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Abstract: Background and Objectives: Multiple sclerosis (MS) is a disease that manifests with varied
neurological symptoms, including muscle weakness, especially in the lower extremities. Strength
exercises play an important role in the rehabilitation and functional maintenance of these patients.
The individualized prescription of strength exercises is recommended to be based on the maximum
force determined by the one-repetition maximum (1RM), although to save time and because it requires
less equipment, it is often determined by the maximum voluntary isometric contraction (MVIC).
The purpose of this work was to study, in patients with MS (pwMS), the reliability of MVIC and the
correlation between the MVIC and 1RM of the knee extensors and to predict the MVIC-based 1RM.
Materials and Methods: A total of 328 pwMS participated. The study of the reliability of MVIC included
all pwMS, for which MVIC was determined twice in one session. Their 1RM was also evaluated.
The sample was randomized by MS type, sex, and neurological disability score into a training group
and a testing group for the analysis of the correlation and prediction of MVIC-based 1RM. Results:
MVIC repeatability (ICC, 2.1 = 0.973) was determined, along with a minimum detectable change of
13.2 kg. The correlation between MVIC and 1RM was R2 = 0.804, with a standard error estimate of
12.2 kg. The absolute percentage error of 1RM prediction based on MVIC in the test group was 12.7%,
independent of MS type and with no correlation with neurological disability score. Conclusions: In
patients with MS, MVIC presents very good intrasubject repeatability, and the difference between
two measurements of the same subject must differ by 17% to be considered a true change in MVIC.
There is a high correlation between MVIC and 1RM, which allows estimation of 1RM once MVIC is
known, with an estimation error of about 12%, regardless of sex or type of MS, and regardless of the
degree of neurological disability.

Keywords: multiple sclerosis; reliability; 1RM; maximum voluntary isometric contraction; minimum
detectable change

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous sys-
tem characterized by axonal demyelination [1] and formation of gliotic scars in inactive
lesions [2]. It is considered the most frequent non-traumatic disabling disease in young
adults [3], with a prevalence that is three times higher in women than in men [4]. Through-
out its chronic course, it can manifest with both physical and mental symptoms and with
irreversible neurological deficits such as muscle weakness, spasticity, or fatigue, among
others [5].
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Classically, three evolutionary forms are recognized: relapsing-remitting MS (RRMS),
where exacerbations occur over time and are followed by total or partial functional recov-
ery; secondary progressive MS (SPMS), characterized by evolving without exacerbations
but gradually accumulating functional deficits; and primary progressive MS (PPMS), char-
acterized by progressive functional deterioration from the onset of the disease, without
ever presenting phases of exacerbation and remission [6].

The functional symptoms that patients with multiple sclerosis (pwMS) usually present
with, along with a usual lower level of physical activity compared to healthy controls [7],
contribute to increased disability and poorer quality of life [8,9].

Until recently, it was believed that physical exercise could worsen or accelerate the
symptoms of the disease, which is why its prescription was avoided. However, physical
exercise is currently considered safe for pwMS [9] and is a fundamental part of its non-
pharmacological treatment. Although exercise does not modify the clinical course of the
disease, it can help mitigate some of its symptoms [10,11].

Muscle strength is an important health-related factor, both for facilitating functional
independence [12] and because it is associated with a lower risk of premature all-cause
mortality [13].

PwMS tend to have lower muscle performance than healthy subjects of the same age
and sex [7,14], mainly in the lower extremities [7]. This negatively affects the performance
of everyday tasks, such as climbing stairs, sitting down, and getting up [7]. Currently,
pwMS are advised to carry out the exercise, especially strength training, due to the specific
benefits it has in terms of functional capacity, decreased fatigue, and increased walking
ability [15,16].

Most of the published consensuses in relation to the prescription of strength exercises
for health advise individualizing the workload based on the patient’s maximum strength,
understood as the maximum load that they are capable of mobilizing once correctly (the
one-repetition maximum, or 1RM) [17,18]. However, until relatively recently, the fear of
performing a 1RM assessment due to the preconception that injuries could be caused by an
inadequate execution technique [19], alongside doubt about the viability of this evaluation
in pwMS due to the habitual fatigue that is often present, meant that the maximum isometric
force (maximum voluntary isometric contraction, or MVIC) was used as a reference for
programming the load in pwMS, instead of the 1RM [20–23], and even as outcome variable
for the study of strength training in these patients. When a result variable is used (for
example, the MVIC) to assess the effect of an intervention (for example, exercise), it is
important to determine the degree of agreement between the values obtained in a repeated
evaluation in the same subject. This allows us to obtain the SEM and MDC of the method
so that we can make a more accurate interpretation of our results because if the magnitude
of the change experienced as a consequence of the intervention is greater than the MDC,
we will have greater certainty that the change is not due to a lack of precision in the
method used.

Isometric maximal strength has high test–retest reliability in different healthy popula-
tions of varied physical conditions [24–27], but in pwMS, this relationship has not yet been
published in widely distributed scientific journals.

MVIC is used with some frequency as an exercise model in fatigue studies or in
electrophysiological studies [28–33], while 1RM is currently mostly used in studies in which
resistance exercises are performed as a component of rehabilitation treatment [15,34–36].

