secondary to high-level spinal cord
injury: improved by alpha-1 agonist midodrine hydrochloride. J
Cereb Blood Flow Metab. 2014;34:794–801.

13. Wecht JM, Zhu C, Weir JP, Yen C, Renzi C, Galea M. A pro-
spective report on the prevalence of heart rate and blood pressure
abnormalities in veterans with spinal cord injuries. J Spinal Cord
Med. 2013;36:454–62.

14. Zhu C, Galea M, Livote E, Signor D, Wecht JM. A retrospective
chart review of heart rate and blood pressure abnormalities in
veterans with spinal cord injury. J Spinal Cord Med.
2013;36:463–75.

15. Hopman MT, Dueck C, Monroe M, Philips WT, Skinner JS.
Limits to maximal performance in individuals with spinal cord
injury. Int J Sports Med. 1998;19:98–103.

16. Chao CY, Cheing GL. The effects of lower-extremity functional
electric stimulation on the orthostatic responses of people with
tetraplegia. Arch Phys Med Rehabil. 2005;86:1427–33.

17. Vallbona C, Spencer WA, Cardus D, Dale JW. Control of
orthostatic hypotension of quadriplegic patients with a pressure
suite. Arch Phys Med Rehabil. 1963;44:7–18.

18. Frisbie JH. Postural hypotension, hyponatremia, and salt and
water intake: case reports. J Spinal Cord Med. 2004;27:133–7.

19. Krassioukov A, Eng JJ, Warburton DE, Teasell R, Spinal Cord
Injury Rehabilitation Evidence Research T. A systematic review
of the management of orthostatic hypotension after spinal cord
injury. Arch Phys Med Rehabil. 2009;90:876–85.

20. Nieshoff EC, Birk TJ, Birk CA, Hinderer SR, Yavuzer G. Double-
blinded, placebo-controlled trial of midodrine for exercise per-
formance enhancement in tetraplegia: a pilot study. J Spinal Cord
Med. 2004;27:219–25.

21. Wecht JM, Rosado-Rivera D, Weir JP, Ivan A, Yen C, Bauman
WA. Hemodynamic effects of L-threo-3,4-dihydroxyphenylserine
(Droxidopa) in hypotensive individuals with spinal cord injury.
Arch Phys Med Rehabil. 2013;94:2006–12.

22. Groomes TE, Huang CT. Orthostatic hypotension after spinal cord
injury: treatment with fludrocortisone and ergotamine. Arch Phys
Med Rehabil. 1991;72:56–8.

23. Frisbie JH, Steele DJ. Postural hypotension and abnormalities of
salt and water metabolism in myelopathy patients. Spinal Cord.
1997;35:303–7.

24. Arterial hypertension: report of a WHO expert committee. World
Health Organization Technical Report Series no. 62; 1978. p.
7–56.

25. Wecht JM, Rosado-Rivera D, Handrakis JP, Radulovic M,
Bauman WA. Effects of midodrine hydrochloride on blood
pressure and cerebral blood flow during orthostasis in persons
with chronic tetraplegia. Arch Phys Med Rehabil. 2010;91:
1429–35.

26. Blackstone K, Moore DJ, Franklin DR, Clifford DB, Collier AC,
Marra CM, et al. Defining neurocognitive impairment in HIV:
deficit scores versus clinical ratings. Clin Neuropsychol.
2012;26:894–908.

27. Carey CL, Woods SP, Gonzalez R, Conover E, Marcotte TD,
Grant I, et al. Predictive validity of global deficit scores in
detecting neuropsychological impairment in HIV infection. J Clin
Exp Neuropsychol. 2004;26:307–19.

28. Hinkin CH, Hardy DJ, Mason KI, Castellon SA, Durvasula RS,
Lam MN, et al. Medication adherence in HIV-infected adults:
effect of patient age, cognitive status, and substance abuse. AIDS.
2004;18:S19–25.

29. Huck SaM RA. Using a repeated measures ANOVA to analyze
the data from a pretest-posttest design: a potentially confusing
task. Psychol Bull. 1975;82:511–8.

