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A B S T R A C T

Background: Metabolic disruption commonly follows Anterior Cruciate Ligament Reconstruction (ACLR) surgery.
Brief exposure to low amplitude and frequency pulsed electromagnetic fields (PEMFs) has been shown to promote
in vitro and in vivo murine myogeneses via the activation of a calcium–mitochondrial axis conferring systemic
metabolic adaptations. This randomized-controlled pilot trial sought to detect local changes in muscle structure
and function using MRI, and systemic changes in metabolism using plasma biomarker analyses resulting from
ACLR, with or without accompanying PEMF therapy.
Methods: 20 patients requiring ACLR were randomized into two groups either undergoing PEMF or sham exposure
for 16 weeks following surgery. The operated thighs of 10 patients were exposed weekly to PEMFs (1 mT for 10
min) for 4 months following surgery. Another 10 patients were subjected to sham exposure and served as controls
to allow assessment of the metabolic repercussions of ACLR and PEMF therapy. Blood samples were collected
prior to surgery and at 16 weeks for plasma analyses. Magnetic resonance data were acquired at 1 and 16 weeks
post-surgery using a Siemens 3T Tim Trio system. Phosphorus (31P) Magnetic Resonance Spectroscopy (MRS) was
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utilized to monitor changes in high-energy phosphate metabolism (inorganic phosphate (Pi), adenosine triphos-
phate (ATP) and phosphocreatine (PCr)) as well as markers of membrane synthesis and breakdown (phospho-
monoesters (PME) and phosphodiester (PDE)). Quantitative Magnetization Transfer (qMT) imaging was used to
elucidate changes in the underlying tissue structure, with T1-weighted and 2-point Dixon imaging used to
calculate muscle volumes and muscle fat content.
Results: Improvements in markers of high-energy phosphate metabolism including reductions in ΔPi/ATP, Pi/PCr
and (Pi þ PCr)/ATP, and membrane kinetics, including reductions in PDE/ATP were detected in the PEMF-treated
cohort relative to the control cohort at study termination. These were associated with reductions in the plasma
levels of certain ceramides and lysophosphatidylcholine species. The plasma levels of biomarkers predictive of
muscle regeneration and degeneration, including osteopontin and TNNT1, respectively, were improved, whilst
changes in follistatin failed to achieve statistical significance. Liquid chromatography with tandem mass spec-
trometry revealed reductions in small molecule biomarkers of metabolic disruption, including cysteine, homo-
cysteine, and methionine in the PEMF-treated cohort relative to the control cohort at study termination.
Differences in measurements of force, muscle and fat volumes did not achieve statistical significance between the
cohorts after 16 weeks post-ACLR.
Conclusion: The detected changes suggest improvements in systemic metabolism in the post-surgical PEMF-treated
cohort that accords with previous preclinical murine studies. PEMF-based therapies may potentially serve as a
manner to ameliorate post-surgery metabolic disruptions and warrant future examination in more adequately
powered clinical trials.
The Translational Potential of this Article: Some degree of physical immobilisation must inevitably follow ortho-
paedic surgical intervention. The clinical paradox of such a scenario is that the regenerative potential of the
muscle mitochondrial pool is silenced. The unmet need was hence a manner to maintain mitochondrial activation
when movement is restricted and without producing potentially damaging mechanical stress. PEMF-based ther-
apies may satisfy the requirement of non-invasively activating the requisite mitochondrial respiration when
mobility is restricted for improved metabolic and regenerative recovery.
1. Introduction

The muscular mitochondrial compartment establishes systemic
metabolic balance [1]. As such, post-surgical immobilization (silencing
muscle) compromises systemic metabolic balance in association with
depressed mitochondrial respiration [2], yet can occur independently of
changes in muscle volume [3]. One manner in which muscle mitochon-
drial function influences whole-body metabolism is via actions of the
muscle secretome [4]. In response to activity-dependent activation of
mitochondrial respiration, skeletal muscle secretes into the systemic
circulation a myriad of regenerative, inflammation and metabolic regu-
latory factors [4,5]. Accordingly, alterations in inflammatory cytokine
levels have been observed following anterior cruciate ligament (ACL)
injury [6] and subsequent surgical anterior cruciate ligament recon-
struction (ACLR) [7].

The quadricep musculature is similarly adversely implicated by ACL
injury [8], and reconstruction [9]. Despite recent advances in rehabili-
tation strategies, however, muscle weakness and atrophy can persist
beyond 6 months of surgery [8,10]. Prolonged muscular impairment of
this magnitude, besides increasing the risk of a recurrent injury [11], also
undermines the ability of a patient to return to previous levels of physical
activity [12], which will ultimately translate into metabolic disturbances
with potentially long-term ramifications [13]. Losses of muscular mito-
chondrial content are also detectable for up to several years following
chronically insufficient ACLR and is accompanied by depressions in
oxidative muscle metabolic and physical capacities [14]. The develop-
ment of therapeutic strategies to break this vicious degenerative cycle
following ACLR surgery by sustaining mitochondrial function are ur-
gently needed.

