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Magnetic resonance reveals mitochondrial
dysfunction and muscle remodelling in
spinal muscular atrophy
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Genetic therapy has changed the prognosis of hereditary proximal spinal muscular atrophy, although treatment
efficacy has been variable. There is a clear need for deeper understanding of underlying causes of muscle weak-
ness and exercise intolerance in patients with this disease to further optimize treatment strategies. Animal mod-
els suggest that in addition to motor neuron and associated musculature degeneration, intrinsic abnormalities of
muscle itself including mitochondrial dysfunction contribute to the disease aetiology.

To test this hypothesis in patients, we conducted the first in vivo clinical investigation of muscle bioenergetics. We
recruited 15 patients and 15 healthy age and gender-matched control subjects in this cross-sectional clinico-radio-
logical study. MRI and *'P magnetic resonance spectroscopy, the modality of choice to interrogate muscle energet-
ics and phenotypic fibre-type makeup, was performed of the proximal arm musculature in combination with fati-
guing arm-cycling exercise and blood lactate testing. We derived bioenergetic parameter estimates including:
blood lactate, intramuscular pH and inorganic phosphate accumulation during exercise, and muscle dynamic re-
covery constants. A linear correlation was used to test for associations between muscle morphological and bio-
energetic parameters and clinico-functional measures of muscle weakness.

MRI showed significant atrophy of triceps but not biceps muscles in patients. Maximal voluntary contraction force
normalized to muscle cross-sectional area for both arm muscles was 1.4-fold lower in patients than in controls,
indicating altered intrinsic muscle properties other than atrophy contributed to muscle weakness in this cohort. In
vivo *'P magnetic resonance spectroscopy identified white-to-red remodelling of residual proximal arm muscula-
ture in patients on the basis of altered intramuscular inorganic phosphate accumulation during arm-cycling in red
versus white and intermediate myofibres. Blood lactate rise during arm-cycling was blunted in patients and corre-
lated with muscle weakness and phenotypic muscle makeup. Post-exercise metabolic recovery was slower in re-
sidual intramuscular white myofibres in patients demonstrating mitochondrial ATP synthetic dysfunction in this
particular fibre type.

This study provides the first in vivo evidence in patients that degeneration of motor neurons and associated mus-
culature causing atrophy and muscle weakness in 5q spinal muscular atrophy type 3 and 4 is aggravated by dis-
proportionate depletion of myofibres that contract fastest and strongest. Our finding of decreased mitochondrial
ATP synthetic function selectively in residual white myofibres provides both a possible clue to understanding the
apparent vulnerability of this particular fibre type in 5q spinal muscular atrophy types 3 and 4 as well as a new
biomarker and target for therapy.
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Introduction

5q Spinal muscular atrophy (5gSMA) is an important genetic cause
of infant mortality, severe and progressive physical disability in
children and adults and is caused by homozygous loss of function
of the survival motor neuron 1 gene.* Deficiency of the ubiquitously
expressed survival motor neuron protein interferes with a range of
basic cellular processes, including splicing and ribosomal transla-
tion of mRNA.? In a-motor neurons survival motor neuron protein
deficiency is associated with progressive destabilization of axonal
end-plates and ultimately denervation and atrophy of associated
skeletal musculature.®

Large and fast-conducting motor neurons and their associated
pools of fast-twitch glycolytic ‘white’ myofibres appear to be par-
ticularly vulnerable to neuronal survival motor neuron protein de-
ficiency.** This hypothesis is supported by the prevalence of the
most prominent symptom in 5qSMA, muscle weakness,®” as well
as by ex vivo and in vitro examinations of muscle biopsy samples
from patients with 5gSMA and SMA mouse models,® " respective-
ly. Abnormal muscular fatigability is, however, also common in
5qSMA.*"** Since fatigue resistance of any muscle scales with con-
tractile energetic efficiency and ATP synthetic capacity,™ this par-
ticular symptom suggests that the functionality of motor units
comprising oxidative myofibre phenotypes (i.e. slow-twitch oxida-
tive ‘red’ and fast-twitch oxidative glycolytic ‘intermediate’ myofi-
bres, respectively)*>¢ is also affected in 5qSMA. Indeed, there is
evidence that intrinsic abnormalities in muscle itself may contrib-
ute to the disease phenotype.'”"*® For example, several studies of
SMA have found mitochondrial abnormalities in animal models
and muscle ex vivo that may cause energetic failure of excitation—
contraction coupling preservation during muscular work. %23
Moreover, results of a recent investigation in an SMA mouse model
indicate that mitochondrial ATP synthetic capacity is dysfunction-
al specifically in white myofibres.?” Any mechanistic link between
survival motor neuron protein depletion and abnormal muscular
phenotypic traits in 5qSMA is yet to be identified.*”"*8

Various studies have used MRI to investigate muscle morph-
ology in 5qSMA.?*?’ In vivo *'P magnetic resonance spectroscopy
(®*P MRS) is a complementary, non-invasive method to additional-
ly study metabolic phenotypic traits of muscle including in vivo
mitochondrial function.’® Of particular interest to 5qSMA, integra-
tion of 3P MRS with in-magnet voluntary exercise paradigms can
capture and distinguish metabolic manifestations of functional in-
nervation of intramuscular pool of red, intermediate and white

myofibres, respectively, in a muscle.?®?° Here, we apply the power
of these in vivo methodologies to study muscle morphology and
metabolic phenotypic traits in relation to function in adolescent
and adult patients with 5qSMA types 3 and 4. Our work provides
in vivo evidence that both neurogenic as well as intrinsic muscular
abnormalities contribute to the clinical phenotype of the disease.

