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Background:Due to interruption of cardiovascular autonomic control unstable blood pressure (BP) is common in
individuals with spinal cord injury (SCI) above the sixth thoracic vertebral level. The impact of unstable BP on
cerebral blood flow (CBF) is not well appreciated, but symptoms associated with altered cerebral perfusion
are reported, which can negatively impact daily life activities.
Methods: We measured seated BP and CBF in participants with SCI and able-bodied (AB) controls on three
laboratory visits to determine the inter-day reliability (intraclass correlation coefficient: ICC). BP was assessed
at the finger using photoplethysmography and at the brachial artery with manual sphygmomanometry. CBF
velocities (CBFv) were assessed at the middle cerebral artery using transcranial Doppler (TCD) ultrasound.
Results: Data were collected in 15 participants with chronic SCI (C3-T4) and 10 AB controls, the groups did not
differ for age, height, weight or BMI; however, brachial BP (P < 0.001), finger BP (P < 0.01) and CBFv (P < 0.05)
were significantly lower in the SCI group compared to the controls. The inter-day ICC for brachial BP ranged from
0.51 to 0.79, whereas the ICC for finger BP was not as high (0.17 to 0.47). The inter-day ICC for CBFv ranged
from 0.45 to 0.96, indicating fair to substantial reliability.
Conclusions: These data indicate good inter-day reliability of brachial BP and TCD recording of CBFv; however,
the assessment of finger BP appears to be somewhat less reliable. In addition, these data confirm reduced
resting CBFv in association with hypotension in individuals with SCI compared to matched controls with low BP.
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Introduction
Unstable blood pressure (BP) is commonly reported in
individuals with spinal cord injury (SCI), which has
been attributed to disruption of supraspinal autonomic
cardiovascular control.1–4 Specifically, individuals with
SCI above the sixth thoracic vertebral level are often
chronically hypotensive5,6 with an increased prevalence
of orthostatic hypotension (OH)7,8 and these individuals
also may suffer large life-threatening increases in BP
during a bout of autonomic dysreflexia (AD).1–3 As
such, wide fluctuations in daily BP are likely, and day-

to-day variation in the clinical assessment of BP may
render diagnosis and treatment ineffective, particularly
if internal and external conditions are not kept consist-
ent. For instance, we reported dissociation between the
prevalence of hypotension (≈40%), and the diagnosis
and treatment (<1%), and found that the diagnosis of
hypertension was 46%; whereas diagnosis of AD was
5%, regardless of the level of lesion in veterans with
SCI.1,9 Because clinical assessment is dependent on the
day-to-day reproducibility of the measurement tool, as
well as an understanding of the metrics of reliability, it
is important that day-to-day reliability of BP assess-
ments be documented in the SCI population.
The impact of disrupted sympathetic nervous system

control of the cerebral vasculature is not well
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appreciated in the SCI population because many indi-
viduals with SCI do not report symptoms of altered cer-
ebral blood flow (CBF), which may result from unstable
BP. However, increases in BP that are associated with
AD can cause severe headaches and dizziness episodes
which adversely impact daily activities10 and in
extreme cases can result in cerebral hemorrhage and
death.11–14 In the general population persistent hypoten-
sion may result in cerebral hypoperfusion,15,16 and it
was recently reported that chronic cerebral hypoperfu-
sion, secondary to diabetes, contributed to accelerated
cognitive decline and neuronal cell death.17 Further,
an increased incidence of hemorrhagic and ischemic
stroke was noted in the Taiwanese SCI population
(n=2806) compared to propensity-score matched con-
trols (n= 28,060), which the authors speculate may
relate to fluctuations in BP.18 Transcranial Doppler ultra-
sound (TCD) technology has been used to non-invasively
assess CBF velocity (CBFv) at the middle cerebral artery
(MCA)19–24 and the posterior cerebral arteries 23,24 in the
SCI population. From TCD recordings of the MCA,
reduced resting CBFv has been documented in persons
with SCI 22,25 and altered static and dynamic autoregula-
tion compared to controls is reported.26 However, there is
conflicting results as other laboratories have documented
similar MCA CBFv and functional cerebral autoregula-
tion compared to controls.20,24 Because unstable BP
may adversely impact cerebral perfusion, the day-to-day
reliability of TCD recordings of CBFv should be deter-
mined in the SCI population. In addition to gaining an
appreciation of the day-to-day reliability of BP and
CBFv assessments in the SCI population, documenting
the degree of variation inherent in these physiological
signals will validate these measurement tools for use in
determining the efficacy of treatment strategies aimed at
improving cardiovascular and cerebrovascular stability.