In order to make comparative approximations between the pwMS participating in
studies that measure these two manifestations of force in a dichotomous way, it is pertinent
to study the correlation between them.

The purpose of this study was, in patients with MS, to analyze the absolute reliability
of the assessment of the maximum isometric force of knee extension and to analyze the
correlation and the prognostic value that the MVIC has in the prediction of dynamic
maximal strength (assessed with 1RM).
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2. Materials and Methods
2.1. Study Design

To study the reliability of determining the isometric strength, MVIC was evaluated for
328 pwMS, in the same session, on two occasions separated by five minutes.

For the analysis of the correlation between the MVIC and the 1RM and the study of
the predictive value of the first over the second, cross-validation was carried out in which
328 pwMS were stratified randomly by sex, type of MS, and degree of disability into the
study group (training group) and the verification group (testing group). This design is
shown in Figure 1:
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2.2. Population and Sample

This observational cross-sectional study was part of a strength training service for
PwMS, which was performed by the University of León with the support of the Regional
Ministry of Health of the Government of Castilla y León (Spain). All 328 participants
(123 men and 205 women) were people affected by multiple sclerosis belonging to one
of the nine MS patient associations of Castilla y León and diagnosed by the neurology
medical services of the Regional Health System of each of the cities where the associations
are located. All evaluations were conducted by the same researchers from the Exercise
Physiology Laboratory at the University of Leon between March 2019 and March 2022.
A doctor collected the medical history of each patient and also evaluated the degree of
neurological disability based on the Expanded Disability Status Scale (EDSS) [37]. The
different levels of disability were taken from previous similar works [38,39], considering
mild = EDSS≤ 2.5; moderate = EDSS≤ 5; severe = EDSS≤ 7.5; or very severe = EDSS > 7.5.

The inclusion criteria were as follows: confirmed diagnosis of MS based on the criteria
established by McDonald (2001) [40], the ability to walk with or without a cane, relapse-free
and without evident functional worsening in the previous 60 days, and with the ability
to perform strength tests. Those cases in which this type of effort was contraindicated by
the responsible physician due to acute health problems or other clinically uncontrolled
comorbidities were excluded.

Participation was voluntary and consented to in writing. The research protocol was
approved by the Research Ethics Committee of the University of León (30 January 2017,
study number 1835). The methods, procedures and data processing were carried out in
accordance with the relevant ethical standards and the Declaration of Helsinki (revised in
October 2013).

For the cross-validation study, 328 patients were ordered in a spreadsheet based on
three criteria: first criterion: type of sclerosis (three types), second criterion: sex (two types),
and third criterion: degree of disability (four degrees). Once all the participants were
ordered, a consecutive sequence of numbers was generated. All those with odd numbers
formed the study group, and all those with even numbers the verification group.

2.3. Measurements

MVIC and 1RM were measured in the knee extensors using a multi-station machine
(BH® fitness Nevada Pro-T, Madrid, Spain).
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The length of the lever arm was adjusted according to the leg length of each patient so
that the area of force application was slightly above the tibia–fibula malleolar axis.

2.3.1. Maximum Voluntary Isometric Contraction (MVIC)

The MVIC of the knee extensors was measured with a load cell (Globus, Codogné,
Italy; with a sampling frequency of 1000 Hz) and its associated software (Globus Ergo
Tester v1.5, Codogné, Italy), similarly to methods described in previous works [20,21,41],
sitting with a hip flexion of 110◦ and knee flexion between 90 and 95◦, and measured
with a TEC goniometer (Sport-Tec Physio & Fitness, Pirmasens, Germany). Patients were
instructed to push as hard as possible from the start of the test and to maintain that tension
for five seconds. For the correlation study with the 1RM, the highest maximum value of
two isometric attempts was used. All participants received verbal reinforcement during
the effort.

2.3.2. One-Repetition Maximum (1RM)

One-repetition maximum assessment of the knee extensors was performed ten minutes
after the MVIC test, following previously published protocols [39,41]. First, four repetitions
were performed at 50% MVIC. After each set, the patient reported subjective perceived
exertion (RPE) via the OMNI-RES Endurance Exercise Scale [42]. After this, a series of two
repetitions were performed, with a two-minute rest between each series until reaching the
1RM, which was determined in no more than six series. If it was not possible to determine
1RM with a maximum of six series, the determination was repeated again 48 h later. The
load was increased by between 5 and 14 kg depending on the RPE and the quality of the
execution technique, and when the patient could not lift the load even once, a lower weight
was put on, in approximations of 2.5 kg.