Materials and methods

We recruited patients with 5gSMA types 3a, 3b and 4 registered in
the Dutch SMA registry for this study. All patients had a confirmed
homozygous deletion of the SMN1 gene. We used the clinical clas-
sification system based upon age of onset and acquired motor
milestones to distinguish between 5qSMA types 2—4.%° In case of
discrepancies between age at symptom onset and highest
achieved motor milestones, the latter determined classification.
Patients with 5qSMA type 3a, 3b and 4 show clinical symptoms be-
fore the age of three, after the age of 3 and during adult life, re-
spectively. Age and gender-matched control participants were
recruited with the help of the patient’s social network of family
and friends and via social media. Inclusion criteria were: (i) age
>12; (ii) ability to perform active supine arm-cycling movements;
(iii) ability to follow test instructions; and (iv) musculus biceps bra-
chii (BB) Medical Research Council score for muscle strength >4
and musculus triceps brachii (TB) Medical Research Council score
>2. Exclusion criteria were: (i) contraindications concerning mag-
netic resonance assessment; (ii) risk factors for exercise testing
registered by a Dutch version of the Preparticipation Questionnaire
(American College of Sports Medicine and American Heart
Association); (iii) mental retardation; (iv) comorbidities affecting
exercise tolerance; and (v) being under examination for non-diag-
nosed disease at the time of investigation. The Medical Ethics
Committee of the University Medical Centre Utrecht in the
Netherlands approved the study (NL62792.041.17). All participants
(and their parents) signed appropriate informed consent.

This cross-sectional clinical investigation consisted of two visits
separated by at least 1week to minimize the influence of exercise
induced fatigue (Fig. 1A). The first visit took place at the Centre for
Child Development, Exercise and Physical Literacy at the
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Figure 1 Experimental design and first visit results. (A) Study design. (B) The experimental set-up used for supine arm-cycling inside the bore of a 3T
multinuclear MRI scanner (Ingenia scanner with 70 cm bore diameter, Philips Healthcare). (C) Median, interquartile range (IQR) and individual max-
imal voluntary contraction (MVC) force (N) of patients with 5gSMA and controls measured in the BB (P = 0.002) and TB (P < 0.001) muscle. (D) Median,
IQR and individual A capillary blood lactate (La) (mmol/l) measured in patients with 5gSMA and controls (P = 0.004). *P < 0.01, **P < 0.001.

University Medical Centre Utrecht, The Netherlands. First, partici- Health Industries), as described elsewhere.®' Thereafter, a supine
pants performed maximal voluntary contractions measured with arm-cycling test outside the magnetic resonance scanner was per-
a handheld dynamometer using the break test (MicroFET2, Hoggan formed. We measured capillary blood lactate, caught in lithium
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heparin micro cups (Greiner Bio-One B.V., catalogue number
450550) before and directly after cycling using a finger stick.
Lactate is a metabolic product of anaerobic glycolysis and is rapid-
ly exchanged with the extracellular milieu.?? As such, any increase
in blood lactate during exercise is generally viewed on metabolic
activity of white myofibres in active muscles.>® The second visit
took place at the Amsterdam University Medical Centre, location
AMC. After an MRI of the upper arm, participants were asked to
perform an incremental supine arm-cycling test twice at the same
day. A resting period of 20-30min separated the two sessions of
exercise.

A previously described magnetic resonance-compatible mechanic-
ally braked bicycle ergometer adjusted for asynchronous arm-
cycling with two length-adjustable carbon ski poles (Leki) with
custom made 3D printed carbon handles was used for physical ex-
ercise of the upper arm muscles (Fig. 1B).>**> Pole handles were
additionally fitted with adjustable gloves from cross-country ski
poles (Leki, Italy) to minimize involvement of muscles of the fore-
arm during execution of the cycling task (Supplementary Fig. 9).
Last, the platform was fitted with a mounting system for the mo-
bile Lode magnetic resonance ergometer carrier (Lode) allowing
flexible positioning over the patient bed of the magnetic resonance
scanner (Fig. 1B). The supine arm-cycling test was performed with
an angle of 90° elbow flexion at the neutral starting position of ver-
tical cranks. After 5min of rest, participants were asked to cycle
until exhaustion to ensure myofibre recruitment across the spec-
trum according to Henneman’s size principle.®® Lower arms moved
between —45° and +45° in the z-direction at 90 rpm.

The rate of 90 rpm was indicated by an audio cue. Two patients
with 5qSMA cycled on a rate of 45 rpm. The test started with 6 min
of cycling at 5W on the magnetic resonance-compatible ergom-
eter. Subsequently, a mechanical brake aggravated the protocol to
10W for 1 min. A weight of 0.2kg for female and 0.3kg for male
participants was added to increase the resistance every minute
thereafter. Post-exercise recovery was monitored for 10 to 20 min.
The BB was measured during the first, and the TB during the se-
cond cycling test at the second visit (Fig. 1A). We measured accept-
ability of the study visits and perceived fatigue in participants on a
visual analogue scale and OMNI scale of perceived exertion on a
range between 0 and 10, respectively.