The primary study objective was to determine the inter-
day reliability metrics of brachial and finger BP and TCD
recordings of CBFv assessments in individuals with SCI
and able-bodied (AB) controls. A secondary objective
was to compare seated resting CBFv between individuals
with SCI and controls. We hypothesized that the day-to-
day assessment of systemic and cerebral hemodynamics
would be reliable in both the SCI and control groups
and that, due to autonomic cardiovascular impairment
resting CBFv would be significantly reduced in individ-
uals with SCI compared to the healthy controls.

Methods
Participants
All participants (n = 25) were between the ages of 22
and 61 years with no known history of CVD, pulmonary

disease, or diabetes mellitus, no acute illness or infec-
tion. Participants were not taking prescription medi-
cations for CVD and all were confirmed non-smokers.
Participants with SCI (n = 15) were matched for demo-
graphic characteristics to the AB controls (n = 10)) and
all participants were asked to refrain from physical
activity for 12 hours and from eating for 4 hours prior
to testing. The Institutional Review Board for Human
Studies of the James J. Peters Veterans Affairs
Medical Center granted approval for the study, and
informed consent was obtained prior to initiation of
the study procedures.

Study procedures
Participants visited the laboratory on 3 separate
occasions and assessment of resting heart rate (HR),
BP and CBFv was recorded twice in the seated position
by the same study technician. Participants arrived at the
laboratory approximately the same time of day on all 3
study visits and remained seated for the duration of
testing. Prior to data collection, a 20-minute period of
quiet rest was provided in a thermo-neutral, dimly lit
room while the participants were instrumented with
three ECG electrodes, the BP cuffs were fitted to the
middle finger of the right hand and secured at the left
brachial artery. A head harness was placed and
secured to the temporal region for TCD recording of
the left MCA. After instrumentation, two 5-minute
assessments of simultaneous beat-to-beat systemic and
cerebral hemodynamics were recorded, which were
initiated at 0 and 15 minutes after the 20 minutes of
quiet rest. Manual BP was assessed once during each
5-minute data recording period.

Heart rate & blood pressure monitoring
Instrumentation included continuous monitoring of the
inter-beat-interval (IBI: msec) of HR using a standard
electrocardiogram (Ivy Biomedical Systems Inc.,
Branford, CT, USA). The ECG signal was recorded
from a 3-lead configuration; lead site preparation was
performed according to clinical standards and the elec-
trodes were placed at the distal right and left clavicle and
in the left lateral 5th intercostal space (V-5). Participants
were in the seated upright position with the right arm
supported on a table horizontal to the level of the
heart for the duration of testing; beat-to-beat finger BP
(mmHg) was continuously monitored at the right middle
finger using photoplethysmography (Finometer ®
MIDI Model-2; Finopres Medical Systems B.V.,
Amsterdam, The Netherlands). Although the right
middle finger was used to assess finger BP in most par-
ticipants, due to hand contractures and spasms, other
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fingers were used in a few participants; however, the
digit used was kept consistent throughout the study.
The finger BP cuff size was standardize throughout
the study and a height calibration procedure was per-
formed immediately (30–60 seconds) before each data
collection segment. The ECG and finger BP signals
were sampled at 500 Hz and were stored on a hard-
drive for subsequent analysis using customized data
analysis programs written with LabVIEW graphical
software for instrumentation (National Instruments,
Austin, TX, USA), which allowed study investigators
the ability to remove any erroneous BP waveforms
resulting from a spasm or due to motion artifact;
however waveform reconstruction was not available
on the version of finometer we used in this investi-
gation. Brachial BP was monitored at the left bra-
chial artery using a manual sphygmomanometer
with adult BP cuff (GE Healthcare Information
Technologies, Milwaukee, WI, USA). The systemic
hemodynamic variables of interest included IBI,
finger and brachial SBP, DBP and mean arterial
pressure (MAP), which was calculated as: (SBP +
DBP + DBP)/3.