2.4. Data Analysis

Descriptive analysis of the quantitative variables is presented as the mean and standard
deviation (SD), and qualitative variables are shown as counts and percentages. The normal-
ity of the distribution of the variables was determined using the Kolmogorov–Smirnov test.
For the analysis of the reliability of the determination of the MVIC, we considered the coeffi-
cient of variation, the intraclass correlation quotient (ICC) [1,2] for absolute agreement of sin-
gle measurements, the standard error of the measurement (SEM) (SEM = SD ×

√
(1−ICC)),

and the minimum detectable change (MDC) (MDC95 = SEM × 1.96 ×
√

2). The correlation
analysis between MVIC and 1RM and the function that describes their relationship was
carried out with a simple linear regression analysis. A comparison of quantitative vari-
ables between patients with different types of MS or with different degrees of EDSS was
performed with a one-way ANOVA test with post hoc Bonferroni tests, when relevant; com-
parison between sexes was through Student’s t-test of independent samples, and the effect
size was calculated with Cohen’s d (d). The study of the association between qualitative
variables was carried out using the chi-squared test. A comparison between the measured
1RM and the estimated 1RM with two different equations was performed with an ANOVA
of repeated measures, and the effect size was calculated with the partial eta-squared (η2).
G*Power software version 3.1.9.7, (Heinrich-Heine-University, Düsseldorf, Germany), was
used to calculate the minimum required sample size and the calculated power. To detect a
minimum effect size of 0.2, with an alpha error of 0.05 and a power of 0.95 with two tails
using a single predictor, a minimum sample size of 67 was calculated. After finding the
correlation between the predictor variable (isometric strength) and the outcome variable
(1RM) obtained in half of our sample, the post hoc power calculated with the G*Power
software (version 3.1.9.7) was 1.0 (100%). A minimum significance level of p < 0.05 was
established. All the tests were carried out with the statistical program SPSS 26.0 for Mac
(IBM Inc., Chicago, IL, USA).
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3. Results

Table 1 shows the degree of neurological disability (EDSS) and the types of MS pre-
sented by the study participants.

Table 1. EDSS degrees and MS types of the participants.

MS Type

RRMS (%) PPMS (%) SPMS (%) ∑ (%)

EDSS

Mild 74 (34) 7 (15) 3 (5) 84 (25)
Moderate 107 (50) 26 (54) 24 (37) 157 (48)

Severe 25 (11) 14 (29) 29 (45) 68 (21)
Very Severe 10 (5) 1 (2) 8 (13) 19 (6)

∑ 216 (65.9) 48 (14.6) 64 (19.5) 328
MS—multiple sclerosis; RRMS—relapsing-remitting multiple sclerosis: PPMS—primary-progressive multiple
sclerosis; SPMS—secondary-progressive multiple sclerosis; EDSS—Expanded Disability Status Scale.

There is an association between the type of MS and the degree of EDSS (χ2 (8, N = 328)
= 57.14, p < 0.001), with a lower proportion of mild EDSS in RRMS and a higher proportion
of severe EDSS in SPMS.

The descriptive values of age, BMI, years of evolution, EDSS, MVIC, and 1RM of the
sample, separated by sex, are shown in Table 2.

Table 2. Variables of the sample grouped by sex.

Male (123) Female (205)

Mean SD Max Min Mean SD Max Min p d

Age (years) 46.2 ± 11.1 74.5 29 46.6 ± 11.4 74 20 0.784 0.036
BMI (Kg/m2) 24.8 ± 3.4 36.7 17.9 24.3 ± 3.8 36.3 16.5 0.221 0.139

Evolution years 10.4 ± 8.1 34 0 10.8 ± 8.1 36 0 0.700 0.049
EDSS 3.7 ± 2.1 8 0 3.4 ± 1.9 8.5 0 0.245 0.150

MVIC (kg) 98.5 ± 31.2 200 24.8 65.4 ± 19.7 117 19.2 <0.001 1.301
1RM (kg) 87.2 ± 25.4 150 16 60.3 ± 21.5 120 12 <0.001 1.147

BMI—body mass index; EDSS—Expanded Disability Status Scale; MVIC—maximum voluntary isometric contrac-
tion; 1RM—one-repetition maximum; SD—standard deviation; Max, Min—highest and lowest values, respectively,
of the subsamples; p—p value; d—Cohen’s d effect size.

Between the men and women of the sample, there were only significant differences
(p < 0.001) in the strength values (MVIC and 1RM), with a large effect size (1.301 and
1.147, respectively).

Table 3 shows the values relative to the absolute reliability (ICC, SEM, CV, and MDC)
of the determination of the maximum isometric force (MVIC) of the knee extensor muscles.

Table 3. Reliability of isometric force.

MVIC (kg) Mean SD ICC Confidence Interval 95% CV % SEM (kg) SEM% MDC (kg) MDC %

All
Test 1 75.7 28.9

0.973 (0.967 0.978) 4.5 4.7 6.3 13.2 17.4
Test 2 75.3 28.5

MVIC—maximum voluntary isometric force; SD—standard deviation; ICC—intraclass correlation coeffi-
cient; CV%—coefficient of variation percentual; SEM—standard error of the measurement; MDC—minimum
detectable change.

High reliability was found for an ICC measure of absolute agreement (0.973), with a
CV of 4.5%, an SEM of 4.7 kg (6.3%), and an MDC of 13.2 kg.

The values of age, BMI, years of evolution, EDSS, MVIC, and 1RM of the sample,
separated by training group and testing group, used for cross-validation of the correlation
between MVIC and 1RM, are shown in Table 4.
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Table 4. Variables of the sample separated by training group and testing group.