MRIs were obtained to provide insight in upper arm muscle
morphology of patients with 5qSMA and controls. All magnetic
resonance experiments were conducted on the 70cm wide-bore
diameter 3 T Ingenia multinuclear MR system (Philips Healthcare).
Participants were positioned on their right side and head first into
the scanner. Neck, back and legs were supported based on individ-
ual preferences. Sand bags fixated the right upper and lower arm,
which was positioned to the centre of the bench as much as pos-
sible. Datasets were acquired from the right upper arm using a 16-
channel Anterior Receive coil positioned on the torso of the partici-
pant covering the whole arm and 12-channel coil located in the pa-
tient table. The imaging protocol consisted of survey scans used
for accurate placement of the Dixon sequence and a 4-point Dixon
sequence (TR/TE/ATE 210/2.6/0.76 ms; flip angle 8°; field-of-view
480 x 276 x 198 mm; acquisition voxel size 1.5 x 1.5 x 6mm?; re-
construction voxel size 1.5 x 1.5 x 6 mm; no gap; number of slices
33; SENSE 2) for fat quantification and muscle volume
assessments.”’
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MRIs were analysed using QMRITools for Mathematica (https://
mfroeling.github.io/QMRITools, accessed 22 February 2022). Dixon
data were processed using iterative decomposition of water and fat
with echo asymmetry and least squares estimation (IDEAL) using
eight reference fat peaks and considering a single T,* decay.
Muscle morphology was described by fat percentage and contract-
ile cross-sectional area of the muscle. Fat fractions were calculated
as the signal intensity (SI) fat/(SI fat + SI water) x 100 and con-
tractile cross-sectional area was calculated by the following equa-
tion: contractile cross-sectional area = CSA x (100-%fat). Regions
of interest for the BB and TB were manually drawn on the recon-
structed water image of the Dixon scan using ITK-SNAP (www.itks
nap.org, accessed 22 February 2022)*% on the slice with the largest
CSA. First, the largest CSA was determined for each muscle indi-
vidually using visual assessment. After which regions of interest
were drawn on those slices, specifically and used to derive the
CSA, percentage of fat and the contractile cross-sectional area of
BB and TB separately.

A 6cm diameter single turn *'P surface coil (Rapid Biomedical) was
fastened over either the BB or TB, respectively, of the right upper
arm. Head and knees were supported on individual preferences.
Upper arms were stabilized with a cushion to prevent movement
during the preparation phase of MRS data acquisition. Participants
were moved into the magnet centre and a scout image was
acquired to direct shimming. *'P magnetic resonance spectra from
upper arm muscles were collected at rest, during arm-cycling and
subsequent metabolic recovery (block pulse, flip angle 45°; TR:
4000 ms; NSA 2; 2048 data-points; bandwidth 3000 Hz). The bottom
bracket of the platform approached the bore no more than 50 cm
to prevent influence of the magnetic field on the cycling resist-
ance. Data acquisition during arm-cycling was synchronized with
the cycling rate as described elsewhere.®

Datasets were analysed blindly by one observer (J.A.L.J.). FIDs were
analysed using AMARES time domain fitting (www.jMRUI.org)
with customized starting value and prior knowledge files. Myofibre
pH was derived from the chemical shift difference between the in-
organic phosphate (Pi) and phosphocreatine (PCr) resonances.®
Myofibre phenotypes were attributed by (i) phenotypic fingerprint
at end state of exercise; and (ii) by PCr and Pi 95% recovery times.
Phenotypic fingerprint, expressed in the fraction of Pi signals from
recruited myofibres, was examined in participants showing a PCr
depletion of >90% at the point of exhaustion. We included two
patients with a PCr depletion between 80 and 90% and we excluded
one patient with a PCr depletion <80%. The latter showed decre-
ment (>10%) of the m. trapezius during repetitive nerve stimula-
tion of the n. accessorius. Post-exercise metabolic recovery
kinetics (Fig. 4C and D) were determined by nonlinear curve fitting
of mono- or double-exponential functions.?* Pi and PCr 95% recov-
ery times in minutes were calculated by the following equation:
0.95 x [3 x tau(min)].

We used two tailed parametric t-tests to examine differences in
contractile cross-sectional area and PCr 95% recovery times be-
tween patients with 5qSMA and healthy controls. We used non-
parametric Mann-Whitney U-tests to examine differences in
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maximal voluntary contractions, A capillary blood lactate, fat infil-
tration, phenotypic fingerprint and Pied, intermediate, white) 95% Te-
covery time between patients with 5qSMA and healthy controls.
An allometric function was used to fit associations between MRI
parameters. We used Pearson’s correlations to assess the relation-
ship between maximal voluntary contraction force and contractile
cross-sectional area of both muscles. We used Spearman’s correla-
tions to assess the relationship between maximal voluntary con-
traction force and Acapillary blood lactate, Acapillary blood lactate
and Pipy, white- The level of significance was set at P < 0.05.

The data that support the findings of this study are available from
the corresponding author (J.A.L.J.) on reasonable request.

Results

To probe the relation between function and muscle quality and
quantity, our experimental design featured functional testing
(maximal voluntary contraction and dynamic voluntary exercise),
morphological (*H MRI) and metabolic studies (blood sampling and
in vivo 3'P MRS) in a cohort of treatment naive patients with genet-
ically confirmed 5qSMA (Fig. 1A; ‘Materials and methods’ section).
To overcome the communal practical problem of proximal muscle
weakness and lower body disability in this patient group, we
switched from a leg-cycling to an arm-cycling exercise platform
(Fig. 1B and Supplementary Video 1).%>** We recruited a total of 15
patients with 5qSMA and 15 age- and gender-matched healthy
controls (Table 1 and Supplementary Table 1). Of our 15 patients
with 5qSMA, six were classified as 5gSMA type 3a (four non-ambu-
lant patients; Supplementary Table 1, Cases 4, 6, 11 and 15), eight
as type 3b and one as type 4. Patient acceptability of the magnetic
resonance exercise intervention, measured on a visual analogue
scale ranging from 0 to 10 indicating willingness to repeat this test
in any future clinical study, was excellent in patients [mean (SD):
9.1 (1.3)] and controls [8.3 (2.3)]. One control participant dropped
out after the first visit.

Maximal voluntary contraction (MVC) force of BB and TB
muscles in patients was significantly lower compared to controls
reflecting muscle weakness, the hallmark symptom of 5qSMA
(Fig. 1C); P=0.002, P < 0.001, respectively. Blood lactate increase in
response to arm-cycling exercise was significantly lower in
patients compared to controls (Fig. 1D) (P = 0.004) and uncorrelated
to cycling time in the large majority of patients (Supplementary
Fig. 1). Cycling time between bouts in the second visit was highly
reproducible in both groups, but significantly shorter in patients
compared to controls {BB [mean (SD)]: 3.1 (1.9), TB: 3.0 (2.1) min.
versus BB: 7.4 (1.3), TB: 7.2 (2.4) min., respectively; P < 0.001]} reca-
pitulating previous observations of exercise intolerance and pre-
mature fatigability in 5qSMA.*® Perceived fatigue was similar in
patients compared to controls {BB [median (IQR)]: 9.0 (2.0), TB: 9.0
(4.0) versus BB: 9.0 (5.0),TB: 9.0 (7.0), respectively; P > 0.05)}.