Physical inactivity correlates with muscular fat infiltration, mito-
chondrial dysfunction and systemic metabolic disruption. Post-trauma
immobilization results in quadriceps adipose accumulation and is
correlated with metabolic and cardiovascular disturbances [15]. ACLR is
also characterized by fat infiltration that can persist up to a decade
following surgery [16]. Immobilization-induced ectopic accumulation of
adipose tissue into muscular and extramuscular sites is associated with
increased circulating levels of toxic lipid metabolites, such as the
palmitate-derived ceramides. Elevated muscle ceramide levels are asso-
ciated with states of physical immobilization and sedentary lifestyles and
are indicative of metabolic disturbances [17], whereas reductions in
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skeletal muscle ceramide levels are associated with improvements in
systemic insulin sensitivity [18], and can occur independently of recov-
ery from muscle atrophy [19]. Accordingly, elevated ceramide levels
have been shown to undermine muscle maintenance and function as well
as lead to metabolic and hepatic disturbances [20]. Importantly, certain
long chain ceramide species have been shown to be toxic to mitochondria
[20,21]. Notably, Tippetts et al. [21] recently provided evidence that
blood ceramide levels may be a more precise predictor of cardiovascular
disease and diabetes than cholesterol and underscored an unmet need for
ceramide lowering therapeutics. The palmitate-derived lysophosphati-
dylcholines are also reputedly lipotoxic [22]. Elevations of lysophos-
phatidylcholine levels characterize sarcopenic muscle, wherein
preventing its synthesis reinstates a youthful lipid profile, reduces
metabolic stress, improves protein synthesis and promotes muscle re-
covery [23]. Lipotoxicity arising from elevated levels in ceramides spe-
cies and lysophosphatidylcholine has also been shown to alter the gut
microbiome resulting in metabolic dysfunction [22]. Paradoxically, the
high caloric value of lipids also makes them the preferred mitochondrial
energy substrate to sustain prolonged muscular activity. Heightened
mitochondrial respiration, such as during aerobic training, recruits
AMPK- and PGC-1α-dependent transcriptional pathways, stimulating de
novo mitochondriogenesis and increasing mitochondrial fatty acid
oxidation within skeletal muscle [24]. Consequently, intramyocellular
lipid content has been shown to increase with aerobic training, pre-
dominantly in oxidative muscle characterized by elevated mitochondrial
content and respiratory capacity [25]. Therefore, the accretion of lipids
into skeletal muscle during changes in physical activity is context
dependent; it is the inflammatory nature of the accumulated lipids, rather
than absolute muscular lipid content per se, that drives systemic meta-
bolic balance.

Magnetic Resonance Imaging and Spectroscopy (MRI, MRS) offers the
capacity to investigate changes in muscle structure and metabolic status
following ACLR. Their versatility allows for the measurement of muscle
volumes, subcutaneous and intermuscular fat volumes [26], lipid content
[27] and mitochondrial function [28] with which to ascertain thera-
peutic efficacy following ACLR. Combined, these distinct MRI/MRS
modalities can provide a comprehensive overview of the muscular
changes post ACLR.

Brief exposures to pulsed electromagnetic fields (PEMFs) were pre-
viously shown capable of promoting in vitro [29] and in vivo [30] murine
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myogeneses via the activation of a calcium–mitochondrial axis promot-
ing mitochondriogenessis, oxidative muscle maintenance, systemic
metabolic balance, enhanced fatty acid oxidation as well as producing
microbiome shift characteristic of leanness [30]. The implicated
PEMF-induced calcium pathway pertained to that is mediated by the
Transient Receptor Potential Canonical 1 (TRPC1) channel commonly
implicated in load-bearing oxidative muscle development and is linked to
PGC-1α transcriptional pathways underlying mitochondrial mitohor-
metic responses [30].

Here, we provide the results from a randomized-controlled pilot study
employing a clinical prototype translated from earlier preclinical studies
[29,30]. The pilot trial was conducted at the National University Health
Systems (NUHS) of Singapore and authorized by the Domain Specific
Review Board (DSRB) of the National Healthcare Group (NHG). The
objective of the trial was to test whether brief (10 min) exposure to low
amplitude (1 mT) pulsing magnetic fields administered on a weekly basis
was capable of enhancing muscular mitochondrial function and systemic
metabolic status as previously shown in our preclinical studies [29,30].
In this report, we provide initial indications that PEMF therapy holds the
potential to promote muscle metabolism and improve healing following
ACLR with as little as 10 min of exposure per week for a duration of 16
weeks. Most, notably we observed significant reductions in systemic
ceramide levels that correlated with localized changes in markers of
muscular mitochondrial function and phospholipid membrane break-
down in the operated limbs of patients receiving weekly PEMF therapy.

2. Materials and methods

We conducted a single-center, prospective, double-blinded, placebo-
controlled, randomized-controlled trial with 1:1 allocation from March
2017 to January 2018. This trial was reviewed and approved by the
National Healthcare Group Domain Specific Review Board, Singapore
and registered on ClinicalTrials.gov (ClinicalTrials.gov number:
NCT03165318). All patients gave written consent for the trial and were
recruited from the National University Hospital (Singapore). The trial
was conducted in accordance with the Good Clinical Practice guidelines
and the principles of the Declaration of Helsinki. The trial specifics and
inclusion and exclusion criteria are described in the Supplementary
Tables 1 and 2

2.1. Participants

We calculated the sample size for difference of two means hypothesis
testing. Setting a significance level of 5%, power of 80%, and effect size
of 20%, the anticipated sample size is 22 participants. Block random-
isation was performed at the time of recruitment via a web-based, blin-
ded code list by an investigator who was not involved in the patient's
clinical care. 22 patients meeting the above inclusion and exclusion
criteria and requiring ACL reconstruction (ACLR) were recruited into the
study and were randomized to receive PEMF or sham-exposure. Two
patients chose to withdraw from the trial due to standing scheduling
conflicts and time commitment to the study. All other patients exhibited
100% compliance to all procedures. Patients underwent a range of pro-
cedures including ACL Surgery, standard clinical rehabilitation, strength
testing, blood analysis and clinical scoring as outlined in CONSORT di-
agram and patient schedule in Supplementary Tables 1 and 2

2.2. ACL reconstruction and rehabilitation

At surgery, standard medial and lateral arthroscopic portals were
created adjacent to the patellar tendon, and diagnostic arthroscopy was
performed to assess the ACL tear and concurrent injuries. A longitudinal
skin incision of approximately 3 cm was then made on the anteromedial
tibial surface at the level of the pes anserinus. The gracilis and semite-
ndinosus tendons were identified and divided at their tibial insertion
without elevation of the subperiosteal sleeve and harvested using a
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closed tendon stripper. A detailed description of the surgical procedure is
provided in the Supplementary Methods; Detailed Surgical Procedure.

