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contraction of knee extensor and flexor muscles.
The measurement was repeated after seven days.
The repeated measurements were performed at the
same time of day and the measurement protocol
was always the same. Two investigators, both with
two years’ experience in the use of the dynam-
ometer, conducted all the tests.

Measurement of maximal 5-s isometric knee
extension and flexion torque (Nm)

The subject sat on a chair with their hands on
the handles on each side. In extension, the knee
angle was 140° (180° refers to full extension) and
the hip angle 110°, while in flexion the knee angle
was 120° and the hip angle 110°. The subject was
instructed to exert maximal extension and flexion
torque and to maintain it for 5 s. Two attempts
were measured for both legs with 2 min of rest
between. The measurements always started with
the right leg and extension.

The maximal isometric knee extension and
flexion torque was recorded as the mean value of
15 (200 Hz).

The measurement of fatigue in 30-s sustained knee
extension and flexion

Seated as described above, the subject was
instructed to exert maximal extension and flexion
torque and to maintain it for 30 s. The torque
signal was recorded on a computer for the
subsequent calculation of the fatigue index (FI).

The measurement was performed once for each
leg, starting with the right leg and with at least 2
min of rest between the attempts.

Fatigue indices

Fatigue index FI, (Figure l1a) was developed by
Djaldetti et al .’ for knee extensors. The test—retest
reliability of that index was evaluated by using ICC
for repeated measurements, and Schwid ez al 2
have reported a coefficient of 0.75 in a study with
MS subjects. The calculation is based on the area
under the force-time (force giving the moment
(Nm)) curve (AUFC) for the entire contraction
period from 0 to 30 s. The AUFU during 30 s is
divided by the hypothetical AUFC that would be
obtained if the patient sustained maximal initial
force during the whole 30 s.

FII = 100% X [I - (AUFCO—SO/(Fmax, 0-5 X 30))]
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Figure 1 Hypothetical torque (Nm) versus time (s) curve
during an isometric contraction sustained for 30 s. (a) Fatigue
index Fl,. Calculation of Fl, is based on the area under the
curve for the entire contraction period of 30 s: C/A+B+C.
(b) Fatigue index Fl,. Calculation of the Fl, is based on the
area under the curve for the period between 5 and 30 s. Initial
5 s are omitted from the calculation: B/B+C. (c) Fatigue index
Fls. For fatigue measurement, the change in torque is
calculated from the time point of maximum value of the
muscle torque (TPM) to the end of the 30 s contraction. Flz is
calculated on the basis of the areas B and C for the period
from TPM to 30 s: C/B+C.

Fatigue index FI, (Figure 1b) is a modified
model of FI,;? in which the first 5 s, when the
torque generation is increasing toward a peak, are
omitted in the FI calculation. The ICC of FI, for
knee extensors was 0.83 in MS patients.? The
AUFC for the period 5-30 s of the sustained
contraction is divided by the hypothetical AUFC
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that would be obtained if the patient sustained
the maximal force achieved during the first 5 s
throughout the period from 5 to 30 s.

Fatigue index FI; (Figure 1c) is introduced in
this study. The highest mean value of 1 s during the
period from 0 to 5 s was chosen for the time point
of maximum value of the muscle torque (TPM).
The TPM serves as the starting point for the
AUFC calculation. The AUFC from this point to
the end of the contraction (30 s) is divided by the
hypothetical AUFC that would be obtained if the
patient sustained the same maximal force until the
end of the 30 s.

FI3 = 100% X [1 ! (AUFCTPM-—30/(Fmax, 0—5

x(TPM-30)))]

Fatigue Severity Scale (FSS)

To assess subjective fatigue, the MS patients
completed the nine-item self-report questionnaire
developed and validated by Krupp et al.'> A high
internal consistency was demonstrated by a Cron-
bach’s alpha of 0.88. Test—retest analysis between
two time points, separated by 5 to 33 weeks,
showed no statistically significant differences in a
group of clinically stable patients with MS or
systemic lupus erythematosus (SLE).'?

Statistical analysis

Intraclass correlation coefficients (ICC) of the
mean torque value in extension and flexion for
both legs together were calculated by random
effects model to test the reproducibility (excellent
>0.75, good =0.4-0.75)."* Reliability within the
motor fatigue indices and the difference between
them were assessed by i'ePeated analysis of var-
jance. The Bland—Altman'* method was used to
determine the limits of agreement with 95% Cls
between FI;, FI, and FI;. Spearman’s correlation
coefficients were calculated between maximal iso-
metric torques, fatigue indices and FSS. SAS
software version 8.2 (SAS Institute, Cary, NC,
USA) was used for all calculations.
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Results

Reproducibility of measurements

The mean maximal isometric knee muscle tor-
que during the first measurement session is pre-
sented in Table 1. The intra-rater reproducibility
was r =0.97 in both isometric knee extension and
flexion torque measurements.