We acquired magnetic resonance images of the upper arm to
examine fat infiltration and atrophy of the BB and TB muscles of
the right arm of patients with 5qSMA (n = 13) and controls (n = 14)
using a four-point Dixon sequence. Two patients with 5gSMA had
contraindications concerning MRI assessment. A set of typical
transverse images of the upper arm of a patient versus a healthy
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control are shown in Fig. 2A, with BB and TB indicated in red.
Visual inspection of the images indicated that fat infiltration and
loss of muscle mass as previously reported for leg muscles in
patients with 5qSMA were also present in the upper arm muscles
of patients.?* To objectify this trend, we performed quantitative
image analyses using QMRITools for Mathematica (Materials and
methods) and found that fat percentages of both BB as well as TB
were significantly higher in patients than controls (Fig. 2B);
P=0.007, P <0.001, respectively. Our findings mirror the 11.9-
15.5% fatty infiltration in the BB muscle of patients with 5qgSMA
type 3 reported previously.?® On the other hand we found a higher
fat percentage in the TB muscle of patients in our cohort than the
previously reported 12.9-20.3%.2> Contractile cross-sectional area
of the TB muscle, defined as gross CSA adjusted for fatty infiltra-
tion, was significantly reduced in patients compared to controls
(Fig. 2C); P < 0.001. BB contractile cross-sectional area was not dif-
ferent in patients and controls (Fig. 2C) (P = 0.309) suggesting this
muscle of the upper arm was more preserved than its antagonist
in this particular cohort. Fat infiltration negatively correlated with
the contractile cross-sectional area for both BB and TB (r=-0.71
and -0.80, P < 0.0001, respectively; Fig. 2D and E).

Integration of *'P MRS with in-magnet voluntary exercise models
for human lower limb muscles has been shown to capture and dis-
tinguish metabolic manifestations of working red, intermediate
and white myofibre pools, respectively.?®?° To test whether this
methodology can be used to evaluate residual functional innerv-
ation of each of these fibre-type pools in the upper arm muscles of
patients with 5qSMA, we first performed dynamic recording of
in vivo 3P magnetic resonance spectra from the BB muscle in a
healthy subject performing the arm-cycling trial. We observed
multiple distinct peaks between 5.2 and 3.7 ppm in in vivo *'P mag-
netic resonance spectra from this working muscle (Fig. 3A) that
exhibited extraordinary temporal dynamics as exercise continued
until exhaustion (Supplementary Fig. 2). A point of note is that
these spectral dynamics presented early into exercise in the pres-
ence of high total muscle content of the myofibrillar ATP buffer
PCr (0.0ppm). Previous studies in human lower limb muscles
reported such observations only late into exercise in the presence
of large PCr depletion.?®>*? Similar observations were made in
the TB muscle (Supplementary Fig. 3). On the basis of previous
work, we attributed the detected *'P magnetic resonances between
5.2 and 3.7 ppm to Pi, a metabolic product of ATP hydrolysis, accu-
mulating in red, intermediate and white myofibres operating at
distinct cytoplasmic pH values ranging between pH 7 and 6 (Fig. 3A
and B and Supplementary Fig. 4).2%3%42

We next hypothesized that the observed rich Pi and pH dynam-
ics in working BB and TB muscles captured motor unit recruitment
in action on the premise that arm-cycling represents an uncom-
mon motor task in daily life and has been associated with short-
term motor skill learning in naive subjects.**** As such, once all
available motor units have been recruited, the particular in vivo 3'P
magnetic resonance spectral BB and TB fingerprint at that time
should inform on the relative abundance of red, intermediate and
white myofibre pools with functional innervation in these
muscles. We then estimated these fractions for each myofibre
type on the basis of numerically fitted fractional amplitudes of Pi
resonances at 5ppm (pH 7, red fibres), 4.6-4.2ppm (pH 6.6+0.1,
intermediate fibres) and 4ppm (pH 6, white fibres), respectively
(see ‘Materials and methods’ section; Supplementary Fig. 5) as
described previously.*® Assuming the condition of complete motor
unit recruitment is adequately satisfied when total muscle PCr is
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Table 1 Cohort demographic characteristics
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Demographic Age, years Percentage male 59SMA type 3a/ SMN copy no. 3/ HFMSE MRC score BB MRC score TB
3b/4 (n) 4(n) (range) (range)

Controls (n = 14) 40+17 36 n.a. n.a. n.a. 5 5

5qSMA (n = 15) 40+17 33 6/8/1 3/12 40+18 4-5 3-5

Values are expressed as mean =+ SD, subtype 3a clinical symptoms <3 years, subtype 3b clinical symptoms >3 years. HFMSE = Hammersmith Functional Motor Scale
Expanded; MRC = Medical Research Council score for muscle strength; n.a. = not applicable.

