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Objectives. In Duchenne muscular dystrophy, quadriceps weakness is recognized
as a key factor in gait deterioration. The objective of this work was three-fold:
first, to document the strength of the quadriceps in corticosteroid-naive DMD
boys; second, to measure the effect of corticosteroids on quadriceps strength; and
third, to evaluate the correlation between baseline quadriceps strength and the age
when starting corticosteroids with the loss of ambulation.

Methods. Quadriceps muscle strength using hand-held dynamometry was mea-
sured in 12 ambulant DMD boys who had never taken corticosteroids and during
corticosteroid treatment until the loss of ambulation.

Results. Baseline quadriceps muscle strength at 6 years of age was 28% that of
normal children of the same age; it decreased to 15% at 8 years and to 6% at 10
years. The increase in quadriceps muscle strength obtained after 1 year of cor-
ticosteroid treatment had a strong direct correlation with the baseline strength
(R =0.96). With corticosteroid treatment, the age of ambulation loss showed a very
strong direct relationship (R = 0.92) with baseline quadriceps muscle strength but
only a very weak inverse relationship (R = -0.73) with the age of starting treatment.
Age of loss of ambulation was 10.3 + 0.5 vs 19.1 + 4.7 (P < 0.05) in children with
baseline quadriceps muscle strength less than or greater than 40 N, respectively.

Conclusions. Corticosteroid-naive DMD boys have a quantifiable severe progres-
sive quadriceps weakness. This long-term study, for the first time, shows that
both of the positive effects obtained with CS treatment, i.e. increasing quadriceps
strength and delaying the loss of ambulation, have a strong and direct correlation
with baseline quadriceps muscle strength. As such, hand-held dynamometry may
be a useful tool in the routine physical examination and during clinical trial as-
sessment.

Key words: Duchenne muscular dystrophy, quadriceps muscle strength, hand-held dy-
namometry, corticosteroid treatment, prolongation of walking

Introduction

Sir William Richard Gowers (1845-1915) described and illustrated the
peculiar maneuver that boys affected by the “pseudohypertrophic muscu-
lar paralysis”, now known as Duchenne Muscular Dystrophy (DMD), use
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to get up from the floor !. Gowers observed that the boy’s
“greatest defect is in the power of rising from the floor ...
he commonly has not sufficient power to extend the knees
when the weight of the trunk is on the upper extremity of
the femur ... he therefore places his hands on his knees
... when the knees are extended, the power of the exten-
sors of the hip may be sufficient to raise the body into the
upright position ...” . This maneuver, known as Gowers’
sign, is adopted by the Duchenne boy to compensate for
the quadriceps muscle weakness 2. Gowers also noticed
“the difficulty in going upstairs is especially due to the
weakness of the extensors of the knee” '.

All four quadriceps are powerful extensors of the
knee, and are therefore crucial in walking, running, jump-
ing and squatting . When the quadriceps is weak, the pa-
tient will be unable to run and may have difficulty with
stairs, because full extension is not attained in these cases
and the knee tends to buckle into flexion *.

A seminal work used hand-held dynamometry to
quantify the peculiar weakness of knee extensors in
corticosteroid-naive Duchenne boys and its relationship
with motor ability and time of loss of independent am-
bulation 5. During a 3-year sequential study, 61 DMD
boys, aged 4.3 to 11.8 years, were reviewed every 3 to
4 months, and underwent a total of 360 assessments °.
The muscle strength of the knee extensors was very weak
compared to that of normal peers, did not grow with age,
and instead showed a progressive continual deteriora-
tion °. Loss of independent ambulation occurred when
knee extensors exerted less than 2.0 kg (19.6 Newton) °.
Another group subsequently confirmed both the knee ex-
tensor weakness and the declining trend with age in 27
corticosteroid-naive DMD boys °.

The age of loss of independent ambulation in DMD
boys varies in a wide range (7 to 13 years) with a mean
value of 9.5 78, The effect of corticosteroid (CS) treatment
in term of prolongation of ambulation is also variable and
could be related to dosage *!°, age of administration '3,
or other variables like residual muscle strength 4.

Although it is now recognized that the treatment
goal in children with DMD is to keep them ambulant as
long as possible, aiming to preserve clinically important
function and postpone spinal deformities and muscle con-
tractures '°, and that quadriceps insufficiency is the key
factor in gait deterioration ', no study has yet specifically
evaluated the effect of corticosteroid treatment on knee
extensors.

The objective of this work was three-fold: first, to doc-
ument the strength of the quadriceps in corticosteroid-naive
DMD boys; second, to measure the effect of corticoste-
roids on quadriceps strength; and third, to evaluate the cor-
relation between baseline quadriceps strength and the age
when starting corticosteroids with the loss of ambulation.