Cerebral blood flow velocity monitoring
TCD ultrasound technology (Terumo Cardiovascular
Systems, Tustin, CA, USA) was used to assess resting
CBFv in the left MCA through the temporal window.
The TCD probe was operated at a frequency of
2.0 MHz and MCA was identified by the target depth
(45–55 mm), the sound and direction of flow (i.e.
towards the probe), the characteristic spectral waveform
(i.e. relatively faster flow compared to other cerebral
vessels), and by compression of the common carotid
artery which resulted in an appropriate reduction in
MCA flow velocity. Once the MCA was visualized, a
head-harness was used to secure probe position for sub-
sequent testing. TCD datawere collected simultaneously
with the ECG and finger BP signals over the two 5-
minute periods and the output included systolic flow vel-
ocity (SFV: cm/s), diastolic flow velocity (DFV: cm/s)
and mean flow velocity (MFV: cm/s). Because it has
been demonstrated that the diameter of the MCA does
not change in response to moderate perturbation,27 it
is generally well accepted that MFV reflects CBF,
which has been validated and reported by several inves-
tigators.28–30 TCD signals were sampled at 500 Hz and
were stored on a hard-drive for subsequent analysis
using customized data acquisition and analysis pro-
grams written with LabVIEW graphical software for
instrumentation.

Data analysis
Data are reported as mean ± standard deviation and
were analyzed using a statistical analysis program
(IBM SPSS Statistics, version 21, IBM Corp.,
Armonk, NY, USA). Demographic data were compared
between the SCI and AB groups using unpaired t-tests.
Seated resting systemic and cerebral hemodynamic
data were compared with mixed factorial ANOVA
models to test main and interaction effects for group
(AB; SCI), intra-day (trial), and inter-day (visit).
Reliability of the systemic and cerebral variables of
interest was quantified using the procedures described
by Weir.31 Specifically, inter-day systematic error for
each dependent variable was assessed using single
factor repeated measures ANOVA models with the
intra-day score calculated from the mean of the two
measurements collected within a given test day. From
the resulting variance components in the ANOVA
table, the intra-class correlation coefficient (ICC,
model 2,1) and the standard error of measurement
(SEME) were calculated. The SEME was calculated
from the square root of the mean square error term
from the repeated measures ANOVA.31 From the
SEME, both the minimal detectable difference (MDD;
also known as smallest detectable difference) and the
coefficient of variation (CoV) were calculated. The
MDD, which was calculated as: SEME*1.96*√2,
where 1.96 is the Z score for a 95% level of confidence,
is a useful clinical metric, reflecting the smallest degree
of change necessary to exceed the typical measurement
error for any particular test or procedure. As such, indi-
vidual changes that are greater than or equal to the
MDD can be interpreted, at the 95% level of confidence,
as being sufficiently large to be considered a “real”
change. The CoV was calculated as: (SEME ÷ grand
mean) × 100, and reflects normalization of the SEME
to the average score. To assess systematic differences
(bias) between absolute and BP recordings with the bra-
chial and finger techniques, repeated measures
ANOVAs were performed to determine main and inter-
action effects for method (brachial vs. finger), trial
(intra-day) and visit (inter-day). All analyses were con-
ducted with α = 0.05.

