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Introduction: Chronic kidney disease (CKD) is associated with impaired muscle strength. Patients with
cystinosis have an increased risk for impaired muscle strength because of early development of CKD and
cystinosis-induced myopathy. This study assesses muscle strength in patients with cystinosis and in-
vestigates risk factors of decreased muscle strength.

Methods: Adult and pediatric patients were recruited from Cystinosis Research Network conferences and
a large pediatric nephrology clinic between 2017 and 2019. Patients and caregivers completed question-
naires on demographic characteristics, disease course, daily physical activity, and neuromuscular
symptoms. Grip strength was assessed using a dynameter and calculated z-scores for age and sex were
assessed for associations with patient characteristics.

Results: We included 76 patients with a mean grip strength z-score of —2.1 (SD, 1.1), which was lower than
seen in patients with CKD without cystinosis. Male sex and delayed cysteamine initiation were indepen-
dently associated with impaired grip strength. Among adults, a low level of physical activity was associ-
ated with lower grip strength z score, but no association was found in children. A third of the patients
reported neuromuscular symptoms, with swallowing issues associated with lower grip strength. There
was no significant correlation between eGFR and grip strength z-score.

Conclusion: Patients with cystinosis have impaired muscle strength compared with healthy control sub-
jects and patients with CKD. This impairment is greater in male patients and in patients with late initiation
of cysteamine therapy and is associated with lower physical activity. Further studies investigating the
effect of different types of physical activities, optimizing cysteamine therapy, and other interventions are
needed.
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ystinosis is a systemic lysosomal storage disease

caused by pathogenic variants in CTNS, the gene
encoding cystinosin, which is the lysosomal trans-
porter of cystine.' Although cystinosis affects multiple
organs, the clinical focus has long been on the renal
manifestations given the early development of Fanconi
syndrome and kidney failure. However, progression to
end-stage kidney disease can be delayed with cyste-
amine, which removes cystine from the lysosomes.”
Since the discovery of cysteamine and the improve-
ment in kidney transplantation outcomes, the survival
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of patients with cystinosis has greatly improved,’
allowing the development of additional systemic man-
ifestations of the disease.”” Among these, muscle
weakness has emerged as a critically important
complication.” ® Muscle weakness prevents patients
from completing basic tasks of daily living, negatively
affecting patients’ quality of life. Moreover, muscle
weakness can lead to life-threatening complications,
such as respiratory muscle weakness, causing impaired
lung function and sleep apnea,”'” and oral, pharyn-
geal, and esophageal muscle dysfunction, causing
swallowing difficulties and an increased risk of
aspiration. H

Chronic kidney disease (CKD) is also associated with
impaired muscle mass and strength independent of its
etiology.'”"” Many adult studies have investigated the
role of CKD complications (e.g., metabolic acidosis and
inflammation) and treatments (dialysis) in the loss of
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muscle mass.™* Among children, a recent study re-
ported a lower grip strength in patients with CKD
compared with healthy control subjects independent of
growth retardation and body mass index.'’ Exposure
to CKD at a young age and for a prolonged period of
time was a risk factor for impaired muscle strength.

Despite advances in the treatment of cystinosis, pa-
tients still develop early Fanconi syndrome and CKD,
with half of the patients reaching end-stage kidney
disease by 15 years of age.” Therefore, patients with
cystinosis have a high risk of muscle loss and weakness
given the combination of CKD and the direct effect of
cystine accumulation in the muscle. There are limited
data on muscle strength in patients with cystinosis.
Sadjadi et al.® reported the results of muscular evalu-
ation in 20 adults, mostly transplanted patients with
cystinosis with clinical symptoms of muscular weak-
ness. However, the contribution of CKD versus cystine
accumulation in the development of muscle weakness
remains to be investigated.

There is no known specific treatment for muscle
weakness in cystinosis, although clinicians have pre-
scribed carnitine and other therapies classically used in
patients with mitochondrial disorders.'”'” Tt is
believed that the regular use of cysteamine may pre-
vent or slow the development of muscle weakness.”'®
Sonies et al.'' reported that among patients with cys-
tinosis with swallowing difficulties, the prevalence of
confirmed dysfunction (barium swallow test) increased
over time without cysteamine treatment, but this as-
sociation became nonsignificant after adjustment for
patients” age; therefore, data are lacking to support the
effect of cysteamine on preventing muscle weakness. In
this study, we assess muscle strength using hand grip
strength in adults and children with cystinosis and
investigate risk factors of decreased muscle strength.

