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Background: Pulse wave velocity (PWV), which reflects arterial stiffness, is an important predictor of future
coronary artery disease. The test–retest reliability of PWV has not been investigated in people with spinal
cord injury (SCI).
Purpose: To report the test–retest (day-to-day) reliability of PWV measurements among people with SCI, and to
determine the smallest real difference (SRD) of PWV values.
Participants: Twenty men (n= 19) and a woman (n= 1) with SCI (C4-T10; AIS A-D; ≥1-year post-injury; 10 with
paraplegia and 10 with tetraplegia; time post-injury: 11.8± 8.7 years; age: 43.0± 12.6 years).
Methods: On two occasions within a 2-week period, aortic PWV (between the common carotid and femoral
artery), arm PWV (between the brachial and radial artery), and leg PWV (between femoral and posterior tibial
artery) were assessed at the same time of day using Doppler flowmeters.
Results: No statistically significant differences were found between days 1 and 2 in aortic PWV (day 1: 941±
185 cm/seconds, day 2: 917± 160 cm/seconds, P= 0.257), leg PWV (day 1: 1088± 141 cm/seconds, day
2: 1122± 165 cm/seconds, P= 0.099) and arm PWV (day 1: 1283± 185 cm/seconds, day 2: 1358±
256 cm/seconds, P= 0.180). The aortic and leg PWVs had high test–retest reliability (intraclass correlation
coefficient: ICC= 0.920 and 0.913, respectively; P< 0.001 for both) and arm PWV had moderate test–retest
reliability (ICC= 0.598, P= 0.03). SRDs for each PWV were 104 cm/seconds (aortic PWV), 97 cm/seconds
(leg PWV) and 143 cm/seconds (arm PWV).
Conclusion: The test–retest reliability of PWV assessment is high among patients with chronic SCI. Changes in
aortic PWV values above 104 cm/seconds with repeated testing like represent true changes in health status.
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Introduction
Coronary artery disease (CAD) is the leading cause of
death among people with chronic spinal cord injury
(SCI).1,2 Individuals with SCI are a specific and vulner-
able high-risk population prone to CAD. To prevent
CAD morbidity and mortality, it is important to
screen for CAD risk factors regularly using noninvasive
and reliable methods.
Stiffening of the central or cardiothoracic arteries is

identified as a significant independent risk factor for
CAD in able-bodied people.3–5 A decrease in the
elastic properties of arteries reduces their buffering

capacity, leading to increased pulse pressure, aortic
impedance, and left ventricular wall tension, all of
which augment the workload of the heart, thereby
increasing CAD risk. Several indices have been used to
quantify the stiffness of the peripheral and cardiothor-
acic arteries. These include (1) measuring pulse wave vel-
ocity (PWV); (2) relating change in arterial diameter to
distending pressure; and (3) assessing arterial pressure
waveforms. Of the above methods for measuring arterial
stiffness, PWV is the most widely accepted technique
and considered as a gold standard measurement of
arterial stiffness.6,7 PWV is the velocity of the blood
pressure wave as it travels between two anatomic sites
within the arterial system, and is determined dominantly
by the elasticity of the artery.8 The European Societies
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of Hypertension and European Societies of Cardiology
have postulated PWV as a representative assessment of
arterial stiffness and have indicated common carotid
to femoral artery PWV value of greater than 12 m/
seconds as indicative of vascular end-organ damage.9

This indicates people that with common carotid to
femoral artery PWV value of greater than 12 m/
seconds are at high risk of future CAD. PWV can be
measured using several techniques such as tonometers,
mechanotransducers, echo-tracking, and Doppler flow-
meters. Of the above techniques, Doppler flowmeter is
a widely used technique and PWV measured using
Doppler flowmeter has been found to be highly reprodu-
cible in able-bodied populations.10,11

To date, PWV in the SCI population has not been
fully investigated, although PWV would be highly valu-
able in the SCI population.12 Conventional more inva-
sive methods for early detection of asymptomatic
CAD, are often infeasible to administer, difficult to
interpret, among individuals with SCI; often precluding
them from participation in some forms of diagnostic
testing (i.e. graded exercise test for individuals with tet-
raplegia, Persantine thallium scan). Establishment of a
noninvasive diagnostic threshold (cut off value for
PWV among individuals with SCI, similar to the
12 m/seconds by the European Guidelines for the
general able-bodied population), would contribute to
early detection of asymptomatic CAD in people with
SCI. Ultimately, the use of PWV measures in the SCI
population may identify patients with early disease, to
allow for introduction of interventions help to screen
for and prevention of arterial stiffness progression
prior to the onset of a heart attack or stroke. However,
before such evaluations can be made, the test–retest
reliability of PWV should be determined in individuals
with SCI. In addition, in clinical practice as well as in
clinical trials, it is necessary to answer the question of
how much difference is due to real change, as opposed
to change variation or measurement error, i.e. the smal-
lest real difference (SRD).13 Thus, the purpose of this
study was (1) to report the test–retest (day-to-day)
reliability of PWV measurements among people with
chronic SCI, and (2) to determine SRD of PWV
values in individuals with SCI.

