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Boom HBK, Hermens HJ, Veltink PH. Validity and reproducibil- 
ity of crutch force and heart rate measurements to assess energy 
expenditure of paraplegic gait. Arch Phys Med Rehabil 1999;80: 
1017-23. 

Objective: To determine the validity and reproducibility of 
heart rate (HR) and crutch force measurements to estimate 
energy expenditure during paraplegic walking. Usefulness of 
these outcome measures in comparative trials was assessed in 
terms of responsiveness. 

Design: Cross-sectional validity was determined using one 
single (first) measurement. Longitudinal validity as well as 
reproducibility were calculated using repeated measurements. 

Setting: Oxygen uptake and HR during steady state as well 
as axial crutch load were measured at subjects' self-selected 
walking speeds. 

Patients: Ten subjects with thoracic-level spinal cord injury 
were included in the study. All subjects had considerable 
experience with ambulation in the advanced reciprocating gait 
orthosis (ARGO). 

Main Outcome Measures: Oxygen uptake (Vo2, mL/min) 
and oxygen cost (Eo2, mL/m) were used as criterion standards. 
Crutch peak force (CPF), crutch force time integral (CFTI), HR, 
and physiological cost index (PCI) were used to estimate 
energy expenditure. 

Results: The PCI was found to be sensitive to detect 
differences between sessions in criterion standard (r = .86). 
Smallest detectable difference (ie, point where difference 
exceeds measurement error) ranged from approximately 15% 
for CPF to 33.7% and 41.8% for Eo2 and PCI, respectively. 

Conclusions: Although PCI is expected to be a valid 
measure for within-patient differences in Vo2, responsiveness 
was lower compared to Eo2 and CPF. The limited number of 
patients who can be included in studies on paraplegic locomo- 
tion requires reproducible outcome measures. Therefore, CPF 
and Eo2 are advocated in favor of PCI. 
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A SSESSMENT OF THE energy expenditure of walking is 
frequently performed to evaluate the effectiveness of 

walking systems for patients with paraplegia. I-5 For this pur- 
pose, measurement of oxygen uptake (Voz) and oxygen cost 
(Eo2)  a r e  the most uniformly accepted standards.l,34 Usually, 
oxygen uptake is expressed either per unit time (oxygen uptake, 
Vo2) or per unit distance (oxygen cost, EO2). 4 E o  2 is thus 
considered an efficiency measure, because it relates the Vo2 to 
the performance. During steady state exercise, V02 as well as 
E02 can be transferred into energy uptake (J/min/kg) and energy 
cost (J/m/kg), respectively. 6,7 In that case, the respiratory 
exchange ratio (RER) can be used to determine the energy 
production of 1L of oxygen] Some objections can be made, 
however, against transformation of E02 to energy cost in 
paraplegic walking because of the disturbed metabolic path- 
ways and partially anaerobic energy supply3 

Although V02 measurements are a primary choice for 
assessing energy expenditure, they are cumbersome to conduct, 
the instrumentation is expensive for a routine laboratory, and 
the measurements require trained personnel. 5 Thus, for estimat- 
ing energy expenditure, other parameters have been used 
instead, including the physiological cost index (PCI) 2,5,9~2 and 
crutch forces] 3-15 PCI is usually calculated by dividing the 
difference in heart rate (HR) between rest and steady state by 
walking speed and has been proposed to replace V02 measure- 
ments because of the close association between HR and V02 in 
submaximal exercise and during steady state conditions. 9 An 
implicit assumption made while using PCI is that the sympa- 
thetic control of HR is unaffected in patients with high-level 
spinal cord injury (SCI) (T6 and above). Although it is difficult 
to justify this assumption, Bar-on and Nene ~6 conducted an arm 
ergometry study in SCI patients and found a linear relation 
between HR and V02 in a group of patients withhigh-level SCI. 
This study does indicate that both HR and V02 increase at 
higher workloads and that there should be cardiac control 
during exercise, either via a sympathetic drive or via humoral 
mechanisms. More importantly, this finding indicates that, even 
in patients with high-level SCI, HR may be used to estimate 
differences in VQ within patients. 