METHODS

Study Population and Variables

Adult and pediatric patients with cystinosis were
recruited at the Cystinosis Research Network confer-
ence held in Salt Lake City, Utah (July 2017) and
Philadelphia, PA (July 2019). Additional pediatric pa-
tients were recruited at the large pediatric nephrology
clinic at Children’s Healthcare of Atlanta. All
patients =6 years of age with a diagnosis of cystinosis
were eligible. Clinical and demographic data were
collected via questionnaires from patients and/or
caregivers and included date of birth, date of dialysis
initiation, date of kidney transplant, race, ethnicity,
age of cystinosis diagnosis, age at cysteamine therapy
initiation, current preparation and dose of cysteamine,
self-reported adherence to cysteamine treatment since
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diagnosis (defined as <25%, 25%-50%, 50%—75%,
and >75%), and current weight, height, and creatinine
level. Glomerular filtration rate (GFR) was estimated
using the bedside Schwartz formula in children'’ and
the Chronic Kidney Disease Epidemiology Collaboration
equation in adults.”” Current muscular symptoms
(limitation on daily activity or physical exercise
because of muscle weakness, respiratory muscle
weakness, and difficulty swallowing) were collected by
self-report. Patients or parents completed a standard-
ized questionnaire describing the patient’s current
level of exercise (Physical Activity Questionnaire for
Older Children [PAQ-C] in children, PAQ for Adoles-
cents [PAQ-A] in adolescents, and the Rapid Assess-
ment of Physical Activity for both aerobic and strength
exercises in adults). Each of the 8 (PAQ-A) or 9 (PAQ-C)
questionnaire items is scored between 1 (low) and 5
(high physical activity), and a mean score of all items
constitutes the overall PAQ score. The Rapid Assess-
ment of Physical Activity questionnaire includes 7
items on aerobic activity and 2 items of strength and
flexibility.”'**

Grip strength was assessed using a Jamar dyna-
mometer (Preston, Jackson, MI). The best of 3 mea-
surements on each hand was recorded for each patient.
The sum of the best measurements from both hands
(referred to as combined grip strength) was were
normalized for sex and age based on norms derived
from the National Health and Nutrition Examination
Survey, expressed as standard deviation scores
(SDSs).”’

This study was approved the institutional review
boards at Emory University and Children’s Healthcare
at Atlanta. Consent was obtained from patients =18
years of age or guardians of patients <18 years of age;
assent was obtained from all patients <18 years of age.

Statistical Analysis

Data are presented as median and interquartile ranges
(IQRs) for continuous variables and counts and per-
centages for categorical variables.

We compared the distributions of grip strength z-
score by CKD stage (defined according to the Kidney
Disease: Improving Global Outcomes guidelines*") us-
ing a Kruskal-Wallis test. We used univariable and
multivariable linear regression models to assess the
association between patient characteristics and grip
strength z-score. Explanatory variables with a P < 0.05
were included in the multivariable analysis and GFR
was added because of potential clinical relevance.
Similarly, linear regression models were used to assess
the association between patient physical activity level
(continuous PAQ score) and grip strength z-score in
children and Wilcoxon rank test were used to compare
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Table 1. Characteristics of patients with cystinosis at time of grip
strength measurement

Characteristics Median (IQR) or n (%)
Age af diagnosis, mo 17 (12-24)
Age af cysfeamine inifiation, mo 18 (13-30)
Male sex 38 (60)
History of dialysis 30 (39)
History of kidney fransplantation 50 (66)
Age at inclusion, yr 26.0 (15.0-32.0)
Pediatric patients (vs. adults) 28 (37)
Type of treatment at inclusion

Immediate release cysteamine® 25 (33)

Delayed release cysteamine® 50 (66)
Self-reported adherence, %

<50 2

50-75 7

>75 64
eGFR at inclusion, mi/min per 1.73 m? 55 (37-74)
CKD stage

1 4 (7)

2 21 (36)

3A 12 (21)

3B 13 (22)

4 8 (14)

CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; 1QR, inter-
quartile range.

Missing: age at diagnosis (n = 1), age at cysteamine initiation (n = 3), age at inclusion
(n = 1), self-reported adherence (n = 3), and eGFR (n = 18).

?Immediate release cysteamine (Cystagon; Mylan Pharmaceuticals, Canonsburg, PA).
®Delayed release cysteamine (Procysbi; Horizon Therapeutics, Dublin, Ireland).

median grip strength z-score by level of physical ac-
tivity in adults.

The > and Wilcoxon rank tests were used to
compare characteristics between patients with and
without self-reported neuromuscular symptoms for
categorical and continuous variables, respectively.