Training Group (164) Testing Group (164)

Mean SD Max Min Mean SD Max Min p d

Age (years) 47.4 ± 11.1 74.5 24 45.5 ± 11.4 73 20 0.180 0.169
BMI (kg/m2) 24.1 ± 3.4 33.9 16.5 25.1 ± 3.8 36.7 17.6 0.073 0.278

Evolution years 11 ± 8 36 0 10 ± 8 34 0 0.386 0.125
EDSS 3.6 ± 2.1 8.5 0 3.5 ± 2 8 0 0.731 0.049

MVIC (kg) 75.6 ± 29.6 200 22 79.9 ± 29 176.1 19.2 0.213 0.147
1RM (kg) 69 ± 28.2 130 12 72 ± 25 150 14 0.366 0.113

BMI—body mass index; EDSS—Expanded Disability Status Scale; MVIC—maximum voluntary isometric contrac-
tion; 1RM—one-repetition maximum; SD—standard deviation; Max, Min—highest and lowest values, respectively,
of the subsamples; p—p value; d—Cohen’s d effect size.

We did not find significant differences in the variables shown between the two groups
of the cross-validation study.

The parameters that define the linear regression function between MVIC (independent
variable) and 1RM (dependent variable) obtained in the entire training group, and also
those obtained separately in the men and women of this group, are presented in Table 5,
considering that the equation of the linear regression is defined as y = ax + b, with “y”
being the dependent variable, “x” the independent variable, “a” the slope of the line, and
“b” the intercept (value of “y” when “x” = 0).

Table 5. Equations of the linear regression of the total sample and by sex in training group.

Slope Intercept R R2 SEE (kg)

All samples 0.833 5.877 0.897 0.804 12.2
Male 0.718 17.64 0.854 0.729 14.8

Female 1.024 −6.67 0.895 0.801 9.4

R—correlation coefficient; R2—coefficient of determination; SEE—standard error of the estimate.

The correlation obtained between the two expressions of strength measured, both in
the complete subsample of the training group and separately in that of men or women of
this group, was high (R = 0.897, R = 0.854, and R = 0.895, respectively), and each increase of
1 kg in the isometric force was associated with an increase of 0.833 kg in the 1RM in the
entire sample. The values were 0.718 kg in men and 1.024 kg in women, with a high value
of the coefficient of determination at R2 = 0.804, R2 = 0.729, and R2 = 0.801, respectively.
The standard error of the estimate (SEE) shows that the average difference between the
measured value and the one estimated with the general equation is 12.2 kg, while the
estimate with the regression by sex is 14.8 kg in men and 9.4 kg in women.

Table 6 shows the values of MVIC and 1RM for the testing group, as well as the
predictions of 1RM from the MVIC when applying the regression functions between these
variables obtained in all training groups and those obtained for each of the sexes and the
percentage differences between the measured and estimated 1RM.

Table 6. MVIC and 1RM measured and estimated with two different regression functions in the
testing group.

MVIC (Kg) 1RM (Kg) 1RM_all (Kg) 1RM_sex
(Kg) p d/η2 ∆1 (%) ∆2 (%) p (∆1 vs. ∆2) d

ALL 80.3 ± 28.3 72.6 ± 24.8 73.4 ± 25.3 0.463 0.028 12.7 ± 11.1
Male 101.2 ± 28.7 87.8 ± 22.6 90.2 ± 25.2 91.4 ± 24.1 0.271 0.033 12.0 ± 9.4 12 ± 9.5 0.963 0

Female 67.5 ± 19.3 63.3 ± 21.3 61.9 ± 17.2 62.2 ± 19.8 0.731 0.001 10.8 ± 8.9 10.8 ± 8.7 0.589 0.022

MVIC—maximum voluntary isometric force; 1RM—one-repetition maximum; 1RM_all—one-repetition maximum
estimated with the general equation; 1RM_sex—estimated with the equation by sexes; p—p value; d—Cohen’s d ef-
fect size; η2—partial eta-squared; ∆1—absolute percent error in the estimation with general equation; ∆2—absolute
percent error in the estimation with equation by sex.
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When applying the correlation equation between 1RM and MVIC found in the training
group to the subjects of the testing group, it was observed that there were no significant
differences between the estimated (1RM_all) and the measured (1RM) values, despite the
fact that there was an error absolute average in the estimation of 12.7%.

When comparing the 1RM with the 1RM estimated from the regression equations
obtained in the entire training group (1RM_all) and the values obtained separately for each
of the sexes (1RM_sex), no differences were observed between the three values in men
(p = 0.271) or in women (p = 0.731). We also found no differences between the absolute
percentage errors of the estimation of the 1RM_all and 1RM_sex with respect to the 1RM:
p = 0.963 in men and p = 0.589 in women.

Figure 2 shows the correlation between the degree of neurological disability (EDSS)
and the absolute percentage difference in the estimation of the 1RM_all with respect to the
1RM, a correlation that was not significant.
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Table 7 shows the absolute percentage differences in the estimation between the 1RM
and 1RM_all in the patients of different evolutionary groups of the disease, for which it was
shown that there were no differences in the percentage estimation errors of the 1RM_all
(F (2.163) = 0.791, p = 0.456).