Winchester and colleagues 5 found a statistically significant 
difference in the PCI between reciprocating gait orthosis (RGO) 
and isocentric RGO, whereas E02 did not change significantly. 
They consequently claimed sensitivity of the PCI to detect 
changes in energy expenditure. This conclusion, however, can 
only be justified after studying the behavior of the PCI with 
respect to E02. 

A high test-retest reliability of PCI has been claimed by Nene 
and Jennings, 9 who presented data from two consecutive tests 
in healthy adults and adolescents. Although they presented a 
nonparametric test for systematic errors, they did not calculate 
reproducibility statistics. 

Typically, two parameters can be derived from crutch forces, 
ie, crutch force time integral ( C F T [ )  13,17 and crutch peak force 
(CPF) or peak axial l o a d .  17,18 CFTI has been advocated in 
preference over PCI especially in subjects with lesions between 
T1 and T6, because of their loss of control of HR. 13 A second 
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500 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  advantage Of CFTI could be that it is directly related to shoulder 
muscle effort and not affected by factors that may influence 
physiologic measurements) 3 Although CFTI and CPF are 
frequently use.d as outcome measures, neither data about their 
relation with V02 during walking nor data about their reproduc- 
ibility are available. 

This study investigated whether HR and crutch force measure- 
ments can be used to detect differences in energy expenditure 
between groups (cross-sectional validity) as well as within 
individuals (longitudinal validity or sensitivity to change). 19 
Reproducibility and responsiveness of these variables were 
studied to draw conclusions on their usefulness in comparative 
trials on energy expenditure during paraplegic walking. 

ESTIMATION OF OXYGEN UPTAKE (Voz) 
AND OXYGEN COST (Eo2) 

Engsberg and colleagues 1° studied the relation of PCI and 
energy expenditure and compared PCI with Voz. 1° Although 
PCI and Vo2 may have a conceptual relation, we prefered to 
divide estimators of energy expenditure into those that estimate 
"uptake" (Vo2:mL/min) and those that estimate "cost" (Eo2:.InL/ 
m). HR (beats/min) has been described as an estimator of Vo2; 
PCI (beats/m) should thus be related to Eo2. Katz and cowork- 
ers z° reported a high correlation of PCI and Eo2 (rx,y = .88) in a 
comparative trial of two hip-knee-ankle-foot orthoses for 
children with myelomeningocele. This correlation between PCI 
and Eo2 is considered spurious, however, since both PCI and 
Eo2 are obtained by normalizing for walking speed (ie, 
P C / =  (HRss - HRrest)/v, and Eo2 = Voz/v, where "ss" is 
steady state walking, "rest" is at rest, and "v"  is walking 
speed). Dividing two sets of independent observations (x, y) by 
the same denominator (z) may yield those spurious correla- 
tions. 21 

Because of the statistical errors in the relation between PCI 
and Eo2, we will study the validity of the PCI by means of the 
relation between (HRss - HRrest) and Voa. It is assumed that 
these variables represent the same conceptual relation but are 
not subject to statistical errors. 

Although axial crutch forces probably do not provide suffi- 
cient information on the actual energy expenditure of the upper 
body, many authors have interpreted axial crutch forces as 
being an estimate of Vo2.13-I5 Assessment of the validity of 
axial crutch forces in estimating Vo2 is required. At least two 
parameters can be derived from crutch force assessments: CFTI 
over the stride and CPF, which is the required force on both 
crutches to obtain foot clearance during midswing phase (fig 1). 
Because CPF and CFTI are not normalized for either walki.'ng 
speed or stride length, we will relate these variables to Vo2 
instead of Eo2. 

METHODS 

Subjects 
Ten subjects with paraplegia were included in the study 

(table 1). All subjects had a complete thoracic lesion and were 
previously provided with an advanced reciprocating gait ortho- 
sis (ARGO) by a qualified orthotist. Level of SCI was between 
T4 (three subjects) and T12 (two subjects). Five subjects had T8 
or T9 lesions. One subject had severe extension spasticity, and 
seven subjects had only marginal spasticity. Prescription of the 
orthosis and an extensive training by a physical therapist in use 
of the ARGO was conducted prior to inclusion in the study. 
Exclusion criteria for brace prescription were, among others, 
cardiac and pulmonary dysfunction as well as severe shoulder 
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Fig 1. Typical crutch force profiles of one subject during one trial 
comprising five strides. Usually five trials were performed to obtain 
approximately 20 to 30 strides. Left crutch force is presented from 
left heel strike to left heel strike. The first peak corresponds with the 
crutch peak force on stance side (left crutch is stance side), the 
second peak with crutch peak force on the swing side. 

and arm complaints. Important criteria for inclusion to the 
present study were sufficient experience with walking in the 
ARGO and the ability to walk independently for at least 15 
minutes. Informed consent was obtained from all subjects 
before inclusion in the study. The study was approved by the 
local medical ethics committee. 