Missing data are reported in the tables and multiple
imputation was used to account for missingness in the
multivariate analysis. Statistical analyses were per-
formed using SAS software (version 9.4; SAS Inc., Cary,
NC) and P < 0.05 was considered statistically
significant.

RESULTS

Study Population

We included 76 patients, including 28 children and 48
adults (Table 1). The mean age was 26.0 years (IQR,
15.0-32.0) and 38 were male (50%). Forty-eight (65%)
previously received a kidney transplant and the mean
estimated GFR (eGFR) at grip strength assessment was
55 ml/min per 1.73 m>. Only 29 patients (39%) had a
history of dialysis and none were currently on dialysis.

Grip Strength Among Patients With Cystinosis

The median best hand grip strength was 26.8 kg (IQR,
20.6-31.6 kg) in adults and 14.2 kg (IQR, 9.7-21.6 kg)
in children. The median combined hand grip strength
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Figure 1. Association between chronic kidney disease (CKD) stage
and muscle strength among patients with cystinosis. KDIGO, Kidney
Disease: Improving Global Outcomes.

was 51.8 kg (IQR, 38.9-60.3 kg) in adults and 27.7 kg
(IQR, 18.3-39.7 kg) in children. Overall, muscle
strength was impaired, with a mean grip strength z-
score of —2.1 (SD 1.1). The correlation between eGFR
and grip strength z-score was weak and not statistically
significant (P = 0.56). Figure 1 presents the distribu-
tion of grip strength z-score by CKD stages and shows a
nonsignificant trend toward a lower grip strength in
patients with decreased eGFR (CKD stage 2-4)
compared with patients with preserved eGFR (stage 1;
P = 0.18).

Table 2 presents the unadjusted associations be-
tween patients’ characteristics and grip strength z-
score. Overall, older age at cysteamine treatment initi-
ation, male sex, use of delayed release cysteamine
bitartrate treatment at the time of inclusion, and lower
self-reported adherence were associated with lower
grip strength z-score. After adjustment, only age at
cysteamine treatment initiation and male sex remained
significantly associated with grip strength z-score
(Table 3).

Clinical Manifestation of Impaired Grip Strength
in Patients With Cystinosis

Physical activity data were available for 46 (96%) adult
and 26 (93%) pediatric patients. Among adults, a lower
grip strength z-score was associated with lower level of
aerobic physical activity (mean grip strength z-
score, —1.60 SD [IQR, —2.24 to —0.83 SD] in active
patients vs. —2.31 SD [IQR, —3.65 to —0.03 SD] in
underactive patients; P = 0.02). Practicing flexibility
activities was associated with a higher grip strength
(mean grip strength z-score, —1.22 SD [IQR —2.24
to —0.74 SD] in practicing patients vs. —2.03 SD
[IQR, —3.06 to —1.40 SD] in nonpracticing patients;
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Table 2. Unadjusted association between patient characteristics
and grip strength z-score (bivariate analysis)
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Table 3. Adjusted associations between patient characteristics and
grip strength z-score (multivariate analysis)

Patient characteristics Difference in mean grip strength z-score P value

Age af cysfeamine initiation, months —0.006 0.008
Age af inclusion, yr —0.002 0.86
Male sex -0.9 0.0006
History of dialysis -0.1 0.73
History of kidney fransplantation 0.12 0.69
Pediatric patients (vs. adults) 0.24 0.68
Type of freatment at inclusion 0.03
Immediate release cysteamine® Reference
Delayed release cysteamine® —0.64
Self-reported adherence, % 0.006
=75 Reference
>75 1.0
€GFR at inclusion 0.004 0.56

eGFR, estimated glomerular filtration rate.
®Immediate release cysteamine (Cystagon; Mylan Pharmaceuticals, Canonsburg, PA).
®Delayed release cysteamine (Procysbi; Horizon Therapeutics, Dublin, Ireland).

P = 0.02). No difference was found based on the
practice of strength activities (P = 0.44). The median
PAQ score among young children and adolescents was
2.3 (IQR, 1.8-2.7). There was no statistically significant
association between PAQ score and grip strength z-
score in children (average increase of 0.18 SD [95%
confidence interval, —0.50 to 0.86] in grip strength per
additional unit of PAQ score).