Quadriceps muscle strength in DMD

Materials and methods
Patients

We included in the study the Duchenne boys who
were able to walk and had never received corticosteroid
treatment and who subsequently began it and were fol-
lowed until the loss of ambulation.

All patients had a clinical diagnosis confirmed by
genetic investigation and in many of them also by the ab-
sence of dystrophin in the muscle biopsy.

Corticosteroid treatment

The corticosteroid treatment was approved by the
Ethical Committee of the Istituto Ortopedico Rizzoli '
In our study regimens, dosing and corticosteroids varied
with time "2, At the start of the treatment, and for the first
2-4 weeks, the regimen was daily (prednisone 0.75 mg/
kg or deflazacort 0.90 mg/kg), and then on alternate
days. The alternate day dose was prednisone 1.25 mg/kg
(50 mg maximum) or deflazacort 1.5 mg/kg (60 mg max-
imum). During periods of stability corticosteroid dosage
was not increased with weight. However, after the age of
12-14 years, if the patient showed more weakness or fa-
tigue, prednisone/deflazacort was given for 1-3 months at
0.75/0.90 mg/kg daily with a ceiling dose of 50/60 mg.

Hand-held dynamometry

To test knee extension, the subject was seated with
the hip and knee flexed at 90°, and the foot dorsiflexed
at 90°. The examiner sat in front of the subject and the
dynamometer was placed on the anterior surface of the
distal tibia just proximal to the ankle joint. The patient
performed each movement three times with a 30-s pause
between each. The highest score obtained on the domi-
nant side was used for further analysis. If a patient com-
plained of discomfort, additional padding was available
to place on the applicator. Maximum voluntary isometric
contraction of quadriceps was measured until 1997 us-
ing the Hammersmith myometer (Myometer, Penny and
Giles Transducers Ltd, Dorset, U.K.) 3, and then with the
Citec dynamometer (CT 3001, Citec, C.I.T. Technics BV,
Groningen, The Netherlands) 6. The reliability and valid-
ity of both has been proven earlier '8,

Statistical analysis

To measure the strength of the linear association be-
tween two variables, we used linear regression with 95%
confidence intervals and Wilcoxon two-tailed grade tests for
paired samples, while the differences between the groups
were evaluated using two-tailed Student’s t-tests. To test the
differences between regression lines, we used two-tailed
tests. Parametric variables are shown as mean + SD. P val-

201



Luciano Merlini et al.

Table I. Patients dystrophin gene mutations.

Patient # DMD mutation

1 dup ex 65-79

2 del ex 10-44

3 del ex 8-44

4 del ex 20-25

5 del ex 44

6 del ex 51-62

7 del ex 48-52

8 ¢.10108C > T; p. Arg3370*
9 del ex 51-54

10 del ex 3-17

11 del ex 42-43

12 €.1264G > T; p. Glu422*

KE: knee extension; DMD: Duchenne muscular dystrophy;
CS: corticosteroid

ues < 0.05 were considered statistically significant. Analyses
were performed using IBM SPSS statistics ».

Results

We assessed for eligibility 50 consecutive DMD boys
evaluated from January 1994 to December 2018. Twen-
ty-six were excluded: 19 were wheelchair-bound and 7
on CS were still ambulant. Corticosteroid treatment was
proposed to the parents of 24 children: the parents of 20
children accepted and 4 refused the intervention. The re-
maining 20 children were allocated to intervention. Eight
were excluded from the analysis: 3 were lost to follow-up,
and 5 were on CS but still ambulant. The 12 patients who
were corticosteroid-naive and whose parents allowed cor-
ticosteroid treatment and were followed up to the time of
loss of ambulation were therefore included in the study
(see Table I for the genotype). The first 5 patients started
corticosteroids treatment at a young age (< 4 years), be-
tween March 1996 and January 1997 '12,

Baseline quadriceps muscle strength

The quadriceps strength measured in the 12 DMD
children (Fig. 1) between the ages of 2 to 10 exactly re-
flected the range of values and the declining trend ob-
served in the previous studies *¢. DMD children were
already much weaker than normal children at the age of
6, and their strength, unlike that of normal children ',
continued to decrease with age. In particular, the mean
quadriceps strength of DMD children at 6 years was 28%
that of normal children of the same age: it decreased to
15% at 8 years and to 6% at 10 years.