Study Design 
All subjects were asked to come to the gait laboratory three 

times with an interval of 2 weeks between the measurements. 
The first measurement was conducted to familiarize subjects 
with the testing procedures. The second measurement was used 
to determine cross-sectional validity of HRss, CPF, CFTI, and 
(HRss - HRrest). The second (test) and third (retest) measure- 
ments were used to determine longitudinal validity of these 
variables. Reproducibility and responsiveness was determined 
using the second and third measurements as well. 

Measurements 
A standardized measurement protocol was used including 

physiologic, spatiotemporal, and kinetic assessments) 7 All 
measurements were done in the same sequence. Repeated 
measurements for each subject were done at the same time of 
the day. All measurements were performed at a self-selected, 
comfortable walking speed. Subjects were asked to refrain from 
tobacco, coffee, and food for at least 2 hours before arriving at 
the gait laboratory. 

Table 1: Relevant Data of Study Sample (n = 10} 

Mean ~ Range 

Age (yrs) 36.2 
Weight (kg) 73.0 
Lean body mass (kg) 55.0 
Walking speed (m/sec) .21 
Stride length (m) .87 
Cadence (strides/rain) 15.3 

9.8 28.0, 59.0 
14.4 53.0, 100.0 
10.9 39.0, 75.0 

.10 .09, 0.41 

.17 .49, 1.05 
3.6 11.1, 23.3 
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Physiologic Assessment 

Breath-by-breath measurement of energy expenditure was 
conducted by means of a metabolic cart? Subjects were 
provided with a facemask containing a flexible gas tube, which 
did not interfere with the subjects' walking pattern. Rest 
metabolism was assessed for 5 minutes, after which subjects 
were asked to stand up. When HR approached a stable level, 
patients were asked to walk at a comfortable, self-selected 
speed .for 10 minutes along a 125-meter pathway. HR (beats/ 
rain), Vo2 (mL/min/kg), Vc02 (mL/min/kg), PER, tidal volume 
(L), breathing frequency (breaths/rain), and expiratory volume 
(L/rain) were measured. 

HR was determined during rest (HR~est) as well as during 
steady state (HRss). HRss is defined as the average heart rate 
during steady state walking, where steady state walking, is 
visually judged using plateau values of expiratory volume (V~) 
and V02. In previous experiments steady state during walking 
was found to be delayed (within approximately 6 minutes) in a 
group of spinal cord injured subjects. 17,22 Consequently, steady 
state E02 and PCI could only be calculated during the last few 
minutes of the 10 minute walk according to: 

Eoz = v°7  (mL/m/kg) (1) 
V 

HR~s - 
PCI - • HRrest (beats/m) (2) 

v 

where v = walking speed during steady state. 
No transformation of oxygen cost to energy cost was made 

because of the expected anaerobic contribution to energy 
supply and because of the disturbed basal metabolic pathways. 8 

Kinetic and Spatiotemporal Assessments 
Biomechanical assessments were made in the gait laboratory 

on a fixed walking lane of 7.5m. Crutch force data was sampled 
at 200Hz by means of strain gauges, b Force data were filtered 
off-line using a linear phase second order Butterworth filter 
(F3dB = 5Hz). All data were split into strides representing a 
right-left step sequence. CFTI over the stride, CPF, stride 
length, and walking speed (m/sec) were calculated. CFTI and 
CPF of left and right crutch were averaged and normalized for 
body weight. 23 Each assessment comprised five trials to be 
ascertained from approximately 20 to 30 strides for averaging 
Og 1). 