Overall, 24 (32.4%) patients in our cohort reported
neuromuscular symptoms. Sixteen patients reported
limitation in their daily activities; 7 and 6 patients re-
ported respiratory and swallowing issues, respectively.
There was no significant difference in patients’” char-
acteristics between symptomatic and asymptomatic
patients; however, symptomatic patients tended to
have a lower eGFR (Table 4). Swallowing issues were
associated with a lower grip strength z-score (mean
grip strength z-score, —3.13 SD [IQR, —3.99 to —1.68
SD] in patients with swallowing issues vs. —1.84 SD
[IQR, —2.49 to —0.93 SD] in patients without such is-
sues; P = 0.02). There was no significant association
between grip strength z-score and reported limitation
in daily activities or respiratory issues.

DISCUSSION

In this study, we showed that both children and adults
with cystinosis have impaired muscle strength and that
grip strength was only weakly and nonsignificantly
associated with eGFR. Male patients and patients with
late initiation of cysteamine therapy had a lower grip
strength. Conversely, physical activity was associated
with a better grip strength in adults, but we were not
able to demonstrate a similar association in children.
Along with decreased grip strength when compared
with age- and sex-matched healthy control subjects,
the comparison of our results with previous reports
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Difference in mean grip strength

Patient characteristics z-score (95% Cl) P value
Infercept —1.68 (-2.80 to —0.56) 0.003
Age af cysteamine initiation, mo —0.006 (-0.01 to —0.001) 0.02
Male sex —0.70 (-1.19 0 —0.21) 0.005
Type of freatment at inclusion

Immediate release cysteamine® Reference 0.13

Delayed release cysteamine® —0.38 (—0.88100.11)

Self-reported adherence, % 0.55
=75 Reference
>75 0.29 (-0.67 to 1.25)

eGFR at inclusion 0.006 (—0.006 to 0.02) 0.35

Cl, confidence interval; eGFR, estimated glomerular filtration rate.
®Immediate release cysteamine (Cystagon; Mylan Pharmaceuticals, Canonsburg, PA).
PDelayed release cysteamine (Procyshi; Horizon Therapeutics, Dublin, Ireland).

among patients with CKD suggest that patients with
cystinosis have decreased grip strength when
compared with noncystinosis patients with CKD.
Indeed, grip strength reported in adult patients with
CKD stage 3 to 5 by Zhou et al.”” was higher than those
found in our adult patients. In children, when
comparing patients at the same CKD stage, patients

Table 4. Comparison of patients’ characteristics between patients
with and without neuromuscular symptoms

Patients with
neuromuscular

Patients without
neuromuscular symptoms, P

Patient characteristics symptoms, n = 24 n=76 value
Age at diagnosis, mo, 16 (12-23) 18 (12-24) 0.5
median (IQR)
Age af cysteamine 18 (12-30) 18 (13-30) 0.74
initiation, mo, median
(IQR)
Male sex, n (%) 13 (b4) 24 (48) 0.62
History of dialysis, n (%) 8 (33) 21 (42) 0.47
History of kidney 16 (67) 32 (64) 0.82

fransplantation, n (%)

Age at inclusion, yr, median  25.0 (12.0-33.0) 26.0 (15.0-32.0) 0.67

(IQR)
Pediatric patienfs (vs. 10 (42) 16 (32) 0.41
adults), n (%)
Type of freatment at 0.78
inclusion, n (%)
Immediate release 8 (33) 17 (34)
cysteamine®
Delayed release 16 (67) 32 (64)
cysteamine®
€GFR at inclusion, ml/min 48 (32-62) 60 (37-79) 0.28
per 1.73 m?, median
(IQR)
CKD stage, n (%)
1 1(6) 3(8) 0.12
2 309 17 (44)
3A 6 (38) 5 (13)
3B 2(13) 10 (26)
4 4 (25) 4 (10)

CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; 1QR, inter-
quartile range.

“Immediate release cysteamine (Cystagon; Mylan Pharmaceuticals, Canonsburg, PA).
®Delayed release cysteamine (Procysbi; Horizon Therapeutics, Dublin, Ireland).
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with cystinosis have a grip strength that is >1 SD
lower compared with CKD control subjects, who had a
mean grip strength z-score of —0.72."” These results
suggest that the direct effect of cystinosis on muscle
strength is additive to the effect of CKD.

There was no significant relationship between eGFR
and grip strength in patients with cystinosis. This is
similar to a previous study investigating the relation-
ship between grip strength and GFR in children with
CKD that did not find a significant effect of CKD stages
2 to 5 on grip strength, although it did report a
significantly higher grip strength in children with CKD
stage 1 compared with all other stages. In the study of
children with CKD, risk factors for decreased grip
strength included longer duration of CKD, prepubertal
status, delayed puberty, neuropsychiatric comorbid-
ities, need for feeding support, need for alkali therapy,
and hemoglobin level."” We speculate that, similar to
noncystinosis patients with CKD, the effect of CKD
stage is less important compared with other factors that
affect grip strength in patients with cystinosis.