90% or more depleted,*”** we verified in a healthy subject that
analysis of the *'P magnetic resonance spectrum of the BB muscle
at fatigue recorded in two separate arm-cycling trials yielded re-
producible estimates of its functional phenotypic myofibre
makeup in this individual (Supplementary Table 2). The resulting
outcome of a predominantly fast-twitch white myofibre pheno-
type is in good agreement with histological studies of the BB
muscle of healthy adults.*>™*’

We next collected in vivo *'P magnetic resonance spectra of the
BB and TB muscles during exhaustive arm-cycling in patients
(n=15) and controls (n = 14) to compare the relative abundance of
red, intermediate and white myofibres with functional innerv-
ation, respectively, in these muscles. Time to PCr depletion was 4-
to 8-fold shorter in 5qSMA than in controls [BB: 64 s, 32-92 versus
288's, 144-328 (median, IQR), P = 0.055, respectively, TB: 48, 28-128;
320, 120-352, P =0.029]. Comparison of the group medians of the
fractional size of functional red versus intermediate and white
myofibre pools in the BB and TB muscles in 5gSMA versus controls
(Fig. 3C and D) identified a trend towards a white-to-red shift in
functional myofibre makeup for the TB muscle of patients com-
pared to controls (Fig. 3D; P =0.101). This white-to-red shift was
significant for the BB muscle of patients (Fig. 3C; P = 0.0045).

Restoration of the resting energetic state of myofibres following
muscular work is principally driven by mitochondrial ATP synthe-
sis.***® Therefore, we continued recording in vivo *’P magnetic res-
onance spectra from BB and TB muscles after arm-cycling had
stopped to test our hypothesis that this ATP synthesis in muscle is
compromised in 5qSMA.™?° We found that full recovery of PCr
and Pi levels to pre-exercise concentrations may take up to 10 min
in patients with 5qSMA (Fig. 4A and B) and that the divergence in
myoplasmic pH between red, intermediate and white fibre types
developed during the preceding exercise, persisted during all this
time (Supplementary Fig. 6). This uniquely afforded tracking and
quantification of Pi recovery times for each myofibre phenotype
(Fig. 4C) in addition to the standard approach of tracking total
muscular PCr content (Fig. 4D).*

In the control group, mean 95% recovery time for Pi in red and
intermediate fibre types was the same within each muscle (Fig. 4C)
but significantly faster in BB muscle compared to TB (Fig. 4C;
P =0.013). Median Pi 95% recovery time for white myofibres in this
group was 5-fold slower (Fig. 4C) compared to red myofibres and
similar in both muscles. This 1:1:5 ratio for Pi 95% recovery time in
human red, intermediate and white myofibre phenotypes, respect-
ively, mirrors the ratio of in vivo initial rates of post-exercise Pi re-
covery in these fibre types reported previously for leg muscle of
healthy individuals.*” This outcome fits well with findings of 5-
fold lower measures of mitochondrial density and 6-fold fewer
embedded capillaries for white compared to red myofibres,***° re-
spectively, in rodent muscles. Likewise, mean 95% recovery time
for total PCr in BB and TB muscles (Fig. 4D) matched previous
reports of PCr recovery times following strenuous exercise.”*>?

In the patient group, median Pi 95% RTs for red and intermediate
myofibres of BB and TB muscles were identical to controls (Fig. 4C).
In contrast, median 95% recovery time for Pi in white myofibres of
BB muscles was almost 2-fold longer than in controls (Fig. 4C);
P =0.031. Pi recovery in white myofibres of the TB muscle of patients
was similarly prolonged in two of four available datasets from this
group (Fig. 4C). These results indicate that mitochondrial ATP syn-
thetic function is compromised in white, but not red or intermediate
myofibres of arm muscle in the patient group. Our findings that
post-exercise recovery of total muscular PCr in patients was either
not prolonged (BB muscle; P=0.764) or even faster (TB muscle;
P =0.025) compared to controls (Fig. 4D) both fit this conclusion and
confirm white-to-red muscle remodelling in the patient group.

Our study has revealed associations between function (Fig. 1C),
morphological (Fig. 2) and metabolic phenotypic traits (Figs 3 and
4) of upper arm musculature in 5qSMA. Next, we investigated
whether it was possible for each of these traits to predict residual
function of these muscles in patients. First, we tested the hypoth-
esis that muscles with a larger functional mass generate more
power. Indeed, we found strong positive correlations between
MVC force and contractile cross-sectional area for both the BB and
TB muscles in patients with 5qSMA and controls [r = 0.89, 95%CI:
0.77-0.95 and rs (130) = 0.96, respectively, P < 0.001; Fig. 5A and B].
Combining these functional and morphological datasets we com-
pared force per contractile cross-sectional area between patients
and controls. For both the BB and TB muscles this parameter was
1.4-fold reduced in the patient group (P<0.01 for BB;
Supplementary Fig. 7). Next, we proposed that the reduced power
of the BB and TB muscles of patients was associated with a lower
abundance of white and intermediate myofibres with functional
innervation compared to controls (Fig. 4C and D). We then tested a
first corollary that any increase in capillary blood lactate in re-
sponse to arm-cycling would be blunted in patients compared to
controls (Materials and methods). A strong positive correlation
was found between MVC force and capillary blood lactate changes
during the exercise trial in patients with 5gSMA for both BB and TB
[rs (90)=0.80, P <0.001, rs (86)=0.76, P=0.002, respectively,
Fig. 5C]. We next investigated in the patient group the correlation
of capillary blood lactate changes during arm-cycling with of *'p
MRS estimates of the fractional intermediate and white myofibre
content of their BB and TB muscles. Significant positive correla-
tions were found for both muscles [rs (112) =0.61, P =0.040, 1
(54) =0.67, P=0.039, respectively, Fig. SD]. Last, we explored
whether there is any meaningful association between P; 95% re-
covery time in white myofibres and the white-to-red myofibre
shift in the patient group. For this limited cohort, we lacked statis-
tical power to support any predictive potential at this time but we
found for the BB muscle that most patients demonstrated above
average (>median score of the control group) on both parameters.
(Fig. 5E). We also tested any predictive power of the more facile
and commonly used parameter PCr 95% recovery time with respect
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Figure 2 Morphological examination of upper arm musculature of patients with 5gSMA and controls using quantitative MRI. (A) MRIs with BB and TB
regions of interest in a patient with 5gSMA (1, 2) and a healthy control (3, 4). (B) Median, IQR and individual BB (P = 0.007) and TB (P < 0.001) fat infiltra-
tion (%) in 5qSMA and controls. (C) Mean, standard deviation and individual BB and TB (P < 0.001) contractile cross-sectional area (cCSA) (cm?) in