Postoperatively, all patients received appropriate analgesia and un-
derwent a standard rehabilitation program per our institutional protocol.
Patients were prescribed with early weight-bearing and range of motion
exercises. Patients who underwent concomitant meniscal repair were
restricted to 0–90 degrees of flexion for the first 6 weeks after surgery.

2.3. PEMF therapy

PEMF therapy was administered in conjunction with standard reha-
bilitation protocol using an in-house designed and contract-built appa-
ratus delivering a time-variant magnetic signal previously optimized in
murine muscle in vitro [29] and in vivo [30]. Briefly, 10-min exposures to
1 mT peak amplitude PEMFs were performed weekly on the operated
thigh of patients post-ACLR for 16 weeks. Patients of the sham controls
were treated identically to experimental patients, to ensure patient
blinding, but no fields were administered. Special precautions were made
to assure that participants were unaware of the operation of the device
and to which experimental cohort they pertained. Most subjects are un-
able to perceive noise arising from the device during normal operation.
The PEMF device prototype used in this trial was fabricated by XentiQ
(Pte) Ltd (Singapore) according to the guidelines and specifications
provided by the Department of Surgery, Yong Loo Lin School of Medicine
of the National University of Singapore (NUS) (Fig. 1).

2.4. Muscle bioenergetics and membrane kinetics

MRI andMRS data were acquired using a Siemens 3T Tim Trio system
located at the Clinical Imaging Research Centre (CIRC), National Uni-
versity of Singapore. To investigate muscle bioenergetics and membrane
kinetics, phosphorus (31P) MRS data was acquired using a pulse-acquire
sequence with the following parameters: TR¼ 12000 ms, BW ¼ 3000Hz,
No. points ¼ 2048. A 60� flip angle rectangular pulse was used to opti-
mize signal acquisition from the quadriceps. The region of interest
monitored was the dorsal mid-thigh region. Specifically, the measuring
coils were placed over the rectus femoris and the vastus muscles on the
front of the thigh. A 1 mL bottle of methyl diphosphonic acid was posi-
tioned on the back of the coil to ensure coil position over quadriceps. 31P
MRS data were truncated to 512 points, zero-filled to 2048 points, and
apodized (8Hz Lorentzian) before phase and frequency correction using
jMRUI (jMRUI Consortium). The resulting spectra were fitted in AMARES
[31]. Singlet Lorentzian peaks were fitted for phosphocreatine (PCr), the
two phosphomonoesters (PMEs), phosphocholine (PCho) and phos-
phoethanolamine (PE), and the two phosphodiesters (PDEs), glycer-
ophosphocholine (GPC) and glycerophosphoethanolamine (GPE).
Adenosine triphosphate (ATP) was fitted as two doublets (gamma, and
alpha) and a triplet (beta-moiety) with fixed linewidths and amplitude
ratios across multiplets. Two single peaks were fitted for inorganic
phosphate (Pi) to allow for potential acidification in one of the two
(possible) compartments, typically seen during intense exercise. This
second peak tended to be only a small contribution to the larger Pi peak,
with its shift variable across subjects. As such, the second peak was
included in the Pi concentrations but data for pH are presented with and
without this second peak. PCr/ATP, Pi/ATP, Pi/PCr and (Pi þ PCr)/ATP
as well as pH were calculated to investigate bioenergetics, PDE/ATP and
PME/ATP were calculated to investigate cellular membrane kinetics.
Data are presented as percentage change from visit 1 with absolute
change for in pH.

2.5. Muscle and tissue volumes

Muscle volumetrics were obtained using a T1-weighted turbo spin-
echo sequence with TE/TR ¼ 13/600 ms, voxel size ¼ 0.4 � 0.4 �
5mm3, matrix ¼ 512 � 512 � 32. Cross-sectional tissue and muscle
volumes were calculated from a single slice at the mid-point of the thigh
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Fig. 1. PEMF prototype used in ACL-reconstructive surgery clinical trial at the National University of Singapore.
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(hip-to-knee) by manual region drawing using the Medical Imaging
Interaction Toolkit (MITK, version 2015.5.2). Regions delineated
included subcutaneous fat, bone, vessels and tendons, and individual
muscle groups: Adductor Magnus (AM), Biceps Long Head (BLH), Biceps
Short Head (BSH), Gracilis (G), Rectus Femoris (RF), Sartorius (Sart),
Semimembranosus (SM), Semitendinosus (ST), Vastus Intermedius (VI),
Vastus Lateralis (VL), and the Vastus Medialis (VM).

2.6. Muscle lipid content

Muscle fat fraction data was acquired using a 2-point Dixon sequence
with TE/TR¼ 9/600 ms, voxel size¼ 0.8� 0.8� 5mm3, matrix¼ 256�
256� 32. Muscle regions of interest (ROIs) from volumetric images were
resampled to the Dixon and were used to extract the individual muscle fat
fractions (defined from the image signals (S) from the fat and water
images: FF¼ Sfat/(Sfat þ Swater)).