The 2 factors associated with poor grip strength in
this population were age at cysteamine treatment
initiation and male sex. In our study, although statis-
tically significant, the effect of age at treatment initia-
tion was weak with a mean decrease of —0.1 SD per
year of delay. This is likely because the great majority
of our patients began therapy early. However, our
result is consistent with previous studies including
patients with delayed treatment initiation and showing
a higher incidence of neuromuscular disorders in pa-
tients initiating cysteamine therapy after 5 years of
age.” In our study, male patients had greater impair-
ment of grip strength compared with females. This may
be related to the hypogonadism observed in approxi-
mately 70% of male patients with cystinosis. Indeed,
previous studies have shown that the mean testos-
terone level in male patients with cystinosis was 50%
of control patients.”® Therefore, it can be hypothesized
that male patients with cystinosis experience an addi-
tional burden with respect to muscle strength because
of the hypogonadism induced by cystinosis. This
finding deserves further exploration and raises the
question of the potential benefit of testosterone sup-
plementation in male patients with cystinosis to pre-
vent muscle weakness.

Finally, our study found an association between
physical activity and grip strength in adults. Although
the design of our study does not allow us to conclude
whether a low level of physical activity is a cause or a
consequence of impaired muscle strength, it is inter-
esting to note that strength exercises, which are usually
thought to be beneficial for increasing or preserving
muscle strength, were not associated with better grip
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strength. However, previous reports demonstrated the
ability of resistance training to increase muscle strength.
Therefore, the absence of association in our study might
suggest that this type of exercise may be recommended
to patients with evidence of muscle weakness, creating
an indication bias precluding our ability to assess the
potential benefit of this type of physical activity. On the
contrary, aerobic and flexibility activities were associ-
ated with better grip strength and deserve to be inves-
tigated in future interventional trials. Indeed, studies in
adults with end-stage kidney disease have demonstrated
that an exercise training program improves muscle
strength,”” *” but there are currently no data available in
children with CKD or any patients with cystinosis. The
absence of association between physical activity and
grip strength in children may be explained by the
smaller sample size for pediatric patients and by the
progressive development of muscle weakness that in-
creases with age.

Preserving muscle strength in patients with cysti-
nosis is important because impaired muscle strength is
associated with lower quality of life in both pediatric'’
and adult patients with CKD.”” Our study demonstrates
the high prevalence of neuromuscular symptoms in
patients with cystinosis. However, it is important to
note that only swallowing difficulties were associated
with grip strength. The lack of other associations may
be related to the relatively small number of patients
and the possibility that other factors may cause prob-
lems with activities of daily living or sleep
disturbances.

This study is one of the larger studies to date
assessing muscle strength and its risk factors in pa-
tients with cystinosis, and it provides novel infor-
mation regarding the increased impairment in male
patients and the association with different types of
physical activities. However, this study also has some
limitations. First, we only focused on grip strength
given the known specific impairment of muscle
strength in patients with cystinosis; however, a
broader assessment of patients’ frailty would be of
interest. The retrospective nature of this study
limited the granularity of data available, and we
cannot rule out the potential effect of unmeasured
confounders on the associations reported in this
study. Indeed, several potential risk factors are only
assessed at the time of grip strength measurement
while patients’ cumulative exposure to these factors
would be more likely to significantly impact grip
strength (e.g., type of cysteamine treatment and self-
reported adherence). Moreover, more than half of the
patients previously received a kidney trans-
plantation. Therefore, although a history of kidney
transplantation was not associated with grip strength
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measurement, we cannot rule out that the association
between eGFR and grip strength was confounded by
the presence of transplanted patients in our cohort
and by the use of eGFR at the time of evaluation that
may not capture the real exposure to CKD. Further
studies stratified by transplant status, with longitu-
dinal grip strength measurements coupled with GFR
measurements and with data on patients” physical
activities or concurrent treatments are needed to
assess the respective impact of cystinosis, CKD and
other modifiable risk factors on grip strength loss.

CONCLUSION

Patients with cystinosis have impaired muscle strength
compared with both healthy control subjects and pa-
tients with CKD at similar CKD stage without cysti-
nosis. This impairment is greater in male patients and
in patients with late initiation of cysteamine therapy
and may be improved by physical exercise. Further
studies should focus on the benefits of long-term
cysteamine treatment, different types of physical ac-
tivity, and other interventions, such as the use of
testosterone in male patients.
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