Results
Study participants
There were no significant group differences for demo-
graphic characteristics of the participants (Table 1).
The study population was largely male (75%), 11 were
veterans (44%), and the sample was predominantly
Caucasian (52%). Participants with SCI were chroni-
cally injured (range: 1–42 years), mostly cervical
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lesions (80%), and two-thirds were classified by the
American Spinal Injury Association (ASIA) Injury
Scale (AIS) as motor complete injuries (AIS A & B).

Systemic & cerebral hemodynamic data
There were no significant main or interaction effects for
IBI (data not shown). The main and interaction effects
for the intra-day (trial) and inter-day (visit) comparisons
were not significant for manual BP; however the main
effect for group was significant, suggesting that regard-
less of trial or visit, brachial BP was lower in the SCI
compared to the AB group (Fig. 1A: 95% CI for the
difference between groups: SBP: 10.6–25.1 mmHg;
DBP: 4.1–16.5 mmHg; MAP: 4.7–17.2 mmHg). Main
and interaction effects were not significant for the

finger BP assessments; however both SBP and MAP
were reduced in the SCI compared to the control
group (Figure 1B). The main and interaction effects
for trial and visit were not significant for CBFv;
however, the group main effect was significant, indicat-
ing that regardless of trial or visit, CBFv was lower in
the SCI compared to the AB group (Fig. 2: 95% CI
for the difference between groups: SFV: 4.5–33.0 cm/s;
DFV: 2.6–19.6 cm/s; MFV: 5.3–24.7 cm/s).

Test-retest reliability
The ICC data from the ANOVA models for each of the
variables of interest is presented for both the SCI and
AB groups together (Table 2A), the SCI group alone
(Table 2B) and the AB group alone (Table 2C). First,
for all dependent variables, there were no systematic
differences in mean responses across trials (all intra-
day: P ≥ 0.05). The inter-day ICC values for the IBI
assessment ranged from 0.45 to 0.86, indicating “fair”
to “substantial” day-to-day reliability.32 In general, the
inter-day ICC values were higher for brachial BP than
for finger BP assessments, indicating increased within-
subject day-to-day variability with photoplethysmogra-
phy at the finger; this trend was similar in AB and the

Table 1 Subject characteristics

Total SCI AB
n = 25 n = 15 n = 10

Age (y) 40 ± 12 43 ± 12 35 ± 11
Age range (y) 22–61 22–61 22–58
HT (m) 1.73 ± 0.09 1.76 ± 0.07 1.70 ± 0.11
WT (kg) 69 ± 11 70 ± 10 67 ± 12
BMI (kg/m2) 22.9 ± 3.2 22.8 ± 3.6 23.0 ± 2.7
Female Sex (n) 6 (24%) 2 (13%) 4 (40%)
Duration of SCI (y) 13 ± 12
Level of SCI C3-T4
Complete AIS A 5 (33%)

y = years; HT = height; m = meters; WT = weight; kg = kilograms; BMI = body mass index.

Figure 1. Depicts the mean ± SD of [A] brachial and [B] finger
SBP, DBP and MAP for the AB (white bars) and SCI (black bars)
groups. The main effect for group was significant; *** P < 0.001;
** P < 0.01 versus the AB group.