2.7. Muscle macromolecular content

For assessment of Quantitative Magnetization Transfer (qMT) pa-
rameters, measurements were performed, as described by Sinclair et al.
[32] using a gradient echo sequence with 350� and 500� MT pulse
applied at the following frequencies; 1, 2, 5, 10, 20 kHz and two addi-
tional acquisitions with 500� MT pulse, at 50 and 100 kHz, assuming
negligible MT at these frequencies. Acquisition parameters for qMT im-
ages were as follows: echo-time/repetition-time (TE/TR) ¼ 3/50 ms, flip
angle (FA) ¼ 6�, field-of-view (FOV) ¼ 200 � 200mm2, 128 � 128 ma-
trix, 16, 10 mm slices. A B1-map was acquired using the Actual Flip Angle
(AFI) Imaging sequence [33] and the following parameters: TE/TR1/TR2
¼ 3/50/150 ms, FA ¼ 60�, 64 � 64 matrix, with FOV and slices matched
to the qMT images. A T1 map was acquired using DESPOT1 [34] with
TE/TR ¼ 3/25 ms, FA ¼ 5,15 and 25�. FOV was matched to the qMT
images.

B1 maps were smoothed with a Gaussian kernel (extent ¼ 4 voxels,
sigma ¼ 2) to reduce the effects of noise in the image propagating to T1
maps. MTR images were corrected for B1 inhomogeneity as described by
Ref. [35] using a constant factor (k) across all subjects calculated from
muscle-only regions in images. To extract the qMT parameters, all images
were coregistered to the 100k, 500� MT image, using Advanced
Normalization Tools (ANTs). Muscle masks (binary images defining the
muscle-only region) were eroded (disk kernel, radius ¼ 4 voxels) and
downsampled to avoid edge/partial volume effects and to match the
coregistered qMT images. The resulting median signals were fitted to a
super-Lorentzian using a 2-parameter model for extraction of the qMT
parameters and a trust-region-reflective algorithm in Matlab (version
2015a, Mathworks). Parameters for T2b, the T2 relaxation time for the
bound pool, RM0

A, the rate of exchange from the macromolecular to free
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pools, and 1/(RAT2A), were all fixed to constants (6 μs, 12 s�1 and 50
respectively, RA being the reciprocal of the longitudinal relaxation and
T2A, the transverse relaxation of the free pool).

2.8. Lipidomics

Blood plasma samples were extracted using the methyl-tert-butyl
ether with class-specific lipid internal standards and were analysed
using a QExactive Plus mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany) and chip-based nanoelectrospray device (Advion
Biosciences, Ithaca, NY, USA), with lipids detected in both polarities.
Ceramides and acylcarnitines were separately analysed by reversed
phase chromatography on an Agilent Eclipse Plus C18 reversed phase
column in a Thermo Vanquish UHPLC system.

Direct infusion data were processed using LipidXplorer, while chro-
matographic data were processed using Lipid Data Analyzer. To ensure
the quality of the results, samples were randomized and stratified prior to
processing and analysis, bracketed and interspaced by replicate extrac-
tions of a pooled quality control sample, blank extracts and varying
concentrations of a pooled sample to assess linearity. Only lipids that
were detected reproducibly (coefficient of variation <20% in replicate
samples), showed no signal in blank samples (<10% of pooled sample),
and showed a linear behaviour were considered for further analysis.

2.9. Plasma biomarker analyses

Blood samples were obtained via venipuncture, and plasma was
collected after centrifugation for 10 min at 1,000 x g at 4 �C. Quantitative
determination of plasma Cathepsin B, BDNF, Osteopontin, Follistatin,
Irisin, P3NP, and TNNT1 were evaluated by sandwich enzyme-linked
immunosorbent assay and performed using R&D Systems Human
Quantikine™ ELISA Kits (Bio-Techne, USA) and MyBioSource ELISA Kits
(MyBioSource, USA). The absorbances were read using Tecan Spark
multimode microplate reader platform (Tecan, Switzerland). Cathepsin
B, BDNF, Osteopontin, Follistatin, Irisin, P3NP, and TNNT1 concentra-
tions were determined using a standard curve (dynamic range of
0.156–10 ng/mL, 62.5–4000 pg/mL, 0.313–20 ng/mL, 250–16,000 pg/
mL, 3.12–200 ng/mL, 3.12–100 ng/mL, and 3.12–1000 pg/mL, respec-
tively) according to manufacturer's instructions (for details see Supple-
mentary Table 3).

2.10. Targeted metabolomics for small molecule biomarkers

Targeted metabolomics of amino acids and oxidative stress-related
small molecules was performed using Agilent 1290 Infinity II Liquid
chromatography-6495C triple quadrupole tandem mass spectrometers
(LC-MS/MS) in the multiple reaction monitoring (MRM) mode.
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Chromatographic separations were achieved using a SeQuant®ZIC®-
cHILIC HPLC column (Merck Pte Ltd, Singapore). All chromatograms for
all metabolites were manually reviewed for signal quality and carryover.
All analytes displayed linearity coefficient R2> 0.98. The acceptance
criteria for the mean extraction recovery of all analytes was �85%. The
acceptance criteria for the accuracy or relative error (RE) were all�15%,
whereas the criteria for the precision obtained by calculating the within-
and between-run coefficient of variation (CV) was �20%. For further
details see Supplementary Table 4 and Supplementary Methods.

2.11. Statistical analysis

Results are presented as percentage changes from baseline (week 1
for MRI). pH data are presented as absolute change. MRI, plasma
biomarker and ceramide data were assessed to be normally distributed
using a Shapiro–Wilk test (excepting PME measures and P3NP), and as
such are present as mean � SD. Within-group data were analysed using a
one-sample t-test, while between-group data were assessed using a Stu-
dents t-test in SciPy. Ceramide data were analysed using paired two-
sample t-tests. Metabolomic data tended to be non-normal and thus are
presented as median (interquartile range) with within-group differences
calculated using a one-sample Wilcoxon signed rank and between group
differences assessed using a Mann–Whitney in SciPy. Dot plots and bar
charts were generated using Graphpad Prism 9. All results were consid-
ered significant for p < 0.05 with no correction made for multiple
comparisons.