Methods
Subjects
Twenty participants (19 male and 1 female) with chronic
(≥1-year post-injury) SCI were included in this study
(Table 1). Participants were recruited from an outpatient
SCI clinic located at Toronto Rehabilitation Institute,
University Health Network, Lyndhurst Centre. All

participants were free of signs, symptoms, and history
of myocardial infarction, stroke, chronic obstructive
pulmonary disease, and diabetes. Three participants
were regularly taking medications for hypertension
(acetylsalicylic acid, triamterene, and Dyazide); four
participants were taking baclofen for spasticity. The
study protocol was approved by the Toronto
Rehabilitation Institute Research Ethics Board. The
participants were given a brief description of the study
purpose and then asked to provide written consent for
study participation.

Study design
PWV data were obtained from each participant on two
separate occasions (days 1 and 2) within a 14-day
period. Days 1 and 2 sessions were conducted at the
same time of day (approximately 9:00 AM to 1 PM).
Participants were at least 12 hours postprandial,
having refrained from caffeine, smoking, and heavy
exertion for a minimum of 24 hours prior to testing.
Medications were not interrupted for data collection;
however, medications and dosages were identical on
days 1 and 2 for each subject. After a resting period of
at least 20 minutes in a quiet and temperature-controlled
room, two trained technicians measured PWV. Blood
pressure (systolic blood pressure: SBP; diastolic blood
pressure: DBP) and heart rate (HR) were measured
before and after PWV measurements.

Pulse wave velocity
The same two well-trained technicians did PWV assess-
ments. Two identical transcutaneous Doppler flow-
meters (Smartdop50; Hadeco, Inc., Kanagawa, Japan)
were used to obtain PWV (1) between the common
carotid artery and the femoral artery (aortic PWV),
(2) between the femoral and posterior tibial arteries
(leg PWV), and (3) between the brachial and radial
arteries (arm PWV). The transcutaneous blood flow
waves were recorded using a data acquisition system
(Power Lab/16SP; AD Instruments, Inc. Bella Vista,
Australia) for subsequent off-line analysis. The blood

Table 1 Subject characteristics (n= 20)

Valuables

Age (years) 43.0± 12.6
Level of injury C4-T10
AIS classification A–D
Duration of injury (years) 11.8± 8.7
Height (cm) 174.7± 7.4
Weight (kg) 77.7± 18.1

Note: Data are presented as mean± SD except for level of injury
and AIS classification. AIS, American Spinal Injury Association
(ASIA) Impairment Scale
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flow wave was band–pass filtered (2–30 Hz) and the foot
of the blood flow wave(the start of sharp systolic
upstroke) was identified as the minimum values of the
filtered signal. The time difference was identified
between the feet of the blood flow waves at the two
arterial recording sites. PWV was then calculated as
the distance between the two recording sites divided
by the identified time, 4, 12, 14–16. The distance
between the two recording sites was measured above
the surface of body with a nonelastic tape measure. A
minimum of 20 simultaneously recorded waveforms
were analyzed. The order of PWV measurements
(aortic PWV, leg PWV, or arm PWV) was randomized
to avoid the possibility of an order or time effect.
Brachial SBP and DBP were measured using a
mercury sphygmomanometer. Mean blood pressure
(MBP) was calculated as DBP+ 1/3(SBP–DBP). HR
was recorded using an automated HR monitor (UA-
767 Digital blood pressure monitor; Omron, Inc.,
Tokyo, Japan) right before and after PWV
measurements.