Figure 2. Depicts the mean ± SD of the SFV, DFV and MFV for
the AB (white bars) and SCI (black bars) groups. Themain effect
for group was significant; * P < 0.05; ** P < 0.01 versus the AB
group.
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SCI groups for SBP (Fig. 3) and DBP (Fig. 4). Point
estimates for ICC values of brachial BP ranged from
0.51 to 0.79, which fall in the categories of “fair” to
“substantial” reliability using the scheme proposed by

Shrout32; the SEME values ranged from 3.8 to
7.2 mmHg and the CoV ranged from 4.2 to 11.7 %.
ICC values for finger BP were less reliable and ranged
from 0.17 to 0.47, indicating “slight” to “fair”

Table 2A Inter-day reliability: total group (n = 25)

95% CI

F trials P-value SEM CoV (%) MDD ICC Upper Lower

IBI (msec) 1.67 0.20 65.29 7.65 180.95 0.78 0.90 0.56
Brachial

SBP (mmHg) 0.25 0.78 6.19 6.46 17.16 0.79 0.90 0.57
DBP (mmHg) 0.01 0.99 5.73 9.29 15.87 0.68 0.85 0.41
MAP (mmHg) 0.33 0.73 4.24 8.01 11.76 0.96 0.99 0.85

Finger
SBP (mmHg) 1.36 0.27 14.65 15.22 40.61 0.46 0.71 0.15
DBP (mmHg) 0.94 0.40 11.95 22.77 33.11 0.34 0.63 0.06
MAP (mmHg) 0.42 0.66 12.32 18.24 34.14 0.47 0.72 0.16

Middle Cerebral
SFV (cm/sec) 2.45 0.10 8.21 11.25 22.76 0.83 0.92 0.65
DFV (cm/sec) 0.30 0.74 4.74 17.30 13.13 0.85 0.93 0.68
MFV (cm/sec) 1.37 0.26 5.75 13.00 15.94 0.84 0.93 0.66

Table 2B Inter-day reliability: SCI only (n = 15)

95% CI

F trials P-value SEM CoV MDD ICC Upper Lower

IBI (msec) 0.82 0.45 61.81 7.19 171.29 0.86 0.95 0.63
Brachial

SBP (mmHg) 0.23 0.80 7.22 8.13 20.00 0.56 0.83 0.15
DBP (mmHg) 0.16 0.85 6.75 11.72 18.70 0.53 0.82 0.12
MAP (mmHg) 0.13 0.88 6.90 10.15 19.12 0.51 0.81 0.10

Finger
SBP (mmHg) 0.72 0.49 16.11 18.02 44.63 0.39 0.74 0.03
DBP (mmHg) 1.62 0.22 11.78 23.81 32.64 0.37 0.73 0.02
MAP (mmHg) 1.07 0.36 12.65 19.72 35.07 0.44 0.77 0.05

Middle Cerebral
SFV (cm/sec) 1.37 0.27 8.10 12.28 22.46 0.69 0.89 0.31
DFV (cm/sec) 0.03 0.97 5.17 22.39 14.33 0.71 0.90 0.34
MFV (cm/sec) 0.73 0.49 6.02 16.95 16.69 0.67 0.88 0.27

Table 2C Inter-day reliability: AB only (n = 10)

95% CI

F trials P-value SEM CoV MDD ICC Upper Lower

IBI (msec) 0.78 0.47 73.49 8.70 203.66 0.44 0.83 0.00
Brachial

SBP (mmHg) 0.63 0.55 4.43 4.16 12.29 0.75 0.94 0.28
DBP (mmHg) 1.13 0.35 3.76 5.54 10.41 0.71 0.92 0.20
MAP (mmHg) 0.30 0.74 3.77 4.78 10.46 0.74 0.94 0.26

Finger
SBP (mmHg) 0.77 0.48 13.00 12.08 36.03 0.17 0.68 0.09
DBP (mmHg) 2.53 0.11 10.99 19.29 30.46 0.20 0.71 0.06
MAP (mmHg) 1.73 0.21 9.90 13.44 27.45 0.38 0.81 0.00

Middle Cerebral
SFV (cm/sec) 0.36 0.70 20.70 11.60 57.37 0.45 0.84 0.01
DFV (cm/sec) 2.39 0.12 2.00 12.46 5.54 0.96 0.99 0.84
MFV (cm/sec) 0.32 0.73 4.28 10.59 11.86 0.92 0.98 0.70