Corticosteroids effect on quadriceps strength

Corticosteroid treatment increased quadriceps
strength (Figs.2-3A-B) in all but one patient (P6) in
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Figure 1. Regression lines between age and quadri-
ceps/knee extension (KE) muscle strength in normal
boys (aged 6-11 years, green line) °, in 61 corticoster-
oid-naive DMD boys (aged 5-11 years, red line) %, and in
12 DMD boys before starting CS (aged 2-10 years, blue
line). The differences between the regression lines y =
-6.679x + 84.57 by Scott et al. Sand y = -6.686x + 81.65
of the 12 DMD boys were not significant (p = 0.65). The
linear equation for normal boys' aged 6-11 years was
y = 21.543x + 16.55.

whom it was stabilized. Quadriceps muscle strength in-
creased during the first months to a year of CS treatment
(Figs. 2-3A) while the maximum increase in quadriceps
strength (peak KE) was achieved at variable times be-
tween 1 and 7 years of treatment (Figs. 2-3B). There was
a strong direct correlation (Fig. 3A-B) between the base-
line KE and both the 1-year KE (R = 0.96) and the peak
KE (R = 0.95). In the 12 boys, the increase in strength be-
tween baseline KE (44.5 + 18 N) and peak KE (74.7 + 48
N) was significant (p < 0.01).

Age of starting CS treatment, quadriceps strength, and
loss of ambulation

In these 12 boys, the correlation between the age
of loss ambulation and the age of starting CS treatment
(Fig. 4A) was weak and inverse (R = -0.73), while with
the baseline quadriceps muscle strength (Fig. 4B) it was
very strong and direct (R = 0.92). Note that the 6 children
who lost ambulation before 12 years of age (Figure 2 and
in Figure 4A from the left P3, P10, P9, P6, P7, P11) had
started CS treatment between 3.8 and 9.5 years of age
when their baseline KE (Fig. 4B) was below 40 N (23-39
N). In contrast, the 6 children who lost ambulation after
13 years of age (Figs. 2,4A) had started CS treatment be-
tween 2.4 and 5.2 years of age when their baseline KE
(Fig. 4B) was 40 N or more (40-74 N). The mean age and
IC95% of loss of ambulation was 10.3 (9.8-10.9) vs 19.1
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DMD: Duchenne muscular dystrophy; N: Newton;
KE: knee extension; CS: corticosteroid

Figure 2. Linear trend of quadriceps strength for each of the 12 DMD boys from the age of initiation of corticosteroid
treatment until the age of ambulation loss. The patients had 1-4 strength measurements each year and each line shows
the maximum force value expressed during each year. The increase in knee extension muscle strength started in the
first year of treatment in most patients and continued for 4-7 years in patients who at the beginning of the treatment had
a force greater than 60 N (P1, P2, P4, P5). The 6 patients with baseline knee extension strength below 40 N (P3, P7,
P9-P11) had a limited increase or only stabilization (P6) in KE muscle strength. For each of the 12 patients, the age of
onset of CS and the age of loss of ambulation are shown in parentheses.

KE: knee extension; CS: corticosteroid; DMD: Duchenne muscular dystrophy; R?: R square; R: correlation

Figure 3. Increase in KE muscle strength with CS treatment in 12 DMD boys. (A) Regression line between baseline
KE (X) and 1-year KE (Y): R?2 = 0.9281. This means that 92.8% of the variability in Y is explained by X. R = 0.9634.
This means that there is a very strong direct relationship between X and Y. P-value = 4.879e-7. Y = -11.413 + 1.53X.
(B) Regression line between baseline KE (X) and peak KE (Y): R2= 0.9050. This means that 90.5% of the variability in
Y is explained by X. R = 0.9513. This means that there is a very strong direct relationship between X and Y. P-value
=0.000001987. Y = -33.0743 + 2.4230X.
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CS: corticosteroid; DMD: Duchenne muscular dystrophy; WCB: wheelchair-bound; KE: knee extension; R? R square; R: correlation

Figure 4. Regression lines in 12 CS treated DMD boys between (A) age of CS initiation (X) and age WCB (Y) and
(B) baseline KE (X) and age wheelchair-bound (WCB) (Y). (A) R?= 0.5347. This means that 53.5% of the variability
in Y is explained by X. R = -0.7313. This means that there is a very weak inverse relationship between X and Y. P-
value = 0.006884. Y = 24.736 - 1.80X. (B) R? = 0.8489. This means that 84.9% of the variability in Y is explained by
X. R =0.9214. This means that there is a very strong direct relationship between X and Y. P-value = 0.00002072. Y =

2.6012 + 0.2719X.

(14.1-24.0) in children with baseline quadriceps mus-
cle strength less than or greater than 40 N, respectively
(p < 0.05).

The boy P3 who started CS at the age of 3.8 and
lost ambulation at 10.5 years had a very low quadriceps
strength value (37 N) at baseline and only a transient in-
crease (44 N) after 2 months of corticosteroid treatment
(Fig. 2). His cousin, with the same mutation and who
was not treated with corticosteroids, ceased walking at
7.5 years 2. The boy P5 who started CS at the age of 3.3
when his baseline KE was 66 N reached a peak of 138 N
at age 7 and lost ambulation at age 18.1 when his KE was
still high (66 N) because a leg fracture with long immo-
bilization.