30. Lakens D. Calculating and reporting effect sizes to facilitate
cumulative science: a practical primer for t-tests and ANOVAs.
Front Psychol. 2013;4:863.

31. Wagenmakers EJ, Love J, Marsman M, Jamil T, Ly A, Verhagen
J, et al. Bayesian inference for psychology. Part II: example
applications with JASP. Psychon Bull Rev. 2018;25:58–76.

32. Low PA, Gilden JL, Freeman R, Sheng KN, McElligott MA.
Efficacy of midodrine vs placebo in neurogenic orthostatic
hypotension. A randomized, double-blind multicenter study.
Midodrine Study Group. JAMA. 1997;277:1046–51.

33. Klohr S, Roth R, Hofmann T, Rossaint R, Heesen M. Definitions
of hypotension after spinal anaesthesia for caesarean section: lit-
erature search and application to parturients. Acta Anaesthesiol
Scand. 2010;54:909–21.

34. Dahlgren G, Irestedt L. The definition of hypotension affects its
incidence. Acta Anaesthesiol Scand. 2010;54:907–8.

35. Kim BS, Bae JN, Cho MJ. Depressive symptoms in elderly adults
with hypotension: different associations with positive and nega-
tive affect. J Affect Disord. 2010;127:359–64.

36. Pilgrim JA, Stansfeld S, Marmot M. Low blood pressure, low
mood? Bmj. 1992;304:75–8.

37. Krassioukov A, Biering-Sorensen F, Donovan W, Kennelly M,
Kirshblum S, Krogh K, et al. International standards to document
remaining autonomic function after spinal cord injury. J Spinal
Cord Med. 2012;35:201–10.

38. Robbins JM, Korda H, Shapiro MF. Treatment for a nondisease:
the case of low blood pressure. Soc Sci Med. 1982;16:27–33.

39. Briggs R, Kenny RA, Kennelly SP. Does baseline hypotension
predict incident depression in a cohort of community-dwelling
older people? Data from The Irish Longitudinal Study on Ageing
(TILDA). Age Ageing. 2017;46:648–53.

40. Whelton PK, Carey RM, Aronow WS, Casey DE Jr., Collins KJ,
Dennison Himmelfarb C, et al. 2017 ACC/AHA/AAPA/ABC/
ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA guideline for the
prevention, detection, evaluation, and management of high blood
pressure in adults: a report of the American College of Cardiol-
ogy/American Heart Association Task Force on clinical practice
guidelines. J Am Coll Cardiol. 2018;71:e127–e248.

41. Hubli M, Gee CM, Krassioukov AV. Refined assessment of blood
pressure instability after spinal cord injury. Am J Hypertens.
2015;28:173–81.

42. Katzelnick CG, Weir JP, Jones A, Galea M, Dyson-Hudson TA,
Kirshblum SC, et al. Blood pressure instability in persons with
SCI: evidence from a 30-day home monitoring observation. Am J
Hypertens. 2019;32:938–944.

43. Jones PP, Christou DD, Jordan J, Seals DR. Baroreflex buffering is
reduced with age in healthy men. Circulation. 2003;107:1770–4.

44. Courtois FJ, Charvier KF, Leriche A, Vezina JG, Cote M,
Belanger M. Blood pressure changes during sexual stimulation,
ejaculation and midodrine treatment in men with spinal cord
injury. BJU Int. 2008;101:331–7.

Double-blinded, placebo-controlled crossover trial to determine the effects of midodrine on blood. . . 969


	Double-blinded, placebo-controlled crossover trial to determine the effects of midodrine on blood pressure during cognitive testing in persons with SCI
	Abstract
	Introduction
	Methods
	Participants
	Procedures
	Heart rate and blood pressure
	Cerebral blood flow velocity
	Neuropsychological testing
	Statistical analyses

	Results
	Characteristics of the participants
	Resting hemodynamic responses
	Normalization and stability of blood pressure
	GDS analyses

	Discussion
	Limitations

	Conclusion
	Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.Acknowledgements
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