The fatigue indices (F1;, FI, and FI;) of the first
measurement are presented in Table 2. The motor
fatigue test—retest force versus time curves are
visualized in Figure 2.

In motor fatigue measurements, the highest
test—retest reliability coefficients in MS patients
were observed for the indices FI; and FI; (Table 3).
The reliability coefficients were >0.75 in knee
flexion for all fatigue indices, while in extension the
reliability was <0.75 for all indices, There were no
statistically significant differences in the repeat-
ability between the indices in MS patients (p =0.99
in extension and p =0.77 in flexion) (i.e., no time x
index interaction was observed). However, the
fatigue index levels of the indices FI; and FI;
were significantly higher than those of FI, (all p <
0.0001).

To visualize the reliability of FIs, the individual
patient data for the two time points are presented

Table 2 Fatigue indices (Fl;, Fl; and Fi3) of the first
measurement in MS patients

MS patients (n=28)

Right knee extensor (%)

Fl4 24410

Fly 12413

Fl3 24+11
Left knee extensor (%)

Fl, 2649

Fl, 13+11

Flz 26410
Right knee flexor (%)

Fly 2647

Fl, 12414

Fls 2548
Left knee flexor (%)

Flq 2648

Fly 11412

Fls 2549
Mean £SD.
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Figure2 Mean values for torque (Nm) versus time (s) during the 30-s fatigue measurements 1 and 2 in (a) knee extension and
(b) knee flexion for male and female MS patients. Plotted with 1-s intervals to the end of the 30-s recording.

for knee flexor muscles (Figure 3a) and for knee
extensor muscles (Figure 3b).

The limits of agreement (Cls) were 1.49 (—1.82,
4.80) and 21.74 (18.43, 25.06) between FI3 and FI,,
and —2.57 (—3.25, —1.88) and 1.63 (0.95, 2.32)

Table 3 Intra-rater reliability coefficients (ICC) of fatigue
indices Fl,, Fl; and Fl3

Fatigue index (%)

ICC
Knee extensors
Fly 0.70
Fly 0.68
Fls 0.68
Knee flexors
Fly 0.85
Fly 0.81
Fls 0.86

Reliability is calculated as the mean reliability of knee
extensors and flexors (both legs) in MS patients (n =28).

between FI; and FI; in extension. The correspond-
ing figures in flexion were 3.21 (0.49, 5.92) and
19.50 (16.78, 22.21) between FI; and FI,, and
—2.86 (—3.50, —2.21) and 1.08 (0.44, 1.73)
between FI; and FI;.

Significant positive correlation between the
average and difference of FI3 and FI, in flexion
(r=047, p=0.01) and extension (r=043, p=
0.02) was observed in MS patients. The positive
correlation means that FI; tends to yield larger
values than FI; at high fatigability, and the
contrary is true at low fatigability.

Correlation between maximal torque (the S-s
maximal isometric torque measurement) and fatigue
indices (the 30-s static fatigue measurement)

FI, correlated with the maximal isometric flex-
ion torque: high maximal torque (Nm) was
associated with high fatigability (%) (Table 4).
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Figure 3 Individual patient data on fatigue index Fl3 at
measurement time 1 (F.3_1) and 2 (F.3_2) for (a) knee flexor
and (b) knee extensor muscles, with identity line.

Correlation between FI,, FI,, FI; and FSS

At baseline measurements, the correlation co-
efficient between knee flexion FI; and FSS was
0.23 (ns), between FI, and FSS 0.17 (ns) and
between FI; and FSS it was —0.004 (ns). The
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corresponding coefficients for knee extension were
0.26, 0.17 and —0.04. The relationship between
FI; and the FSS score is visualized in Figure 4.

Discussion

Isometric torque

The excellent test—retest reliability of the mea-
surement of maximal isometric torque confirms
that knee muscle strength can be reliably measured
with a fixed knee dynamometer in patients with
MS. The result of our study is supported by similar
results of Schwid et al .