5gSMA and controls. (D and E) Allometric correlation between fat infiltration and cCSA in SMA (open dots) and controls (solid dots); BB: r =

r=-0.80. "P < 0.01, **P < 0.001.

to white-to-red myofibre shift in the BB muscle but no significant
correlation was found (Supplementary Fig. 8).*

Discussion

The notion that 5gSMA is a pure motor neuron disease has in re-
cent years been overtaken by the observation that many cell types

=-0.71, TB:

and tissues are affected by depletion of survival motor neuron pro-
tein.'®>® Specifically, extensive evidence for intrinsic defects of
muscle and the neuromuscular junction that are central to 5gSMA
pathogenesis has been identified in recent years in both SMA
mouse models as well as clinical investigations in
patients,®10111417-2022,54.55 pyamples of intrinsic muscular abnor-
malities in 5qSMA include maladaptive phenotypic remodelling,®°
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Figure 3 Phenotypic fingerprinting of proximal arm musculature of patients with 5gSMA and healthy controls using dynamic in vivo 3'P MRS. (A) In
vivo *'P magnetic resonance spectrum acquired from BB muscle of a healthy control subject, 60 after onset of supine arm-cycling exercise at 90 rpm.
(B) Time course of PCr (black) and Pi in red myofibres operating at pH 7 (dark grey) versus Pi in white fibre operating at pH 6 (light grey) of the BB
muscle of an individual patient with 5gSMA performing the arm-cycling at 90 rpm until exhaustion (Supplementary Table 1, Case 10). Error bars rep-
resent Cramer-Rao bounds of AMARES fit of >'P magnetic resonance spectra and inform on goodness of fit. The time course of Pi in intermediate (IM)
fibres operating at pH 6.6 is omitted for clarity of presentation (Supplementary Fig. 4). (C and D) Median, IQR and individual fractional peak area of Pi
in red, IM and white myofibres (% of total peak area) in the in vivo *'P magnetic resonance spectrum recorded at exhaustion from BB (P = 0.004) and TB

(P =0.101) muscles of patients with 5qSMA and controls. **P < 0.01.

mitochondrial dysfunction and abnormal sarcomeric calcium han-
dling.""**?° Investigative platforms to further detail these observa-
tions in muscle of patients with 5qSMA type 3 and 4 performing a
physical task have, however, not yet been available. Here, we
exploited quantitative MRI and dynamic in vivo 3'P MRS methods
in combination with a voluntary exercise paradigm to examine
muscle morphology and metabolic phenotypic traits in relation to
muscle function in adolescent and adult 5gSMA type 3 and 4 in
situ. Next, we discuss our findings and how they may affect under-
standing of the clinical presentation of 5qSMA and may guide de-
sign and delivery of emergent therapies for this disease.

Muscle weakness is the main symptom in 5gSMA.®’ In our patient
cohort, weakness of the proximal arm muscles that were studied
here was likewise significant. However, median residual strength
of the TB muscle of these individuals was only 15% of controls
compared to 55% for the antagonist BB muscle (Fig. 1C). The obser-
vation of selective muscle sparing in SMA has previously been

reported including in other patients with 5gSMA seen in our centre
but remains poorly understood.®**>>27:°¢>7 Qur morphological
MRI studies of the upper arm musculature in this cohort offer only
a partly explanation of the almost 4-fold difference in decline of
strength between the TB and BB muscles in these individuals.
Specifically, the residual mean contractile cross-sectional area of
the TB muscle in patients was only 40% of controls, whereas there
was no significant evidence for atrophy of their BB muscle
(Fig. 2C). Closer inspection of these data shows that in a subpopu-
lation of patients atrophy of the TB muscle had progressed even
further, to the point that signal degradation in our dynamic in vivo
31p MRS recordings from this muscle in some of these individuals
prohibited their analysis (Figs 3D and 4D). Regardless, atrophy in
and by itself cannot account for the almost 90% decline in strength
of the TB muscle in our patients. This is evident when comparing
the force per unit contractile cross-sectional area that was 1.4-fold
lower in patients (Supplementary Fig. 7). Therefore, altered mech-
anical properties of the muscle itself must also contribute to this
decline.

The comparison of in vivo *'P MRS metabolic fingerprints of the
BB and TB muscles at exhaustion between patients and controls
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Figure 4 In vivo assay of mitochondrial ATP synthetic function in red, intermediate and white myofibres of upper arm muscles of patients with
5gSMA and controls on the basis of dynamic in vivo 3'P magnetic resonance spectroscopic recordings from BB and TB muscles of patients versus
healthy controls post-exercise. (A) Stack plot of in vivo *'P nuclear magnetic resonance spectra acquired serially from BB in a patient with 5gSMA
starting at the point of exhaustion from preceding arm-cycling exercise and subsequent metabolic recovery. (B) Time course of PCr (black) and Pi in
red myofibres operating at pH 7 (dark grey) versus Pi in white fibre operating at pH 6 (light grey) of the BB muscle of an individual patient with 5gSMA
in final seconds of arm-cycling (shaded area) and subsequent rest (Supplementary Table 1, Case 10). Error bars represent Cramer-Rao bounds of
AMARES fit of *'P magnetic resonance spectra and inform on goodness of Lorentzian model fit. The time course of Pi in intermediate (IM) fibres oper-
ating at pH 6.6 is omitted for clarity of presentation. (C) Median, IQR and individual Pi (red, IM and white) 95% recovery time (RT) (min) in the BB and
TB muscle; BB Pi white: P=0.031. (D) Mean, standard deviation and individual PCr 95% RT (min) in the BB (P =0.764) and TB (P = 0.025) muscle.