Assessment of Validity, Reproducibility, and 
Responsiveness 

Validity. Assessment of validity is generally conducted by 
calculating the association between the new variable and a 
criterion standard. Validity is strongly dependent on the type of 
outcome measure: should it be used either discriminatively, 
predictively, or evaluativelyJ 9,24,25 Cross-sectional validity will 
be determined to assess the ability of the new variable to 
discriminate between subjects. Longitudinal validity is the 
ability of the new variable to detect (clinically important) 
changes in criterion standard across patients or within patients 
(evaluative purpose).~9 However, instead of applying clinically 
important differences it will be determined by using .the (small) 
test-retest differences in criterion standard (~1.2V02). It is 
assumed that, if such small differences can be detected, the 
outcome measure will also be able to detect larger differences 
that may be of more relevance. 

Reproducibility and responsiveness. Lack of reproducibil- 
ity may be either a problem of systematic errors or random 
errors. 26,27 The intraclass correlation coefficient (ICC) is often 
preferred over the Pearson's correlation as a measure of 
reproducibility, because it combines systematic and random 
errors into one statistic. 26,z8-31 Interpretation of Pearson's corre- 
lation, as well as of ICC, however, can sometimes be mislead- 
ing, because the (cross-sectional) between-subject variance is 
the variance of interest, whereas the within-subject variance is 
more relevant to detect longitudinal changes. 26,32-34 The ap- 
proach to detect longitudinal changes in time is to calculate the 
standard error of measurement (SEre) or mean square error 
( M S e r r o r ) .  28~32 '33 '35  The SEre can be used to calculate the smallest 
detectable difference (SDD), which is the point where the 
difference between two consecutive assessments exceeds the 
measurement error or noise. 33,34 

An additional criterion that is required to assess the useful- 
ness of health status instruments is responsiveness9 ,32 To be 
able to detect a clinically relevant difference, a high signal-to- 
noise ratio is required. This signal-to-noise ratio for an evalua- 
tive instrument is called the responsiveness index. 25 The 
estimate of "signal" is, for instance, the difference that is 
considered clinically relevant. 32 The estimate for "noise" may 
be the within-subject variability in stable subjects. 29,32,33,35 

Statistical Analysis 

Before statistical testing all data were checked for statistical 
assumptions. 

Cross-sectional validity. Scatter plots.were made for HR~, 
CFTI, CPE and (HRs~ - HR~t) versus VQ. Pearson product 
moment correlation coefficients (rx,y) were calculated to esti- 
mate the association between criterion standard and either 
CFTI, CPF, HRss, or (HRs~ - HRrest). Fisher z transformation 
was used to calculate a 95% confidence interval (CI) for the 
correlation coefficient. 36 Correlations above .80 were consid- 
ered good. 

Longitudinal validity. Longitudinal validity was deter- 
mined by correlating differences (51_2) between test and retest 
measurements for HRs,, CFTI, CPF, and (HRs~ - H . R r e s t )  with 
test-retest differences in the criterion standard (g~_2Vo2). Pear- 
son's product moment correlation coefficient (r~×,~y) was calcu- 
lated and Fisher z transformation was used to calculate a 95% 
CI for the correlation. 36 

Reproducibility and responsiveness. Analysis of variance 
(ANOVA) was conducted to estimate the between-subject, 
within-subject, and residual variance components. 3°31,33,34 ICC2,1 
were calculated using a random effects model)  °,31 SErn, SDD, 
and responsiveness (Guyatt's effect size) were calculated 
according to: 

SEm = \/gSerror .33"35 

SDD 2.23 * ~/2 * . = s g  m 33.34 

A 
Effect size 25.32 

,]2. MS . . . .  

where: 21 = clinically relevant difference and ~"2.MSe~ro ~ = 
within-subject variability (~r~i). 25 

Guyatt's effect size was calculated using a clinically relevant 
difference (21) of 20%, which was arbitrarily chosen in a study 
on the influence of the reciprocal cable linkage in an ARGO. ~7 

The SEre and SDD are expressed in the unit of measurement 
of the variable. SDD is also given as relative difference with 
respect to the baseline ARGO assessment. The SDD is inter- 
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Fig 2. The 95% confidence intervals for the Pearson's correlation coefficients of each of the outcome measures. Confidence intervals are 
calculated using a Fisher z transformation. None of the outcome measures appeared to be cross-sectionally valid (left part of figure). 
Longitudinal validity (right part of figure) is studied using test-retest differences in criterion standard, V02. (HRss - HRrest) is valid to detect 
changes in Vo2. It is thus assumed that PCI w i l l  be valid to detect changes in Eoz, 

preted as a confidence interval, ie, the difference should be at 
least the SDD to be 95% sure of a true difference. 33 The value 
2.23 is chosen, rather than 1.96, to achieve 95% confidence in 
this sample of 10 subjects. All analyses were done using SPSS. c 
A p level of .05 was considered significant if statistical testing 
was performed. 