95% CI = 95% confidence interval; IBI = inter-beat-interval; SBP = systolic blood pressure; DBP = diastolic blood pressure; MAP =
mean arterial pressure; SFV = systolic flow velocity; DFV = diastolic flow velocity; MFV =mean flow velocity.
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reliability32; the SEME values ranged from 9.9 to
16.1 mmHg and the CoV values ranged from 12.1 to

23.8 %. The ICC calculations for the CBFv metrics
ranged from 0.45 to 0.96 indicating “fair” to

Figure 3. Depicts inter-day (visit) variability in SBP at the brachial artery in the SCI (3A) and AB (3B) participants and at the finger in
the SCI (3C) and AB (3D) participants. Data reflect the mean of two measurements taken 15 minutes apart on each study visit.

Figure 4. Depicts inter-day (visit) variability in DBP at the brachial artery in the SCI (4A) and AB (4B) participants and at the finger in
the SCI (4C) and AB (4D) participants. Data reflect the mean of two measurements taken 15 minutes apart on each study visit.
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“substantial” reliability.32 The SEME for the CBFv
metrics ranged 2.0 to 22.4 cm/s and CoV ranged from
10.6 to 22.4 %. Although between-subject variability
appeared to be increased in the AB group compared
to the SCI group (Fig. 5) test-retest reliability for
CBFv was good in both groups (Table 2).

Minimal detectable difference
For the BP assessments, theMDD values were markedly
lower (i.e. better) with the manual sphygmomanometer
based estimates than the finger photoplethysmography
estimates. Specifically, for brachial BP the MDD values
ranged from 10.4 to 20.0 mmHg while MDD for finger
BP ranged from 27.4 to 44.6 mmHg. The MDD for the
CBFv metrics ranged from 5.5 to 57.4 cm/s. It must be
appreciated that the large MDD value for CBFv reflects
proportionally increased SFV in AB group, and not
poorer reliability of assessment, because the SEME

(CoV) was 11.6% for SFV, which was in line with the
other CoV values for the CBFv metrics.

Bias
The ANOVA analyses examining systematic differences
(bias) between the brachial and finger BP recordings
showed no significant interaction effects. The main
effect for method (brachial vs. finger) was not significant
for SBP (brachial mean ± SD = 95.9 ± 12.3 mmHg,
finger = 96.3 ± 16.0, P = 0.91) or MAP (brachial
= 72.3 ± 9.1, finger = 67.0 ± 12.9, P = 0.09);
however, the main effect for method was significant
for DBP (brachial = 61.7 ± 8.9, finger = 52.5 ±
10.9, P < 0.001, effect size = 0.93).

Discussion
These data suggest that: (1) the inter-day assessment
brachial BP appears to be more reliable than finger BP

Figure 5. Depicts inter-day (visit) variability in SFV, MFV and DFV in the SCI (5A, 5C, 5E) and AB (5B, 5D, 5F) participants.
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in both SCI and AB groups; (2) inter-day assessment of
CBFv was reliable in both the SCI and AB groups; (3)
significantly reduced indices of BP and CBFv in individ-
uals with SCI compared to AB controls and 4) markedly
lower DBP values recorded with the finger than brachial
recording. Therefore, these readily accessible clinical
tools may be used to assess the effects of clinical inter-
vention aimed at increasing systemic BP and CBF in
individuals with SCI with the goal of improving cogni-
tive function and QOL.