Fatigue

The measurement of static fatigue was highly
reproducible for all three indices. The indices FI;
and FI, were also found to be highly reliable in the
test—retest evaluation in a study of Schwid er al.,
while in the same study the dynamic fatigue mdex
showed poor reliability in repeated measures in MS
patients (ICC 0.44). The conventional and simplest
method to analyse the rate of fatigue is to compare
the maximal torque at the beginning and at the
end of the contraction.>® While suitable for
examining the linearly mcreasmg fatigue in hand
muscles (m. adductor pollicis)," this method could
not be used in our study, because the fatigability of
knee muscles does not show consistent linear
increase. For knee muscles (slower contracting,
postural and more fatigue resistant) it takes a
longer time to reach the peak torgue than for hand
muscles (faster, more fatigable),'® and after reach-
ing the peak, the fatigability is faster and the
decline of the slope sharper for hand muscles.

In the present study, reliability was high for FI,
and FI; in MS patients However, FI; offers several
advantages in comparlson with the previously used
indices FI,® and FI,.2

FI; is based on the calculation of the fatigue
index from the exact TPM (time point of max-
imum), while FI, includes the initial 5 s, when the
subject is still increasing the force. The period with
increasing force should not be included in the
fatigability calculations. At high fatigability FI;
tends to give larger values than FI; which is
caused by the different cut-off points in calculating
the indices FI; and FIs, (area A in Figure la is
included in the index calculation in FI;).
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Table 4 Spearman correlations between isometric torque
(Nm) and fatigue indices (Fl,, Fl, and Fl3) in the first
measurements on the right side and during the 30-s fatigue
test in MS patients (n =28)

Fatigue index Extensor torque Flexor torque

(Nm) (Nm)
Fl4 -0.23 0.21
Fl, —~0.15 0.43*
Fla —0.22 0.21

*p <0.05.

In FI, the initial time period of 5 s is omitted.
Figure 2 shows that MS patients usually reach
the TPM earlier than at 5 s (approximately within
2-3 s). In FI,, the fatigue index calculation starts
at a time point when the decline in torque has
already started and probably continued for a few
seconds. Consequently, this results in far too low
values. The index calculation used in FI, also
unnecessarily shortens the time period (30 s), and
as shown in Figure 2, subjects succeed in main-
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Figure 4 Relationship of the knee flexion (mean value of
both legs) fatigue index Fl3 (F.3) and fatigue severity scale
(FSS) score (1-7) at baseline.

taining the muscle force at a relatively high level
until the end of the measurement. The distortion
of this index is probably more pronounced if the
subject achieves maximum force very fast and the
decline in force is also rapid. In this case, the
calculated fatigue index is misleading, and a lot of
valuable information is hidden during the period
of 0-5 s.

We found correlations between the maximal S s
isometric flexion torque measurement and FI,.
The correlation indicates that those with high
isometric torque values showed high fatigability.
Earlier, Schwid et al.? did not find any correlation
between weakness and fatigue, while Djaldetti et
al.® did. The origin of fatigue and weakness and
their interaction remain unsettled.>”'’~2° In our
study, motor fatigue had no correlation with
subjective fatigue, which is in line with the results
of Sharma et al.,'” indicating that fatigue has both
peripheral and central components. The reason for
the lack of any correlations between the fatigue
indices (FI;, FI, and FI;) and FSS may be that
they measure different things (i.e., motor fatigue
and generalized fatigue, respectively). Further, it
has been argued that the FSS scale is a measure of
fatigue quality rather than fatigue severity,
although the internal consistency, test—retest relia-
bility and responsiveness of FSS have been estab-
lished.”

A limitation in our study was the fact that the
MS patients were not severely affected by the
disease. Also, the study sample should have been
larger than 28 subjects. Although 30 s may be a
sufficient time for sustained muscle contraction in
more disabled MS patients, the time could have
been longer, perhaps 45 s, for this patient sample
(mean EDSS 2.1). This would have made the test
more sensitive in measuring motor fatigue.

Clinical messages

e Maximal isometric strength of knee muscles
can be reliably measured in MS patients with
a fixed knee extensor dynamometer.

e A new fatigue index is reliable for the
assessment of motor fatigue of knee muscles
in MS patients.
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The new fatigue index, FI3, is highly reproduci-
ble and accurate in fatigue measurements. It offers
a useful tool for detecting motor dysfunction in
MS. Hopefully, the measurement method pre-
sented here is of use in planning and following
up the rehabilitation for patients with MS. How-
ever, additional studies are necessary to develop
more accurate and sensitive methods for measur-
ing fatigue.
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