RESULTS 

During the trials it appeared that one subject was an outlier 
because he walked considerably slower than the other subjects: 
he was a 59-year-old man with a T9 lesion. Although slow, he 
walked safely and could maintain the experiments without any 
problems. 

Repeated test of HR on the second measurement day failed in 
two patients because of technical reasons; thus, a total of eight 
subjects were available for the analysis of longitudinal validity 
and reproducibility of HRss. Also, eight subjects were available 
to study reproducibility of the PCI. 

Cross-Sectional Validity 
None of the variables appeared to be cross-sectionally valid 

in predicting V%. Pearson's correlation coefficients for each of 
the outcome measures with Vo2 are presented in figure 2. CFTI 
and CPF had the highest correlation of .60 and .56, respectively. 
HR during steady state has no cross-sectional relation with Vo2 
(rx,y = .28) .  The relation between PCI and E% was studied by 
means of the correlation between (HR~s- HRrest )  and V% 
(rx,y = .21) (fig 3). As the correlation was only .21, we 
concluded that PCI will not be able to compare E% between 
subjects. 

Longitudinal  Validity 

Pearson correlation coefficients for each of the outcome 
measures with. 81-2 (V%) are presented in figure 2. The 
differences in Vo2 (gy) between the consecutive measurements 
in the same orthosis were very small and not statistically 
significant (table 2). Nevertheless, they could be detected quite 
accurately by means of (HR~s - HRres t )  (rax,ay = .86, fig 4). 
Detection of within-patient differences in Vo2 (test-retest) was 

moderate for HRss as well as CPF (rax,ay = .63 and rax, ay = .63 
respectively, fig 2). CFTI cannot be used to detect small 
differences in Vo2 between two consecutive measurements 
(r~x,~y = . 13 ) .  

Reproducibility and Responsiveness 
Table 2 summarizes mean and standard deviation (range for 

skewed variables) of first and second assessments in ARGO 
(ARGO1 and ARGO2). No systematic measurement errors were 
found between two consecutive assessments in ARGO. E% was 
not significantly reduced during the second assessment. Table 3 
presents the relevant reproducibility indexes of each of the 
outcome measures. SDD is presented as absolute as well as 
relative compared with baseline. 

ICCs ranged from .99 to .60 (table 3); ICC of both Eo2 and 
PCI were considerably high (.94 and .92, respectively). How- 
ever, the SDDs of PCI and Eo2 were high and differences over 
41.8% and 33.7%, respectively, should be found, before one can 
conclude that there is a detectable change beyond measurement 

1,1 .. . . . . . . . . . . .  ; - - . :  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

12J( . . . . . .  • . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . .  6 . . . . .  

11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

g . . . . . .  

40 50 60 70 80 90 100 110 120 

HR~a~y=a ~ - HRre = [b.mir~ 1] 

Fig 3. P lo t  of cross-sectional relation between Vo2 and (HRss - HRrest). 
Pearson's correlation coefficient (rx,v): .21 (95% Ch - .48 ,  .74). 
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Table 2: Crude Data of Test and Retest With 95% Confidence 
Intervals for the Difference 

ARGO1 ARGO2 
~, _+ o" (or range) ~ -+ ¢ (or range) 95% CI for 81-z 

~/o2 17.6 (2.0) 17.6 (3.5) -1.85, 1.77 
Eo2 1.69 (.86, 3.48) 1.56 (.81, 3.30) -,06, .31" 
v .21 (.09, 0.41) .21 (.10, 0.43) -.01, .01" 
HRss 141.3 (20.2) 145.6 (26.2) -16.13, 7.46 
PCI 5.9 (2.7, 12.3) 6.0 (2.4, 10.8) -1.10, .96" 
CFTI 6.54 (1.44) 6.56 (1.59) -.53, .48 
CPF 4.44 (.38) 4.42 (0.41) -.19, .23 