Test-retest reliability of any physiological signal
should be confirmed prior to widespread clinical appli-
cation and to validate use for hypothesis testing in
research protocols. Obtaining a reliable brachial BP
signal over the course of three days in individuals
with high level SCI is of clinical importance because
autonomic cardiovascular impairment often results in
wide fluctuations in daily BP.3,4,33 To our knowledge
the inter-day reliability of seated resting BP has not
been reported in the SCI population; however, a
recent report documented substantial inter-day
reliability for SBP (ICC = 0.79) and DBP (ICC =
0.92) in response to a sit-up test in 8 individuals with
chronic SCI.34 Although our ICC data for brachial
BP were lower than reported by Currie et al.,34

values were comparable for SBP (ICC = 0.56) and
DBP (ICC = 0.53) in hypotensive individuals with
SCI while at seated rest. It must be appreciated that
during testing there was no subjective (symptoms) or
objective ( + 20/10 mmHg) evidence of AD or OH
(–20/10 mmHg), which may have contributed to the
reliability of brachial BP documented. We acknowledge
that many individuals with high thoracic and cervical
SCI may have frequent bouts of AD, which contributes
to the wide fluctuations in daily BP previously noted.3,35

Further, because we did not assess supine BP we could
not determine if the hypotension documented in our
participants with SCI met the definition of OH36;
however, given the increased prevalence of OH in the
SCI population,7,8,33 it is likely that many of our partici-
pants with SCI met criteria.

The poor inter-day reliability of the finger BP assess-
ment in both the SCI and AB groups was a surprise and
deviates from prior results in various populations.37–41

Because finger BP assessment was less reliable than bra-
chial BP in both the SCI and AB groups, we believe that
this finding does not relate to the degree of autonomic
cardiovascular impairment. However, cold hand and
finger temperatures, particularly in participants with
SCI, may have contributed to peripheral vasoconstric-
tion and variation in finger blood flow among the
study visits and low ICC values. Furthermore, although

we calibrated the finger photoplethysmographer prior to
all data collection segments, the physiocal was turned
off during the actual data collection to avoid interfer-
ence in the waveform, which may have had an erroneous
influence on finger BP. We appreciate that poor test-
retest reliability of the finger BP assessments is trouble-
some because we recognize that this is a commonly used
research tool with significant clinical testing impli-
cations. Of note, the finometer we used was an older
version (Model-2 © 2007 FMS) that did not have the
capabilities of the return-to-flow calibration or wave-
form reconstruction, which are available on the newer
models and may significantly improve test-retest
reliability of the finger BP assessment.42–45

Our data suggest that the inter-day assessment of
CBFv was reliable in both the SCI and AB groups. A
previous report describing the day-to-day ICC for
MFV indicate poor reliability in the AB controls
(ICC = 0.33) but substantial reliability in participants
with SCI (ICC = 0.99).22 Although our data indicate
more modest reliability for CBFv in participants with
SCI (ICC range = 0.67–0.71), the findings reported
by Wilson et al. are limited by a small sample of only
3 individuals with tetraplegia tested on 2 study visits.22

While the inter-day assessment of CBFv seems equally
reliable in both groups, an interesting observation
from these data was that the between-subject variation
in CBFv appeared to be increased in the AB compared
to the SCI group. It should be noted that increased
between-subject variability will inflate (improve) the
ICC, all else being equal.31 That said, we believe that
the relatively homogeneous and lower CBFv in those
with SCI likely reflects hypotension secondary to
impaired autonomic cardiovascular control, which is
well described in individuals with high thoracic and cer-
vical lesions.3,24,26,46

Another important methodological consideration is
the MDD, which can help clinicians distinguish
between a true effect in an individual patient and
measurement error. That is, the MDD is not an estimate
of a “meaningful” change in terms of clinical impor-
tance. Instead, this estimate reflects the magnitude of
change that one would have to see in an individual
patient in this population, using these methods, for
one to be confident that a “real” change occurred in
that patient, at a given level of confidence. As a
default, the 95% level of confidence was chosen for
our MDD calculations, and the resulting values
suggest that when assessing potential changes in a
given individual, large changes in a measurement must
occur to conclude a change is “real” (e.g. ≈19 mmHg
for MAP and ≈16 cm/s for MFV). This is somewhat
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discouraging since our previous data on the BP and
CBFv effects of midodrine hydrochloride (10 mg)
during head-up tilt in hypotensive individuals with
SCI suggest an average increase in MAP of 12 mmHg,
but only an average increase in MFV of 0.6 cm/s.21