Discussion

Our study documents the loss of quadriceps strength
in 12 corticosteroid-naive DMD children, confirming
both the marked quadriceps weakness with respect to the
controls 202! and its characteristic linear rate of decline
with age 3622,

For the first time, this very-long-term follow-up study
documented a very strong direct relationship between
quadriceps muscle strength at baseline and its increase
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after 1 year of CS treatment (R = 0.96); moreover, the
correlation between baseline quadriceps muscle strength
and the age of loss of ambulation was very strong and
direct (R = 0.92), but only weak and inverse (R = -0.73)
with the age of starting CS treatment.

Previously, a better effect of early CS treatment 11223
had been shown compared to a later start, i.e. after 6 years
of age ?*. To reconcile the different positions, it is neces-
sary to keep in mind two points:

e DMD boys lose ambulation at the average age of 9.5

years, but with a large range (7-13 years) 7%

e the mean strength of the quadriceps decreases with
age, but the strength range per year is wide 3°.

Since quadriceps strength is crucial for walking 3,
reflects the overall strength of the child °, and tends to
decrease rapidly with age, it is to be expected that earli-
er treatment is better. However, this study demonstrates
for the first time that the greater the basal strength of the
quadriceps, the greater the increase in strength that is ob-
tained following CS treatment. Above all, it is the basal
strength of the quadriceps that best correlates with pro-
longing ambulation rather than the age of treatment initi-
ation since DMD children of the same age have different
quadriceps strength and the efficacy will be better in those
with greater baseline quadriceps strength.



It should be noted that strength, measured on MRC-
based scores of 34 muscle groups, showed a significant
improvement in corticosteroid-treated boys compared
with placebo . In these studies, strength was already
significantly greater at 10 days %, reached a maximum by
3 months, and was maintained at 6 24*” and 18 months 2.
Knee extensor muscle strength, measured with an isoki-
netic dynamometer, was found higher in 9 DMD boys on
corticosteroid compared to 6 corticosteroid-naive boys %.
So far, the only other study that has measured force using
a hand-held myometer showed that high dose weekly oral
prednisone improved bilateral knee extension and flexion
in all 17 boys with antigravity quadriceps strength com-
pared to untreated boys, even after 6 months *.

The fact that corticosteroid treatment has shown ev-
idence of clinical efficacy with an early effect on muscle
strength supported by a subsequent effect on motor func-
tion should be taken into consideration in the design of
clinical trials. Instead, most of the Duchenne trials have
had ordinal scales of muscle strength (MRC) or motor
function (Vignos’ lower limb score, the Brooke upper
limb score) or the 6-minute-walk as the primary clinical
endpoints of efficacy. However, it has been shown that
the manual muscle test (MMT) and functional scales
may take longer to demonstrate a trend than quantitative
measures 3!. Therefore, it is expected that any effective
treatment in muscular dystrophy would first increase
muscle strength and subsequently improve motor func-
tion 3!, In addition, the MMT is known to be less reliable
and sensitive compared to quantitative measurements; for
example, by the time strength declined to MMT grade
4, isometrically measured strength was 40-50% of nor-
mal control %%, suggesting the use of a quantitative mus-
cle test as an outcome measure in clinical trials in DMD
to obtain maximum power and the greatest sensitivity .
The six-minute walk has failed to show improvements in
recent trials and its validity for DMD children was ques-
tioned on several aspects *.

Conclusions

Corticosteroid-naive DMD children have very weak
quadriceps muscles that do not increase in strength but
rather rapidly become weaker with age, causing the loss
of ambulation. Corticosteroid treatment is effective in
increasing quadriceps muscle strength and in prolonging
ambulation. For the first time, this very long-term fol-
low-up study showed that the increase in the strength of
the quadriceps after one year of CS treatment is directly
proportional to the initial strength of the muscle itself,
and above all the best estimate of the age of ambulation
loss is based on the strength of the quadriceps at the start
of CS treatment and not on the age at which it starts. The

Quadriceps muscle strength in DMD

quantitative measurement of quadriceps muscle strength
is an easy-to-apply, non-invasive and inexpensive method
and should be part of the clinical evaluation of the myopa-
thic patient and included between clinical trial endpoints.

There may be some possible limitations in this long-
term single center study. The first is the limited sample
size particularly at certain age. The second limitation
is that the results may be specific to the corticosteroid
regimen utilized in this study. However, the fact that the
best estimate of the age of ambulation loss is based on
the strength of the quadriceps at the start of corticosteroid
treatment is a new exciting finding that deserves to be
confirmed in future larger studies.
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