Abbreviations: ARGO1 or 2, advanced reciprocating gait orthosis (1, 
first assessment; 2, second assessment); CI, confidence interval; V02, 
oxygen uptake; EO2, oxygen cost; v, walking speed; HRss, heart rate 
at steady state; PCI, physiological cost index; CFTI, crutch force time 
interval; CPF, crutch peak force. 
* Calculated after transformation to "normality." 

Table 3: Reproducibility Statistics 

SDD 
ICC2,1 SEre SDD (%) Responsiveness* 

~/o~ .60 1.77 5.58 31.7 1.41 
Eo2 .94 .18 .57 33.7 1.33 t 
v .99 .01 .03 14.7 2.97 t 
HRss .81 9.98 31.47 22.3 2.0 
PCI .92 .87 2.47 41.8 .96* 
CFTI .89 .50 1.57 24.0 1.85 
CPF .71 .21 .66 14.8 2.98 

Abbreviations: ICC2,v intraclass correlation; SEre, standard error of 
measurement; SDD, smallest detectable difference; Vo2, oxygen 
uptake; Eo2, oxygen cost; v, walking speed; HRss, heart rate at steady 
state; PCI, physiological cost index; CFTI, crutch force time integral; 
CPF, crutch peak force. 
* Using Guyatt's effect size. 
t Calculated after transformation to "normality." 

error. Although the ICC of CPF was moderate (.71), the SDD 
was only 14.8%. Walking speed appeared a reproducible 
outcome measure as well (SDD = 14.7%). Guyatrs effect size 
(responsiveness) ranged from .96 to 2.98 for PCI and CPF, 
respectively (table 3). 

DISCUSSION 

In this study we found that none of the outcome measures 
appeared cross-sectionally valid in predicting Vo2. CFTI and 
CPF had the highest correlation of approximately .60 (95% 
CI: -..10, .98). Correlations of either HRss or (HRss - HRrest) 
with Vo2 were very low. 

It is important to conclude that heart rate cannot be used to 
compare subjects' V02 during steady-state walking. The slope 
of the relation between HR and V02 depends, for instance, on 
the subjects' maximal aerobic power and a comparison of HR~ 
would mainly reflect differences in maximal aerobic power. 6 
PCI is calculated by subtracting HUrest from HRs~ and this might 
be considered as a correction for differences in maximal aerobic 
power, ie, subjects with a high HRrest will also have a high HR 
during walking at the same workload.i2 However, it is doubtful 
whether objective measurements made on a resting individual 
reveal the capacity for physical exercise on maximal aerobic 
power. 6 A low HRrest  may indicate a high aerobic power, but not 
necessarily. This may be an explanation for the lack of 
correlation between (HR~s-  HRrest) and Vo2 found in this 
study. 
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Fig 4. (Longitudinal) validity of (HRss - HRrest) tO detect changes in 
VOz. Correlation (r~,,~ v) approached .86, which was considered a 

o good relation (95 ~'o Cl: •39, •97)• 

• Because (HRs~ - Heres t )  cannot be used to compare subjects' 
V02 during walking, it is concluded that PCI cannot be used 
either. A practical consequence is that it is not useful to 
calculate subjects' PCIs while walking in a specific orthosis to 
compare the data with other studies involving different subjects. 

Though PCI cannot be used in a between-subject compari- 
son, it should be noted that most authors have used the PCI in a 
within-subject comparison. 2,5,~s Although the physiologic expla- 
nation appears adequate (Astrand and Rodahl6: linear relation 
between HR and V02), it is surprising that so many authors have 
used an outcome measure for which validity has not yet been 
assessed. Since (HRss - Hgres t )  is valid to predict within-sub- 
ject differences in Vo2 (r~x, ~y = .86), it is expected that PCI will 
be able to detect changes in Eo2. Although promising, a few 
remarks should be made if the use of PCI is being considered in 
a comparative trial. Although a linear relation has been shown 
between HR and Vo2 in high-level SCIs, one must be aware that 
the sympathetic drive can be either absent or affected. Use of 
PCI in such patients should thus be conside.red carefully. 