Table 7. Absolute percentage differences in the estimation between the 1RM value and 1RM_all by
MS type.

MS Type

RRMS PPMS SPMS

Mean S.D Mean S.D Mean S.D F p η2

11.3 ± 9.5 13.9 ± 9.4 11.0 ± 9.8 0.791 0.456 0.011
MS—multiple sclerosis; RRMS—relapsing-remitting multiple sclerosis: PPMS—primary-progressive multiple
sclerosis; SPMS—secondary-progressive multiple sclerosis; p—p value; η2—partial eta-squared; F—value of F.

4. Discussion

In the present study, we found that the assessment of the MVIC of the extensors of the
knee in pwMS shows excellent repeatability. In addition, we confirmed a high correlation
of MVIC with 1RM, and in the cross-validation study, we also found that MVIC has a high
predictive value for 1RM.

Currently, the importance of maintaining a good level of muscle strength is recognized
in order to maintain functional independence in people whose health may be threatened
(for example, in the elderly [43–45]). Its role in maintaining functional capacity has also
been recognized; for example, in patients with COPD [46,47], heart patients [48], and diabet-
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ics [49,50]. The WHO’s recommendations for physical activity for the general population
include physical exercise for muscle strengthening at least twice a week [51].

In general, rehabilitation programs for patients with any disease include a strength
training component, and among the objectives pursued in general is achieving a gain in
maximum dynamic strength [52–54].

Taking into account the relatively low prevalence of this disease in countries such as
Spain, with an approximate ratio of 100 cases per 100,000 inhabitants [55], the number of
pwMS that participated in this study represents a large sample compared to the sample
size of published muscle training studies conducted with pwMS [56]. The sample consisted
of a greater proportion of women (62.5%), as expected, since the prevalence in women
is higher [57]. The mean age of our sample was 46.5 (±11.3) years, which is normal
considering that the average evolution time is 10 years and that the disease typically begins
in young people [3]. The most frequent evolutionary form of MS in the sample subjects
was RRMS (65.8%), which is the most common type of MS globally [58].

An important clinical parameter used to assess the degree of neurological disability
caused by the disease is the use of EDSS, and 48% of the sample had a moderate degree of
neurological disability. We found a significant association between the type of MS and the
degree of EDSS (χ2 (8, N = 328) = 57.14, p < 0.001), with the patients with RRMS presenting
a lower degree of neurological involvement (84%, moderate or mild), and patients with
SPMS presenting a higher proportion of neurological involvement (58% severe or very
severe neurological disability). These differences can be explained because SPMS is a form
of disease progression that is preceded by the RRMS form [59].

There was no difference between male and female patients in terms of age, BMI, years
of disease progression, or degree of disability, although female patients had a lower degree
of isometric strength and 1RM, as expected [39,60].

It is very important to know the SEM and MDC of the methods used in the quantifica-
tion of a variable result; if the observed change is not greater than the MDC, regardless of
the statistical significance found, we will have a reasonable doubt as to whether this change
is real or whether it may be due to the random error of the measurement method [61,62].

The repeatability of the MVIC evaluation was very high (ICC (2,1) 0.973), with an
SEM of 4.7 kg, expressed as a percentage of 6.3% of the measurement. Likewise, the MDC
for this method was 13.2 kg (17.4%). This is an important piece of information that too
often is not considered before drawing conclusions about the effectiveness of a training
program [63,64].

Due to fear, lack of time, or insufficient materials for the measurement of 1RM, with
some frequency, the maximum force is estimated from the MVIC since it is known that
there is a good correlation in general between the two types of force. However, the fact that
the correlation is assumed to be good does not allow us to be confident of the error in the
estimation unless this error has been previously studied.

The correlation was very good between both forces (R = 0.897) in this study, and the
degree of correlation did not improve when analyzed separately in men and women, which
allowed us to use a single correlation equation regardless of the patient’s sex. We did
need to take into account that the specific equation for men entails a greater error in the
estimation of the 1RM (around 2.6 kg more error) than the generic equation, while the
specific equation for women produces a smaller error in the estimate than if the generic
equation is used—about 5.4 kg less.

To study the performance of the generalization of the correlation that we found in
pwMS between the MVIC and 1RM, we carried out a cross-validation study [65] with a
randomized sample so that the number of patients, the type of MS, and the value of EDSS
were similar in the training group and the testing group.

We applied the correlation found in the training group to the testing group. We did
not find significant differences between the measured value of 1RM and the estimated
value when applying the regression equation (p = 0.463), although, on average, the error
in the estimate was around 12.7%. Part of this difference is attributable to the fact that
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the approximation of 1RM that we made was 2.5 kg (minimum interval between the next
two weights), and since the number of series for its determination is recommended to be a
maximum of 6 [48], and considering that the average 1RM of the sample was 72.6 kg, at
least 3.4% error is attributable to the degree of discrimination of the method for close loads.

Another noteworthy aspect of our results is that, despite the fact that the error in the
estimation of 1RM in women tends to be lower when a specific correlation equation is
used, the use of a generalized equation (regardless of sex) does not produce significant
differences.