3. Results

Baseline demographics for the two groups are shown in Supplemen-
tary Table 1.
Fig. 2. 31P MRS analysis of the operated limbs of ACLR patients following 16 weeks
showing the signal intensities and frequencies (ppm) of the various 31P metabolites
assessment of membrane turnover kinetics (PDE/ATP, PME/ATP and PME/ATP) (B) a
indicated. pH was calculated from the mean weighted shift of the Pi to PCr peak usin
the analysis due to an unknown reduction in signal-to-noise ratio (SNR) (~1/4 of oth
0.001 based on one-sample t-test and two sample unpaired t-test for within-group an
PEMF intervention. The error bars show the min and max of the % change. Also see
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3.1. 31P MRS

Muscle bioenergetics and membrane kinetics were examined using
31P MRS. Fig. 2a shows an example 31P MR spectra obtained from one
subject. No significant differences were detected between the PEMF-
treated and control cohorts at week 1 post-ACLR.

PDE and PME are biomarkers for membrane breakdown and syn-
thesis, respectively [36]. Elevations of PDE/ATP are found in obesity
[37] and sarcopenia [38] and were observed in the control group
(Fig. 2b; red), but not in the PEMF group (Fig. 2b; blue). This indicates
significantly greater muscle breakdown in the control group.

Measures of PCr/ATP, Pi/ATP, Pi/PCr, (Pi þ PCr)/ATP and pH reflect
the bioenergetic status of muscle. An increase in the Pi/PCr ratio char-
acterizes muscular mitochondrial dysfunction and metabolic stress [39,
40] and was observed in the control cohort (Fig. 2c; red, right). An in-
crease in (Piþ PCr)/ATP was also observed in the control cohort (Fig. 2c;
red), indicative of decreases in ATP, as previously reported for diabetics
[41]. The control cohort also exhibited larger increases in PCr/ATP and
Pi/ATP, consistent with muscle mitochondrial dysfunction following
surgical immobilization. Notably, PEMF treatment ameliorated the in-
crements in Pi/PCr, Pi/ATP and PCr/ATP observed in the control cohort,
suggesting metabolic stabilization.

Muscle acidification was also attenuated in the PEMF cohort (Fig. 2c;
blue, bottom) which may indicate reduced reliance on anaerobic ATP
production. Accordingly, the employed magnetic exposure paradigm has
been shown to activate PGC-1α transcriptional pathways [29], associated
with the attenuation of muscle lactate production to enhance exercise
performance and metabolic health [42]. Also see Supplementary Table 5
for precise significance values.
of PEMF therapy (blue) or sham intervention (red). (A) Representative spectra
. (B) and (C) show the dot-plots of the changes in 31P metabolite ratios for the
nd bioenergetics status (PCr/ATP, Pi/ATP, Pi/PCr, (Pi þ PCr)/ATP and pH) (C) as
g equation derived by Ref. [72]. Several patients' 31P MRS data was excluded in
er scans). Statistical significance is shown as *p < 0.05, **p < 0.01 and ***p <

d between-group tests respectively. N ¼ 8 for sham intervention and N ¼ 9 for
Supplemental Table 5.
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3.2. Plasma biomarker analysis

Changes in the levels of plasma biomarkers indicative of muscle ho-
meostasis were examined post-ACLR. Osteopontin, associated with states
of active muscle regeneration [43,44], was significantly elevated in the
PEMF-treated cohort, but not in controls (Fig. 3a-b). Elevated levels of
TNNT1 (Troponin T1, Slow Skeletal Type) characterize states of physical
inactivity and oxidative (slow) muscle loss [45]. TNNT1 plasma levels
Fig. 3. Plasma biomarker analysis measured using ELISA. The absolute concentration
(right) for plasma Osteopontin in (A) and (B), plasma TNNT1 in (C) and (D), and for p
done using One-Way ANOVA (Mixed-effect analysis) with Sidak's multiple compariso
statistical analysis for (B), (D) and (F) was performed using two-sample unpaired t-te
while blue labels represent cohort with magnetic intervention. N ¼ 8–9 for control g
due to substantial hemolysis during blood collection. Also see Supplementary Table
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were significantly reduced in the PEMF-treated cohort relative to the
control cohort (Fig. 3c-d), agreeing with a reported propensity of PEMF
exposure to promote oxidative muscle development [29,30]. Follistatin
sustains muscle development by inhibiting the actions of myostatin and
showed a non-significant trend to increase in the PEMF cohort (Fig. 3e-f).
Irisin levels were significantly elevated in the control cohort, but not
PEMF cohort (Supplemental Table 6). Irisin, despite being commonly
described as an exercise-induced myokine [4], is secreted from white
(left) and normalized values showing change from starting concentration values
lasma Follistatin in (E) and (F). The statistical analyses for (A), (C) and (E) were
ns test. The error bars show the min and max of the absolute concentrations. The
st, with *p < 0.05 for all analyses. Red labels represent the sham control cohort
roup and N ¼ 9–10 for PEMF group. Some samples were excluded from analysis
6 for the tabulation of p values of the present data and other analytes.
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adipose tissue in obese animals and humans as well as is positively
correlated with body fat mass [46]. Irisin levels are also high in those
with insulin resistance and metabolic syndrome [47].
3.3. Plasma metabolomics