HR has a close linear relation with Vo2, but only up to 
submaximal loads. 6,v It is described that this relation can bend 
in healthy subjects at loads above submaximal, ie, ~/'o2 still 
increases but HR has reached a maximum. 6 It can be doubted 
whether walking in patients with paraplegia is a submaximal 
workload and as a consequence, whether differences in HR 
accurately predict differences in Vo2. 

The reproducibility part of this study promotes studying the 
within-subject variability (ie, SEre and SDD) rather than the 
ICCs alone. The SDD is not dependent on between-subject 
variability and thus gives a better view on the usefulness of the 
variables for evaluative purposes. SDD of walking speed and 
CPF are approximately 15% and are preferab.le as outcome 
measure in evaluative studies. A difference in Vo2 and Eo2 of 
approximately 35% should be measured before it can be 
considered as a true difference. PCI is even worse; a difference 
of more than 40% is considered a true difference. 

Responsiveness in this context is an additional criterion in 
which a signal (important difference) is combined with the 
noise in stable subjects (within-subject variability). The effect 
size that is calculated combines the clinically relevant differ- 
ence with the within-subject variability in stable subjects. 32 
However, it is quite often a problem to specify a clinically 
relevant difference without having sufficient clinical experience 
with the outcome measure and its use in clinical t r ia ls .  32,33 In a 
study on the influence of the reciprocal cable linkage in the 
ARGO, the clinically relevant difference for the main outcome 
measures was arbitrarily set at 2 0 % .  17 Using this difference, 
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responsiveness of the main outcome measures Vo2 and Eo2 is 
1.41 and 1.33, respectively. Responsiveness can best be inter- 
preted with regard to the sample size that is required to detect 
this difference. Guyatt and colleagues provided a simple 
formula for sample size calculations using the effect size. 32 To 
detect a difference of 20% in Eo2 and Vo2 at least 7 and 6 
subjects (paired observations) should be included (nsubjects: 
[(Z~ + Z~)~r/A]2, where a = ~/2 * MSerror (EO2) = 26, 
A = .20 * 1.69 = .338, and Z~, = .05 + Z~ = .10 = 3.24). Compa- 
rably, 13 subjects should be included to detect a difference of 
20% in PCI. It is concluded from the previous calculations that, 
although PCI appeared to be valid to detect differences in Eo2, 
the probability of a type II error will increase when using PCI as 
main outcome measure in a small study. It is assumed that loss 
of sympathetic control of HR in patient with lesions above T6 
contributes to more variability.16 In addition, HRrest is subject to 
variation because of parasympathetic nerve activity. Subtract- 
ing HRrest from HRss may cause additional variability. 

Because only a limited number of subjects can be included in 
the majority of studies on paraplegic locomotion, outcome 
variables like walking speed and CPF should be preferred 
because of their reproducibility. Although this study has not 
shown that CPF is valid for detecting (small) test-retest 
differences in "Qo2, CPF may possibly be used if the differences 
become larger and more relevant to clinical practice. Moreover, 
apart from being an estimate of differences in Vo2, CPF is 
probably more related to the local muscle fatigue and the 
occurrence of wrist and shoulder pathology. 37 From this perspec- 
tive and because of its high reproducibility, CPF is very relevant 
as an outcome measure in comparative trials on orthoses for 
people with SCI. 

CONCLUSIONS 

None of the outcome measures that were assessed in this 
study appeared to be cross-sectionally valid in predicting Vo2. 
We conclude that only (HRs~ - HRrest) can be used to detect 
small differences in Vo2. Comparably, (HRss - HRrest) normal- 
ized for walking speed (PCI) will be valid to detect longitudinal 
changes in Eo2. In addition, it is expected that CPF may be used 
if the differences approach clinically relevant differences and 
thus larger than the test-retest differences in this study. 

Interpretation of reproducibility and responsiveness is per- 
formed with reference to sample size required to detect a 
specified clinically relevant difference. It is concluded that, 
compared with Eo2, PCI should not be the main outcome 
measure, because the limited number of patients who can be 
included in a comparative trial would result in too low 
statistical power. 
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