However, it should be appreciated that these are mean
data following a single dose of midodrine and individual
responses varied (MAP: –9 to + 35 mmHg; MFV: –6
to + 11 cm/s).21 As such, mean changes may be statisti-
cally significant at a group level but are harder to detect
in individuals using a stringent level of confidence. We
should note that a less stringent level of confidence for
MDD may be more appropriate when making infer-
ences about individual responses (e.g. simply 1.5 to 2
times the SEME; the 95% level of confidence equals
2.77 times the SEME), as previously suggested.47

We found significantly reduced CBFv in hypotensive
participants with SCI compared AB controls with low
BP. Findings of reduced resting CBFv have been
reported in individuals with SCI,22,25,48 and recently,
Sahota et al. showed that impaired autoregulatory
control of CBF relates to the level and completeness
of injury to the autonomic nervous system in persons
with higher levels of SCI.26 Although several labora-
tories have reported that CBFv did not differ between
individuals with SCI and AB controls, resting MFV
was 16% reduced in both SCI cohorts compared to
that of the controls.22,49 Our data support the notion
that not only is MFV reduced in persons with SCI com-
pared to AB controls, but SFV and DFVare also signifi-
cantly lower. These findings indicate persistent cerebral
hypoperfusion throughout the entire cardiac cycle in
hypotensive individuals with chronic SCI, which may
contribute to the increased incidence of cerebrovascular
disease50 and ischemic stroke,18 as well as cognitive def-
icits,23,51,52 and impairment in health related QOL.10

Study limitations
The participants with SCI were hypotensive, which we
believe contributed to the significantly reduced CBFv
compared to the AB controls. Therefore findings of
reduced CBFv cannot be extrapolated to individuals
with SCI who are not hypotensive. In addition,
because the level of SCI was restricted to individuals
with some degree of disruption in supraspinal sympath-
etic cardiovascular control (i.e. above the sixth thoracic
vertebrae) application of the findings to individuals with
more intact cardiovascular autonomic control may not
be appropriate. It must be appreciated that the “gold-
standard” of BP assessment (i.e. intra-arterial) was not
used to test the reliability or validity of these non-inva-
sive measures of BP, which should be considered in a

future research initiative. The finger photoplethysmo-
grapher used in this investigation (Finometer ® MIDI
Model-2) did not include the return-to-flow procedure
to calibrate finger BP to brachial artery pressure,
which may have contributed to the low ICC values
reported for finger BP. Although it is well appreciated
that CBFv, as measured by TCD ultrasound in the
MCA, reflects CBF because arterial diameter remains
fairly constant, the assessment of change is preferred
to absolute values. However, these data were collected
in the seated resting condition; as such, change was
not assessed and therefore the data should be interpreted
with caution. Finally, we cannot make any assertions
regarding the contribution of frequent AD and/or OH
to our finding of poor test-retest reliability of the
finger BP assessments or of the reduced CBFv because
we did not assess subjective reporting on the frequency,
duration or severity of these conditions in our partici-
pants with SCI.

Conclusions
The findings suggest reliable day-to-day assessment of
brachial BP and TCD ultrasound assessment of CBFv
in hypotensive individuals with SCI and AB controls
with low BP. However, in our laboratory, finger photo-
plethysmography did not provide a reliable inter-day
assessment of BP in either the SCI or AB cohorts. The
data also suggest that resting CBFv is reduced in hypoten-
sive individuals with SCI compared to demographically-
matched AB controls with low BP. Future initiatives
should be aimed at documenting CBFv in individuals
with SCI that are not hypotensive and with variable
levels and completeness of injury to establish the influ-
ence of hypotension versus cardiovascular autonomic
dysfunction on cerebral blood flow in this population.
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