Meta-analysis has shown that elevated levels of arginine, phenylala-
nine, tyrosine and isoleucine are associated with higher diabetes risk
[48]. Plasma arginine (Fig. 4a), phenylalanine (Fig. 4b) and tyrosine
(Fig. 4c) were elevated in the sham control cohort (red) relative to the
PEMF cohort (blue) at 16 weeks after ACLR, whereas differences in
isoleucine levels did not reach statistical significance (Fig. 4d). Elevated
homocysteine and cysteine levels are positive predictors of mitochon-
drial dysfunction and metabolic disturbances, and are linked to methi-
onine metabolism [49,50]. Plasma homocysteine levels were reduced in
the PEMF cohort (Fig. 4e; blue), whereas plasma cysteine levels were
elevated in the sham control cohort 16 weeks after ACLR (Fig. 4f; red).
Similarly, plasma methionine levels were significantly elevated in the
sham group (Fig. 4g; red). Moreover, changes in plasma cysteine (Fig. 4f)
and methionine (Fig. 4g) were significantly different between cohorts at
study termination, exhibiting lower levels in the PEMF cohort. Histidine
is an amino acid with anti-oxidant and pH buffering capabilities [51].
Histidine is converted into carnosine (requiring mitochondrial ATP hy-
drolysis) and buffers changes in intramyocellular pH during anaerobic
glycolysis and is associatedwith metabolic stability. Histidine levels were
elevated in the control cohort (Fig. 4h) andmay be related to the detected
acidosis herein (Fig. 2c (pH) and Supplemental Table 5). Disrupted his-
tidine catabolism correlates with elevated methionine and homocysteine
levels [52] and would mirror thus mirror the changes detected in the
control cohort. The changes for other small molecule biomarkers are
given in Supplemental Table 7.
3.4. Plasma lipidomics

Changes in plasma ceramide (Fig. 5a–b) and lysophosphatidylcholine
(Fig. 5c) levels were compared between PEMF- (Fig. 5; blue) and sham-
treated (Fig. 5; red) cohorts. While plasma ceramide levels were indis-
tinguishable between cohorts at the start of the study (Fig. 5a; hatched),
they were significantly reduced at study termination in the PEMF-treated
cohort (Fig. 5a; solid). Moreover, whereas plasma ceramide levels tended
to rise in the control cohort during the study period, they dropped in the
PEMF-treated cohort (Fig. 5b). Certain lysophosphatidylcholine species
levels were also significantly reduced following magnetic therapy rela-
tive to the control cohort (Fig. 5c).
3.5. Muscle MR dixon and volumetric measures

No significant differences in muscle cross-sectional areas or fat mea-
sures were found between cohorts at study commencement (week 1).
Percentage changes in muscle volumes and fat fractions at week 16,
compared to week 1, are shown in Fig. 6a and b, respectively. Expectedly,
the gracilis and semitendinosus (graft donor muscles) exhibited signifi-
cant reductions in muscle volumes and large increases in fat content.
Contrastingly, the other muscles tended to show increases in volume that
were of similar magnitude between groups. Subcutaneous fat levels were
significantly increased in both groups to similar degrees. Intramuscular
fat content tended to be greater in the PEMF cohort, but was not signif-
icantly different across groups. Although muscular fat arising during
metabolic disruption is predictive of muscle loss of function [53], high
levels of muscle lipid are also seen in highly trained endurance athletes,
compared with untrained controls, likely due to differences in cellular
metabolic adaptation or fibre type composition [25]. Individual fat and
muscle values are provided in Supplemental Table 8.
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3.6. qMTR parameters

Fig. 7a shows example B1 and T1 maps and extracted MTR images
from one patient at weeks 1 and 16 post-ACLR. Fig. 7b gives the com-
posite MTR parameters for the entire upper leg musculature and Fig. 7c–g
depicts the same parameters for the individual muscles: T1obs, the
measured longitudinal relation time; MTR, calculated from the 1000Hz,
350� MTon image and the 100 kHz 500� image (MToff, assuming this has
negligible MT) using MTR ¼ 100*(MToff-MTon)/MToff, ; T1A and T2A, the
longitudinal and transverse relation times for the free pool; F, the fraction
of protons in the bound pool relative to those in the free pool; and R/g,
the rate of exchange of bound to free protons (R), scaled by a scanner
specific parameter (g).

The PEMF group showed overall greater increases in MTR measures.
Increases in the longitudinal relaxation constant (T1obs) and the relaxa-
tion constant of the free pool (T2a) were only seen in the PEMF group.
Comparison of the parameters indicates similar changes between anal-
ogous muscles, with a tendency for larger changes in the donor muscles
(gracilis and semitendinosus). In general, increases in MTR, T1obs, T2A
and F were observed, accompanied by decreases in R/g. Results were
similar for both groups with a tendency for larger changes in the PEMF
cohort. Specific MTR values are provided in Supplemental Table 9.

4. Discussion

Preclinical studies conducted with this same magnetic platform have
shown that PEMF exposure activates PGC-1α-dependent transcriptional
cascades promoting in vitro [29] and in vivo [30] myogeneses and
downstream of mitochondrial adaptive responses. Consistent with
PGC-1α involvement, PEMF exposure demonstrated a predilection to
enhance oxidative muscle expression in cells [29] and mice [30]. The
murine study also demonstrated PEMF-induced enhancements of adipose
browning, fatty acid oxidation and insulin-sensitivity [30] that would be
consistent with the reductions in plasma ceramide levels demonstrated in
the present study. Elevated ceramides are associated with systemic lip-
otoxicity, inhibition of adipose browning and insulin-resistance [20,21].
To what extent the human condition will parallel the mouse phenotype
remains to be shown.

4.1. Evidence for muscle mitochondrial dysfunction following ACLR

31P MRS analysis showed increases in Pi/ATP, PCr/ATP, (Pi þ PCr)/
ATP and Pi/PCr in both cohorts, although generally greater in the control
cohort (Fig. 2c). Increases in Pi/PCr are generally seen upon increased
metabolic demand, such as during exercise, when ATP utilization cannot
be met by oxidative phosphorylation and must be regenerated via direct
phosphorylation from PCr. Elevations in Pi/PCr may thus either indicate
increased ATP demand or decreased ATP production due to mitochon-
drial dysfunction. Increases in Pi are also generally mirrored by decreases
in PCr. Thus, larger (Pi þ PCr)/ATP ratios, as seen in the control cohort,
corroborate a reduction in mitochondrial ATP production. The magni-
tude of the increments in Pi/PCr and (Pi þ PCr)/ATP were significantly
smaller in the PEMF group (Fig. 2c), indicating an amelioration of
muscular bioenergetic dysfunction post-ACLR.