However, there are several evolutionary forms of the disease, so we compared the
errors obtained in the estimation of 1RM between patients with different types of MS. It
is noteworthy that the error in the estimation was similar between patients with RRMS,
SPMS, and PPMS, so the same equation is usable regardless of the type of MS.

The difference between patients with MS does not lie only in the type of MS they
present but also in the degree of impairment they suffer in their nervous system. The most
common way to assess the degree of disability is the use of the EDSS [66,67], and the degree
of EDSS has been reported to negatively correlate with a functional capacity [68]. For this
reason, we also analyzed whether the error in the estimation of the 1RM was correlated
with the EDSS, and we found that there was no significant correlation between the error
and the 1RM (Figure 2).

We believe that the present study is of practical interest to professionals who are
dedicated to the rehabilitation or physical reconditioning of patients with MS since it
provides information on the inherent error and the minimum detectable change in the
evaluation of the isometric strength of the knee extensors in these patients.

In addition, knowledge of the existing correlation between the MVIC and 1RM al-
lows these values to be estimated in studies in which only one of the two muscle forces
was analyzed.

However, there are some limitations to this study. The first is that the isometric force
produced is related to the joint angle of the exercise [69,70]. Therefore, this extrapolation
is valid only when the knee is flexed at around 95◦ and the hip at 110◦. The results for
weight machines with different angles between their levers can produce greater errors
when applying the regression equation of this study.

Moreover, cross-sectional observational studies, such as the present study, do not
report causal relationships or the effects of interventions. Therefore, we do not know
whether the correlation found between MVIC and 1RM would be maintained or not after a
period of strength training in these patients. Future studies will be needed to analyze the
evolution of this correlation over a period of training. It will also be interesting to analyze
and compare the strength values and correlations between these manifestations of muscle
force in patients with similar neurological damage determined by magnetic resonance
imaging and functional magnetic resonance imaging.

We should emphasize that one of the strengths of the present study is the size of the
sample, as well as the cross-validation by dividing with the division of the sample into a
training group and a verification group so that the predictive value of the MVIC on the
1RM could be extrapolated samples with similar characteristics. In addition, this study
provides initial information on the repeatability of the MVIC and the predictive value of the
1RM in patients with multiple sclerosis, aspects not published in scientific journals to date.

5. Conclusions

In patients with MS, the MVIC has a very good intra-subject repeatability, and the
difference between two measurements of the same subject must differ by 17% to be con-
sidered a true change MVIC. There is a high correlation between MVIC and 1RM, which
allows us to estimate the 1RM once the MVIC is known, with an estimation error of around
12% regardless of sex or type of MS and regardless of the degree of EDSS.
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27. Padulo, J.; Trajković, N.; Cular, D.; Grgantov, Z.; Madić, D.M.; di Vico, R.; Traficante, A.; Alin, L.; Ardigò, L.P.; Russo, L. Validity
and Reliability of Isometric-Bench for Knee Isometric Assessment. Int. J. Environ. Res. Public Health 2020, 17, 4326. [CrossRef]

28. Hameau, S.; Bensmail, D.; Roche, N.; Zory, R. Fatigability in Patients with Multiple Sclerosis during Maximal Concentric
Contractions. Arch. Phys. Med. Rehabil. 2017, 98, 1339–1347. [CrossRef]

29. Skurvydas, A.; Brazaitis, M.; Andrejeva, J.; Mickeviciene, D.; Streckis, V. The Effect of Multiple Sclerosis and Gender on Central
and Peripheral Fatigue during 2-Min MVC. Clin. Neurophysiol. 2011, 122, 767–776. [CrossRef]

30. Andreu, L.; Ramos-Campo, D.J.; Ávila-Gandía, V.; Freitas, T.T.; Chung, L.H.; Rubio-Arias, J. Acute Effects of Whole-Body
Vibration Training on Neuromuscular Performance and Mobility in Hypoxia and Normoxia in Persons with Multiple Sclerosis: A
Crossover Study. Mult. Scler. Relat. Disord. 2020, 37, 101454. [CrossRef]

31. Andreu-Caravaca, L.; Ramos-Campo, D.J.; Chung, L.H.; Manonelles, P.; Abellán-Aynés, O.; Rubio-Arias, J. Impact of Lockdown
during COVID-19 Pandemic on Central Activation, Muscle Activity, Contractile Function, and Spasticity in People with Multiple
Sclerosis. BioMed Res. Int. 2021, 2021, 2624860. [CrossRef]

32. Scott, S.M.; Hughes, A.R.; Galloway, S.D.R.; Hunter, A.M. Surface EMG Characteristics of People with Multiple Sclerosis during
Static Contractions of the Knee Extensors. Clin. Physiol. Funct. Imaging 2011, 31, 11–17. [CrossRef]

33. Streckis, V.; Skurvydas, A.; Mamkus, G. Effect of the Time of Day on Central and Peripheral Fatigue during 2-Min Maximal
Voluntary Contractions in Persons with Multiple Sclerosis: Gender Differences. J. Electromyogr. Kinesiol. 2014, 24, 601–606.
[CrossRef]