Statistical analysis
The data are presented as mean± SD. A paired t-test
was used to determine significant within-subject differ-
ences between days 1 and 2 for each PWV variable.
Statistical significance was set at P< 0.05 throughout
the test.
Intraclass correlation coefficients (ICC) determined

test–retest reliability. ICC values were interpreted as
poor (0.00–0.20), fair (0.21–0.40), moderate
(0.41–0.60), substantial (0.61–0.80), or almost perfect
(0.81–1.00).17 The statistical analyses were performed
using IBM SPSS 20 for Macintosh (IBM, NY, USA).
In order to assess possible skewness of the PWV data,
Bland–Altman plots18 were provided.
In addition, SRDs were calculated using the equation:

SRD= 1.96 ×√2 × standard error of measurement.13

The SRD is the smallest threshold required to detect
statistically significant change in an individual when
taking into account the variability associated with
both the measurement technique and experimental

sample. In addition, to allow the SRD to be indepen-
dent of the units of measurements, and thereby used
to determine a relative difference after intervention or
to detect a relative deterioration over time, the SRD
was expressed as a percentage value (SRD percen-
tage).19 The SRD percentage was calculated by SRD
divided by the mean of the measurements from both ses-
sions multiplied by 100%.

Results
One participant could not complete the measurements
of leg and arm PWV due to technical difficulty. Thus,
the results of leg PWV and arm PWV include 19 partici-
pants’ data.
There was no statistically significant difference

between days 1 and 2 in SBP (day 1: 123.4±
17.2 mmHg, day 2: 122.7± 19.2 mmHg, P= 0.830),
DBP (day 1: 82.4± 10.9 mmHg, day 2: 82.9±
14.8 mmHg, P= 0.806), MBP (day 1: 102.9±
12.6 mmHg, day 2: 103.4± 15.7 mmHg, P= 0.824),
and HR (day 1: 66.5± 8.1 bpm, day 2: 66.4±
7.1 bpm, P= 0.966). No significant differences were
observed between days 1 and 2 for any PWV measures
(Table 2). ICC showed high test–retest reliability for
aortic PWV and leg PWV (aortic PWV: ICC= 0.920,
P< 0.001; leg PWV: ICC= 0.913, P< 0.001), both of
which are categorized as “almost perfect” by Landis
and Koch (1977).17 ICC for arm PWV showed lower
reliability (ICC= 0.598, P= 0.030), which is categor-
ized as “moderate”. There was no correlation between
the mean PWV values of days 1 and 2 and the difference
between days 1 and 2 in all three PWVs as indicated by
the Bland–Altman plot (Fig. 1A–C). Thus, the test–ret-
est reliability of the three PWVs did not appear to
depend on the actual values of the measure. The SRD
values and the SRD percentages are presented in
Table 2.

Discussion
In this study, we evaluated the test–retest reliability of
three PWV measurements (aortic PWV, leg PWV, and
arm PWV) in people with chronic SCI. We found that

Table 2 Test–retest reliability of aortic, leg, and arm PWV measures

Valuables Day 1 Day 2 Pa ICC SRD SRD percentage

Aortic PWV (cm/seconds) 941± 185 917± 160 0.257 0.920** 104 11.2
Leg PWV (cm/seconds) 1088± 141 1122± 165 0.099 0.913** 97 8.8
Arm PWV (cm/seconds) 1283± 185 1358± 256 0.180 0.598* 143 10.8

Note: PWV values in days 1 and 2 are presented as mean± SD.
Pa, based on paired t-test.
*P< 0.05;
**P< 0.001.
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there were no significant differences between days 1 and
2 for any PWV measures. In addition, aortic PWV and
leg PWV had almost perfect test–retest reliability, with
ICCs of 0.943 and 0.913 in aortic PWV and leg PWV,
respectively, although arm PWV had lower test–retest
reliability with an ICC of 0.598. Moreover, the
Bland–Altman plot did not show a significant systema-
tic error in any test–retest reliability of PWVs. It is
important to emphasize that the most clinically relevant
measure, aortic PWV, showed excellent test–retest
reliability. Thus, the test–retest reliability of aortic
PWV and leg PWV for individuals with SCI is compar-
able with previously reported test–retest reliabilities in
the general population as determined by the use of coef-
ficients of variation,20 ICC 10,21–23 and Pearson’s corre-
lation coefficients.24,25