*P < 0.05.

support this conclusion (Fig. 3C and D). In patients, almost 50% of
total Pi accumulated in contracting myofibres of the TB muscle at
exhaustion originated from red myofibres on the basis of a corre-
sponding myocellular pH of 7, whereas in healthy controls this
percentage was only 20% both TB and BB muscles (Fig. 3D). In the
latter, the percentage in patients was 40% (Fig. 3C). These results
strongly indicate that both the BB and TB muscles in these patients
underwent a white-to-red shift with respect to their fibre-type
composition. Various laboratories have previously reported similar
conclusions on the basis of in vitro studies on 5gSMA muscle biop-
sies from different patients with various types of 5qSMA. #5862
However, these studies typically examine ~20ul volumes of
muscle causing potential bias. Our in vivo *'P magnetic resonance
spectra were obtained from a ~30000ul volume of muscle thus
mitigating any such concerns.®® Given the fact that both speed and
peak force of red myofibre contractions are substantially lower

than for intermediate and white myofibres,* this now provides a
mechanistic explanation for the 1.4-fold decline in strength per
contractile cross-sectional area of both proximal arm muscles of
the patients in this study.

Shifts in fibre-type composition have previously been described
in patients with neuromuscular diseases including a red-to-white
shift in a fat oxidation defect and are considered to reflect adapta-
tion to the underlying defect.*>®* On the basis of what has been
learned about 5qSMA pathophysiology, it is more likely that a
white-to-red shift in myofibre-type composition in this disease is
rather the result of a higher vulnerability of fast motor neurons
and their associated white musculature to survival motor neuron
protein depletion.?® In this light, we asked whether the latter may
be in any way mechanistically linked to the decreased oxidative
capacity of white fibres first described in a mouse model of mild
SMA by Deguise et al.”” and captured here in patients (Fig. 4C). For
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this limited cohort, we lacked statistical power to test any correl-
ation but we found that most patients scored above average on
both white-to-red shift and an index of mitochondrial oxidative
impairment for the BB muscle (Fig. 5E). Future studies in larger pa-
tient cohorts will be needed to rigorously test such a correlation.

Abnormal muscular fatigability is also a prominent symptom in
the clinical presentation of adolescent and adult patients with
59SMA.™ In the present study, patients likewise presented with
premature fatigue during execution of a physical task, lasting on
average less than half the amount of time of their controls during
arm-cycling. This was associated with both near maximal per-
ceived fatigue scores as well as near maximal PCr depletion at the
end of exercise, similar to controls. While survival motor neuron 2
copy number is generally accepted as the most important modifier
for disease severity in 5qSMA,*® we found no trend between
cycling time and survival motor neuron 2 copy number
(Supplementary Fig. 10). A previous study from our group in a co-
hort of 61 patients with 5qSMA type 2, 3 and 4 using a different en-
durance task likewise found no such association.™

In healthy individuals, onset of fatigue during physical work
typically reflects failing muscular ATP balance resulting in failing
calcium cycling between the myoplasm and the sarcoplasmic re-
ticulum.' Based on considerations of ATP-cost per twitch and
mitochondrial density,* white and intermediate myofibres are at
higher risk than red fibres to develop a mismatch between ATP de-
mand and supply during muscular work. Our in vivo finding that

post-exercise recovery of Pi in white but not intermediate or red
fibres with functional innervation in proximal arm muscle of
patients was 40% slower than in healthy controls (Fig. 4C) indicates
that mitochondrial ATP synthetic function is compromised specif-
ically in this particular fibre type in 59qSMA type 3 and 4.
Houdebine et al.?”> came to the same conclusion in a recent study
of an SMA mouse model on the basis of biochemical analyses of
hindlimb muscles. As a consequence, white fibres of skeletal
muscle in this neuromuscular disease are more vulnerable to
onset of cellular fatigue mechanisms during physical work.

While this particular outcome of our investigation furthers
understanding of abnormal fatigability in 5gSMA, it cannot in and
by itself quantitatively explain either our present finding of a 60%
reduction in cycling time compared to healthy individuals or previ-
ous reports of abnormal fatigability in patients with 5qSMA per-
forming low-intensity endurance tasks.**°® First, white myofibres
typically make up only 15-20% of total yofiber content in healthy
individuals including BB and TB.**>* In the present study, we
found evidence in proximal arm muscle that this percentage may
be even lower in 5qSMA (Fig. 3C). Second, post-exercise Pi 95% re-
covery time in red and intermediate fibres in BB and TB muscles of
patients (Fig. 4C) indicated that in vivo mitochondrial ATP synthetic
capacity in these fibre types is not affected by the disease. This
finding also renders any role of muscular capillary defects previ-
ously reported in 5qSMA type 1'¥¢7:°® unlikely in the clinical pres-
entation of 5qSMA type 3 and 4.°*7° Third, it could be argued that,
per unit contractile cross-sectional area, the BB and TB muscles of
the patients should have been more, not less resistant than their
healthy controls to onset of fatigue mechanisms associated with
insufficient ATP supply during arm-cycling. In fact, total
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contractile cross-sectional area of the BB muscle did not differ sig-
nificantly between patients and controls (Fig. 2B). Together, these
considerations point to other factors than common myocellular fa-
tigue mechanisms associated with ATP supply-demand imbalance
as primary cause of abnormal fatigability in adolescent and adult
5qSMA types 3 and 4.7