34. Cruickshank, T.M.; Reyes, A.R.; Ziman, M.R. A Systematic Review and Meta-Analysis of Strength Training in Individuals with
Multiple Sclerosis or Parkinson Disease. Medicine 2015, 94, e411. [CrossRef]

35. Taylor, N.F.; Dodd, K.J.; Prasad, D.; Denisenko, S. Progressive Resistance Exercise for People with Multiple Sclerosis. Disabil.
Rehabil. 2006, 28, 1119–1126. [CrossRef]

36. Correale, L.; Buzzachera, C.F.; Liberali, G.; Codrons, E.; Mallucci, G.; Vandoni, M.; Montomoli, C.; Bergamaschi, R. Effects of
Combined Endurance and Resistance Training in Women with Multiple Sclerosis: A Randomized Controlled Study. Front. Neurol.
2021, 12, 1346. [CrossRef]

37. Kurtzke, J.F. Rating Neurologic Impairment in Multiple Sclerosis: An Expanded Disability Status Scale (EDSS). Neurology 1983,
33, 1444–1452. [CrossRef]

38. Portilla-Cueto, K.; Medina-Pérez, C.; Romero-Pérez, E.M.; Núñez-Othón, G.; Horta-Gim, M.A.; de Paz, J.A. Muscle Quality of
Knee Extensors Based on Several Types of Force in Multiple Sclerosis Patients with Varying Degrees of Disability. Medicina 2022,
58, 316. [CrossRef]

39. Portilla-Cueto, K.; Medina-Pérez, C.; Romero-Pérez, E.M.; Hernández-Murúa, J.A.; de Oliveira, C.E.P.; de Souza-Teixeira, F.;
González-Bernal, J.J.; Vila-Chã, C.; de Paz, J.A. Reference Values for Isometric, Dynamic, and Asymmetry Leg Extension Strength
in Patients with Multiple Sclerosis. Int. J. Environ. Res. Public Health 2020, 17, 8083. [CrossRef]

http://doi.org/10.1177/1352458512437418
http://doi.org/10.1249/JSR.0000000000000446
http://www.ncbi.nlm.nih.gov/pubmed/29315107
http://doi.org/10.1016/j.recesp.2020.11.026
https://www.dremed.com/medical-trade-shows/?p=6577
http://doi.org/10.1519/SSC.0000000000000359
http://doi.org/10.1055/s-0028-1105944
http://doi.org/10.1682/JRRD.2014.08.0186
http://doi.org/10.1191/1352458504ms1088oa
http://doi.org/10.5812/asjsm.34552
http://doi.org/10.3109/00207454.2012.725117
http://doi.org/10.1080/02640414.2016.1260152
http://doi.org/10.1519/JSC.0000000000001201
http://doi.org/10.3390/ijerph17124326
http://doi.org/10.1016/j.apmr.2016.12.014
http://doi.org/10.1016/j.clinph.2010.10.005
http://doi.org/10.1016/j.msard.2019.101454
http://doi.org/10.1155/2021/2624860
http://doi.org/10.1111/j.1475-097X.2010.00972.x
http://doi.org/10.1016/j.jelekin.2014.06.001
http://doi.org/10.1097/MD.0000000000000411
http://doi.org/10.1080/09638280500531834
http://doi.org/10.3389/fneur.2021.698460
http://doi.org/10.1212/WNL.33.11.1444
http://doi.org/10.3390/medicina58020316
http://doi.org/10.3390/ijerph17218083


Medicina 2022, 58, 948 12 of 13

40. McDonald, W.I.; Compston, A.; Edan, G.; Goodkin, D.; Hartung, H.P.; Lublin, F.D.; McFarland, H.F.; Paty, D.W.; Polman, C.H.;
Reingold, S.C.; et al. Recommended Diagnostic Criteria for Multiple Sclerosis: Guidelines from the International Panel on the
Diagnosis of Multiple Sclerosis. Ann. Neurol. 2001, 50, 121–127. [CrossRef]

41. Patrocinio de Oliveira, C.E.; Moreira, O.C.; Carrión-Yagual, Z.M.; Medina-Pérez, C.; de Paz, J.A. Effects of Classic Progressive
Resistance Training Versus Eccentric-Enhanced Resistance Training in People with Multiple Sclerosis. Arch Phys. Med. Rehabil.
2018, 99, 819–825. [CrossRef]

42. Gearhart, R.F.; Lagally, K.M.; Riechman, S.E.; Andrews, R.D.; Robertson, R.J. Safety of Using the Adult OMNI Resistance Exercise
Scale to Determine 1-RM in Older Men and Women. Percept. Mot. Ski. 2011, 113, 671–676. [CrossRef]

43. Lopez, P.; Pinto, R.S.; Radaelli, R.; Rech, A.; Grazioli, R.; Izquierdo, M.; Cadore, E.L. Benefits of Resistance Training in Physically
Frail Elderly: A Systematic Review. Aging Clin. Exp. Res. 2018, 30, 889–899. [CrossRef]