Individuals with SCI may suffer from severe altera-
tions in the autonomic control of the cardiovascular
system, as the preganglionic sympathetic fibers that orig-
inate in the spinal cord (T1–L2) may be damaged by
injury, or simply disconnected from the influence of a
higher center. Individuals with mid-thoracic injuries
(T6) likely suffer from some loss of adrenergic inner-
vation to the blood vessels of the abdomen and lower
limbs, while those with cervical and high thoracic inju-
ries may also have varying degrees of compromised
cardiac sympathetic innervation.26 Studies examining
HR variability and blood pressure variability in people
with SCI have verified this reduction in sympathetic
tone.27–29 Furthermore, people with SCI above T6
may exhibit a large and sudden increase in blood
pressure in response to noxious stimuli below the level
of injury; a condition referred to as autonomic dysre-
flexia (AD). AD is most commonly provoked by
bladder distension.30 Likewise, people with SCI are sus-
ceptible to muscle spasticity, which may cause increases
in blood pressure and HR. Since short-term change in
arterial stiffness is likely mediated by an alteration of
vascular muscle tone by systemic factors (e.g. sympath-
etic nervous activity, circulating hormones)31 and
regional (e.g. endothelium-derived vasoactive sub-
stances, exercise muscle-derived metabolites),32 HR
(>120 bpm)33 or simply by a more distended artery
because of increased mean arterial pressure,34 these
SCI-specific conditions may cause variation in PWV.
To reduce the effects of SCI-specific conditions on
PWV measurements, we had participants rest for 20
minutes in a temperature-controlled room after empty-
ing their bladder and/or leg bag. In addition, no partici-
pants were seen to experience muscle spasticity during
the aortic and arm PWV testing. Some participants
experienced mild lower extremity spasticity during leg

Figure 1 Bland–Altman plot of (A) aortic PWV, (B) leg PWV,
and (C) arm PWV. For PWV at each site (aorta, leg, arm), day 1
minus day 2 PWV values are shown on the vertical axis
compared with the mean PWV value of days 1 and 2 on the
horizontal axis to look for systematic bias. There were no
statistically significant correlations between mean values of
days 1 and 2, and the differences between days 1 and 2 at
any site. The data indicate day 1-to-day 2 reliability were
independent from the absolute PWV values obtained.
Dashed lines indicate ±2SD.
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PWV testing. In this scenario, the test was stopped until
and restarted after the spasms and clonus had ceased.
Although people with SCI are prone to physiological
conditions that may periodically disturb sympathetic
activity and vary blood pressure, our findings strongly
suggest that measures of aortic PWV and leg PWV
show acceptable test–retest reliability in people with
SCI when proper precautions are taken.
Test–retest reliability for the arm PWV was statisti-

cally significant (ICC= 0.589, P< 0.03) but lower
than aortic and leg PWV. Furthermore, in the
Bland–Altman plot the deviation was greater at high
arm PWV values (Fig. 1C). A similar deviation
(higher PWV values have higher deviation) was reported
in able-bodied populations, although it was in the
measurements of aortic PWV.24,35 The reason why the
test–retest reliability of arm PWV in our study was
lower is unknown. It is unlikely that changes of blood
pressure and/or HR affect variations in arm PWV
since our results show that there were no differences in
blood pressure and HR measurements between the 2
days. In the arm PWV, both propagation time of the
pulse wave and the distance between two measurements
points are shorter than the other sites (aorta and leg).
Consequently, the calculation of PWV is more likely
to be affected by measurement error.
The SRD of a test is useful for clinicians and research-

ers in determining whether the change in PWV values
for an individual patient are real, that is, beyond
measurement error at the 95% confidence level. In
addition, the SRD can be used as a threshold to identify
statistically significant individual changes.36 Our results
(Table 2) show that SRDs of the three PWV measure-
ments were 104 cm/seconds (aortic PWV), 97 cm/
seconds (leg PWV), and 143 cm/seconds (arm PWV).
Thus, if the change between consecutive measurements
for an individual patient exceeds the SRD, the individ-
ual may be exhibiting significant change. For relative
changes, the SRD percentage is independent of the
unit of measurement and more easily interpreted. Our
results indicated that the size of the relative change
(the SRD percentage) should exceed 11.2% (aortic
PWV), 8.8 % (leg PWV), and 10.8% (arm PWV) to indi-
cate a real change. For example, the average subject has
a 915 cm/seconds aortic PWV and has to decrease by
104 cm/seconds to indicate a real improvement; equiv-
alent values for the lowest and highest subjects are 87
and 160 cm/seconds, respectively.
The exact relationship between PWV and cardiovas-

cular disease among people with SCI is still unknown;
however, in able-bodied people, stiffening of the
central or cardiothoracic arteries is a significant

independent risk factor for CAD.37–39 It is necessary
to determine the relationship between PWV and cardio-
vascular disease before using PWV as a noninvasive
indicator of cardiovascular disease among individuals
with SCI.

Conclusion
In conclusion, this study showed that PWV could be
used as a repeatable index of arterial stiffness in individ-
uals with chronic SCI if assessments are done under con-
trolled conditions. Given these findings, further
investigations should examine the relationship between
PWV and cardiovascular disease in people with SCI
and verify the psychometric properties of PWV in a
larger more representative sample.
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