In light of the accumulated knowledge of 5qSMA pathophysi-
ology,”* progressive failure of excitation-contraction coupling dur-
ing task execution at the neuromuscular junction itself is an
obvious candidate. Indeed, Deguise et al.”’ reported evidence of
such neurotransmission impairment in a pioneering mouse model
of adult SMA. Using elegant experiments on ex vivo nerve-soleus
muscle preparations, they found that the force of contractions eli-
cited by nerve versus direct muscle stimulation was up to 25%
lower in the former and exhibited a progressive decline not
observed in direct muscle stimulation.” Notably, the soleus
muscle in mice is primarily composed of intermediate (60%) and
red (35%) fibres.*® Their findings indicate that future research to
further understanding of the mechanistic basis of abnormal fatig-
ability in 5gSMA should perhaps focus on neuromuscular junction
functionality.” A further clue pointing towards a primary role of
the neuromuscular junction in this matter comes from a recent
clinical trial in 5qSMA studying the efficacy of pyridostigmine to
enhance neuromuscular signal transmission.”? Oral administra-
tion of this drug reduced fatigability on endurance shuttle tests
with 70% but did not affect muscle strength in adolescent and
adult patients with 5qSMA type 2-4.7%

Molecular therapy aimed at rescuing survival motor neuron pro-
tein availability in patients with 5gSMA has become available in
recent years.’®’* Both SMN1 gene replacement therapy (i.e. on
DNA level) and SMN2-mRNA splicing modification therapies (i.e.
on mMRNA level) are now available and approved for use in
humans.”® The effect of one of such agents, nusinersen,’® in chil-
dren with severe disease (5qSMA type 1) has been promising.”’
However, therapy outcomes in adult patients with comparatively
less severe phenotypes (5gSMA types 2 and 3) have been much
more variable, with responder rates of 40-50% at best.”*®* Here, it
is important to note that nusinersen delivery in these trials has
been done by injection into CSF.”” As such, its target was exclu-
sively motor neuron populations. However, the notion has been
emerging that 5gSMA is not strictly a motor neuron disease and
that systemic delivery of these drugs should also be considered.®
Our present findings do not in and by themselves further this de-
bate, as it remains to be established whether they are the result of
a primary muscle defect associated with ubiquitous survival motor
neuron depletion or rather secondary to neuromuscular transmis-
sion impairment. The latter, however, seems more likely, since
any primary muscle defect affecting mitochondrial ATP synthetic
capacity may be expected to impact post-exercise Pi recovery
across all yofiber types, including red and intermediate myofibres.
Our results do indicate that additional use of pharmaceuticals that
directly target the muscle and neuromuscular junction, such as
pyridostigmine,’>®? may also benefit these patients, specifically by
rescuing excitation-contraction coupling to restore mechanical
function and, in its wake, rebuild mitochondrial capacity. In this
light, the finding of promising effects of high intensity trainingin a
mild SMA mouse model suggests that such non-pharmaceutical
therapy approaches should also be explored in care for adolescent
and adult patients with 5qSMA type 3 and 4.'°?? Specifically,
Houdebine et al.” found that high intensity exercise training over
a period of 10 months not only reduced fatigability and protected
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the integrity of the neuromuscular junction, but it also reduced
intermediate and white motor neuron death and enhanced CSA of
large myofibrils.’® Translating this approach to our present find-
ings in our particular patient cohort, such exercise training could
thus potentially improve muscle strength and halt, if not reverse,
white-to-red muscle remodelling.2* Moreover, if the reduced oxi-
dative capacity of white myofibres that we identified in our
patients is indeed a consequence of failing neuromuscular trans-
mission aggravated by a state of detraining® associated with dis-
use, then combinatorial treatment of exercise training and
pharmaceutical neuromuscular transmission enhancement may
reverse also this pathophysiology.®® The *'P MRS methodology pre-
sented here offers various quantitative measures including time to
PCr depletion during exercise and 95% recovery time post-exercise
that may be used to investigate and tailor the efficacy of such exer-
cise therapy regimens in individual patients. Future studies focus-
ing on development and validation of effective yet safe training
programs for patients with 5qSMA are needed.®®

This study also provides complementary in vivo biomarkers
and a read-out platform to guide and monitor therapy in 5qSMA
and other neuromuscular diseases including sarcopenia.?’” A re-
cent review of the literature on this subject matter concluded that
new techniques and biomarkers are needed to improve adult
59SMA patient stratification, diagnosis and treatment.?" Current
methodologies available to this aim include examination of func-
tional motor unit innervation (i.e. electrophysiological tests),?°
morphology (e.g. MRI)**?’ and functional and physical perform-
ance tests (e.g. HFMSE, muscle strength and endurance shuttle
tests).”®* While each of these methods has its own particular
strengths and weaknesses,®" the in vivo *'P MRS methodology pre-
sented here may provide added insights such as the nature of the
residual functional motor units determined by electrophysiologic-
al tests. Moreover, while the latter type of examination is typically
not well tolerated, the examination in the present study was very
well received and tolerated by all subjects. Our work has identified
the in vivo 3P MRS phenotypic fingerprint of muscle at the point of
exhaustion and post-exercise Pi recovery time in white myofibres
as potential novel complementary biomarkers towards this aim.
For example, the latter parameter may be particularly useful to in-
vestigate which therapy and delivery strategy may prove most ef-
fective to restore mitochondrial function in white fibres. With
respect to the platform itself, musculoskeletal in vivo *'P MRS is a
widely used biomedical imaging modality supported by the major
MRI vendors.’® 3'P RF coils and magnetic resonance-compatible
cycle-ergometers are likewise commercially available.’® As such,
the arm-cycling magnetic resonance platform used in this study
may be assembled without too much difficulty.

Conclusion

This study provides first in vivo evidence in patients that degener-
ation of motor neurons and associated musculature causing atro-
phy and muscle weakness in 5qSMA type 3 and 4 is aggravated by
disproportionate depletion of myofibres that contract fastest and
strongest. Our finding of decreased mitochondrial ATP synthetic
function selectively in residual white myofibres provides both a
possible clue to understanding the apparent vulnerability of this
particular fibre type in 5qgSMA type 3 and 4 as well as a new bio-
marker and target for therapy.
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