44. Aartolahti, E.; Lönnroos, E.; Hartikainen, S.; Häkkinen, A. Long-Term Strength and Balance Training in Prevention of Decline in
Muscle Strength and Mobility in Older Adults. Aging Clin. Exp. Res. 2020, 32, 59–66. [CrossRef]

45. Keating, C.J.; Cabrera-Linares, J.C.; Párraga-Montilla, J.A.; Latorre-Román, P.A.; del Castillo, R.M.; García-Pinillos, F. Influence of
Resistance Training on Gait & Balance Parameters in Older Adults: A Systematic Review. Int. J. Environ. Res. Public Health 2021,
18, 1759. [CrossRef]

46. Gianjoppe-Santos, J.; Barusso-Grüninger, M.; Pires Di Lorenzo, V.A. Effects of Low and High Resistance Training Intensities on
Clinical Outcomes in Patients with COPD—A Randomized Trial. Physiother. Theory Pract. 2021, 20, 1–12. [CrossRef]

47. Nyberg, A.; Martin, M.; Saey, D.; Milad, N.; Patoine, D.; Morissette, M.C.; Auger, D.; Stål, P.; Maltais, F. Effects of Low-Load/High-
Repetition Resistance Training on Exercise Capacity, Health Status, and Limb Muscle Adaptation in Patients with Severe COPD:
A Randomized Controlled Trial. Chest 2021, 159, 1821–1832. [CrossRef] [PubMed]

48. Zhuang, C.; Luo, X.; Wang, Q.; Wang, W.; Sun, R.; Zhang, X.; Yu, J. The Effect of Exercise Training and Physiotherapy on Diastolic
Function, Exercise Capacity and Quality of Life in Patients with Heart Failure with Preserved Ejection Fraction: A Systematic
Review and Meta-Analysis. Kardiol. Pol. 2021, 79, 1107–1115. [CrossRef] [PubMed]

49. Chen, S.M.; Shen, F.C.; Chen, J.F.; Chang, W.D.; Chang, N.J. Effects of Resistance Exercise on Glycated Hemoglobin and Functional
Performance in Older Patients with Comorbid Diabetes Mellitus and Knee Osteoarthritis: A Randomized Trial. Int. J. Environ.
Res. Public Health 2019, 17, 224. [CrossRef]

50. Pfeifer, L.O.; Botton, C.E.; Diefenthaeler, F.; Umpierre, D.; Pinto, R.S. Effects of a Power Training Program in the Functional
Capacity, on Body Balance and Lower Limb Muscle Strength of Elderly with Type 2 Diabetes Mellitus. J. Sports Med. Phys. Fit.
2021, 61, 1529–1537. [CrossRef]

51. Bull, F.C.; Al-Ansari, S.S.; Biddle, S.; Borodulin, K.; Buman, M.P.; Cardon, G.; Carty, C.; Chaput, J.P.; Chastin, S.; Chou, R.; et al.
World Health Organization 2020 Guidelines on Physical Activity and Sedentary Behaviour. Br. J. Sports Med. 2020, 54, 1451–1462.
[CrossRef]

52. van Roie, E.; Walker, S.; van Driessche, S.; Delabastita, T.; Vanwanseele, B.; Delecluse, C. An Age-Adapted Plyometric Exercise
Program Improves Dynamic Strength, Jump Performance and Functional Capacity in Older Men Either Similarly or More than
Traditional Resistance Training. PLoS ONE 2020, 15, e0237921. [CrossRef] [PubMed]

53. Schott, N.; Johnen, B.; Holfelder, B. Effects of Free Weights and Machine Training on Muscular Strength in High-Functioning
Older Adults. Exp. Gerontol. 2019, 122, 15–24. [CrossRef] [PubMed]

54. Prestes, J.; Tibana, R.A.; Sousa, E.D.A.; Nascimento, D.D.C.; Rocha, P.D.O.; Camarço, N.F.; Sousa, N.; Willardson, J.M. Strength
and Muscular Adaptations After 6 Weeks of Rest-Pause vs. Traditional Multiple-Sets Resistance Training in Trained Subjects.
J. Strength Cond. Res. 2019, 33 (Suppl. S1), S113–S121. [CrossRef] [PubMed]

55. Pérez-Carmona, N.; Fernández-Jover, E.; Sempere, Á.P. Epidemiology of Multiple Sclerosis in Spain. Rev. Neurol. 2019, 69, 32–38.
[CrossRef]

56. Schlagheck, M.L.; Joisten, N.; Walzik, D.; Wolf, F.; Neil-Sztramko, S.E.; Bansi, J.; Rademacher, A.; Zimmer, P. Systematic Review of
Exercise Studies in Persons with Multiple Sclerosis: Exploring the Quality of Interventions According to the Principles of Exercise
Training. Neurol. Ther. 2021, 10, 585–607. [CrossRef]

57. Gilmour, H.; Ramage-Morin, P.L.; Wong, S.L. Multiple Sclerosis: Prevalence and Impact—PubMed. Available online: https://pubmed.
ncbi.nlm.nih.gov/29341025/ (accessed on 31 May 2022).

58. Dobson, R.; Giovannoni, G. Multiple Sclerosis—A Review. Eur. J. Neurol. 2019, 26, 27–40. [CrossRef]
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