Additionally to changes in 31P MRS, plasma homocysteine and
cysteine levels, markers of mitochondrial dysfunction and linked to
methionine metabolism, were elevated in the sham group relative to
PEMF therapy at week 16 post-ACLR, indicative of metabolic improve-
ment (Fig. 4).

4.2. Changes in blood ceramide levels following ACLR and PEMF therapy

Physical inactivity and obesity result in the accumulation of cytotoxic
palmitate-derived ceramides that are associated with attenuated muscle
growth and metabolic dysfunction [20]. Accordingly, reductions in



Fig. 4. Targeted metabolomics for small molecule biomarkers of oxidative stress and metabolic disruption detected using LC-MS-MS. Plasma levels of arginine (A),
phenylalanine (B), tyrosine (C), isoleucine (D), homocysteine (E), cysteine (F), methionine (G) and histidine (H) 16 weeks after ACLR were normalised to their
respective preoperative levels for each subject. No significant differences were found between groups at the onset of the study. Blue lines represent those subjects
receiving magnetic intervention; red represents the sham control cohort. Also see Supplemental Table 7. Statistical analysis for within-group was carried out using a
one-sample Wilcoxon and between-groups using a Mann–Whitney U, with *p < 0.05 and **p < 0.01. N ¼ 8–9 for control group and N ¼ 9–10 for PEMF group. #p <

0.05 represents the statistical significance also presented in Supplemental Table 7.

M.C. Stephenson et al. Journal of Orthopaedic Translation 35 (2022) 99–112

106



Fig. 5. Plasma ceramides levels. (A) Shows the concentration of ceramide species at week 0 (upper panel) and at week 16 (lower panel), and (B) shows the total
ceramides concentration. Plasma ceramide levels were indistinguishable between PEMF-treated (Blue) and control (Red) cohorts at study commencement (week 0).
The bar charts in (C) shows the normalized values of specific lysophosphatidylcholine species before and after 16 weeks from the date of ACLR. Blue bars represent
those subjects receiving magnetic intervention; Red bars represent the sham control cohort. The data were analysed using two-sample paired t-test, with *p < 0.05 and
**p < 0.01 and the error bars represent the standard error of the mean. N ¼ 8 for control group and N ¼ 9 for PEMF group.

Fig. 6. Muscle Volume and Fat Content. (A) Shows the change in the total thigh muscle volume as well as the breakdown of the individual thigh muscles. (B) Shows
changes in the fat distribution in the thigh including the subcutaneous fat and individual muscle fat content. Blue regions represent those subjects receiving magnetic
intervention; red represents the sham control cohort. Data are percentage median � interquartile range relative to baseline (black line denotes 100% of baseline
value). Significant within-group differences are indicated by *, and between-group differences are denoted by # all at p < 0.05, with N ¼ 8 for control group and N ¼ 9
for PEMF group. Also see Supplemental Table 8 for measured changes in muscle volumes and fat fractions.
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skeletal muscle ceramide levels are associated with improved systemic
insulin sensitivity [18], whereas elevated blood ceramide levels are
instead characteristic of states of physical immobilization, sedentary
lifestyles [17,19] and metabolic disruption [17]. Longer ceramide spe-
cies have also been shown to be toxic to mitochondrial function [20,54].
The lysophosphatidylcholines are another class of palmitate-derived lipid
metabolites of potential toxicity [22]. Elevations of lysophosphati-
dylcholine levels characterize sarcopenic muscle, wherein preventing
lysophosphatidylcholine synthesis reinstates a youthful lipid profile,
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reduces metabolic stress, improves protein synthesis and promotes
muscle recovery [23]. We observed significant reductions in certain
plasma ceramide and lysophosphatidylcholine species in the PEMF
therapy group relative to the sham control cohort (Fig. 5).
4.3. Muscle degeneration following ACL surgery and PEMF therapy

PMEs and PDEs have been implicated in cellular membrane turnover
[36]. Increases in the PDE/ATP ratio reflect increased membrane



Fig. 7. Quantitative Magnetic Transfer (A) Shows example qMT images from a single subject including at (top) week 1 and (bottom) week 16. These include (left to
right) T1-weighted anatomical image, B1 map, T1 map and MTR image. Images were fit to a 2-parameter model providing parameters T1obs, F, T2A, T1A, R/g and MTR
(B) Shows the % change from baseline in the quadriceps. Data presented are percentage change from week 1, (C)-(G) are the percent of baseline values for the in-
dividual muscles with 100% denoted by the black line. Within-group changes represented by *, and between-group differences represented by # at p < 0.05. One
subject's quantitative magnetization transfer (qMT) data was removed due to significant motion during visit 1 (Control group) which lead to poor fitting of qMT data
(assessed from the chi-squared value). Blue regions represent those subjects receiving magnetic intervention, N ¼ 9; red represents the sham control cohort, N ¼ 8.
Also see Supplemetal Table 9 for measured changes in MTR values from the Quads.
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breakdown. The increases in PDE/ATP observed in control patients were
reversed in the PEMF cohort, suggesting an amelioration of membrane
breakdown and is in agreement with the relatively elevated levels of
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osteopontin in the PEMF group. Increases in muscle PDE/ATP are also
correlated with extensive fat infiltration in Duchenne muscular dystro-
phy [55].
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4.4. Changes in whole muscle qMT parameters following ACLR and PEMF
therapy

MTR measures drop following injury [56] and are negatively corre-
lated with muscular fat fraction [57]. Our results hence suggest that
muscle recovery at 16 weeks was greater in the PEMF group, wherein
MTR measures generally increased. By contrast, increases in T2, as seen
here in the PEMF cohort, occur early in tissue injury/disease due to
edema, prior to lipid infiltration [58]. Increases in T2 are also seen in
myopathies [59] and predict inflammation [60]. Therefore, based on this
parameter, the PEMF group may present greater levels of inflamma-
tion/edema/fat. On the other hand, inflammation-correlated changes in
F [56], are opposite to those observed in the PEMF cohort. In summary,
increases in MTR suggest muscle improvements, particularly in the PEMF
group, yet is confounded by some indications of greater inflammation in
the PEMF cohort.

Exercise-induced increases in T1 and T2 [61], were recapitulated in
the PEMF group, but on a smaller scale. Increases in T1 and T2 may signify
changes in muscle perfusion in response to metabolic demand and in the
context of PEMF treatment may either reflect edema or possibly
enhanced metabolic status, which would coincide with the 31P MRS data
(Fig. 2). The fact that changes in MTR, T1obs T1a and T2a as well as R/g
tended to be larger in the PEMF cohort, however, corroborate our other
indications of accelerated muscle recovery. More work is needed to fully
understand the cellular mechanisms behind the observed changes in qMT
parameters.

4.5. Study limitations and insights

4.5.1. Study powering
Despite the small cohort sizes, we detected significant changes in

local muscle bioenergetics and indices of systemic lipotoxicity [22] be-
tween cohorts. Not only were these changes significant at an individual
level, but the directions of the changes across measures were consistent
with expected physiological changes, which is a much stronger indica-
tion that the null hypothesis should be thrown out. Statistically, since
these are largely independent metabolic measures, their individual
powers can be multiplied.

4.5.2. Fiber Type–Fiber size paradox
Despite noted metabolic improvements, weekly PEMF treatment

nominally changed muscle volume (Fig. 6a), more generally increased
muscle adipose content (Fig. 6b) and did not significantly change muscle
force generation (Supplementary Fig. 1). These features align with the
propensity of our magnetic field paradigm to promote oxidative muscle
development in cells [29] and animals [30] via the PGC-1α transcrip-
tional pathway, upstream of mitochondriogenesis. First, in response to
aerobic training, an inverse relationship exists between muscle oxidative
capacity and muscle size as a consequence of the prioritizing of mito-
chondrial over myofibrillar biosyntheses, governing muscle metabolic
and contractile adaptations, respectively, that ultimately sacrifices mus-
cle power (and mass) for resistance to fatigue [62]. Specifically,
heightened mitochondrial biogenesis, downstream of AMP-activated
protein kinase and PGC-1α transcriptional cascades, result in an overall
attenuation of muscle protein anabolism. An inverse relationship has
been also shown to exist between striated muscle fibre cross-sectional
area and oxidative capacity [62], whereby higher VO2max correlated
with smaller calibre fibres. Accordingly, we have previously shown that
oxidative fibre cross-sectional area was reduced by weekly PEMF treat-
ment in mice, yet was associated with enhanced running performance
and stimulated respiratory exchange ratio, associated with the elevated
respiratory combustion of fats [30]. In essence, a reduction in fibre
cross-sectional area increases surface to volume ratio, facilitating oxygen
uptake into oxidative fibres with heightened mitochondrial respiration,
and PGC-1α activity [62]. Secondly, the high caloric value of lipids makes
them the preferential energy source for sustained muscular activity [24].
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Therefore, mitochondrial activation and downstream recruitment of
PGC-1α transcriptional cascades, whether by muscle contraction [24] or
PEMF exposure [30], increases muscular mitochondrial fatty acid
oxidation. Accordingly, intramyocellular lipid content also increases
with training and is highest in oxidative muscle [25]. Muscle is thus
capable of preferentially storing lipids when energy demand is high, as
during training, or sequester lipids as a default when plasma-free fatty
acids are abundant, as during obesity or high dietary fat intake. Thirdly,
as enhancements in muscular oxidative capacity occur at a compromise
to muscle power and mass [62], measuring power output, rather than
endurance capacity, was less directly applicable to the physiological
adaptations instilled by our magnetic intervention. Finally, oxidative
muscle fibers in the leg musculature are preferentially lost in response to
disuse following ACLR [63], addressing the relevancy of our proposed
therapeutic strategy. Activation of the PGC-1α pathway by PEMF expo-
sure is therefore consistent with our presented human results and of
fundamental clinical importance.

4.5.3. Magnetically-induced oxidative stress
The employed magnetic paradigm produces a low level of oxidative

stress that, while adaptive in nature in healthy tissues [29,64], may reach
damaging levels in metabolically inflamed tissues [65]. Therefore, the
exposure of an operated limb with aggravated and surgically-inflamed
lesions may not have been the best therapeutic approach. The observa-
tion that the lesioned muscles donating the surgical graft, the gracilis and
semitendinosus, underwent the greatest degree of muscle atrophy
(Fig. 6a) and lipid accumulation (Fig. 6b) in the operated limbs receiving
magnetic exposure (blue) aligns with this precaution, as do our qMTR
measurements suggesting greatest levels of inflammation in these same
graft donor muscles (Fig. 7). In support of potential localized
PEMF-induced inflammation, we have recently shown that direct expo-
sure of muscle cells to analogous PEMFs resulted in the induction of
oxidative stress that, whilst required to elicit a secretome response for
subsequent myogenic enhancement, incurred a small degree of local
developmental depression [64]. By contrast, the provision of
PEMF-induced secretome to naïve muscle cells resulted in greater
developmental enhancement, without eliciting oxidative stress. The
PEMF-induced secretome of MSCs has also been previously shown to
confer protection against induced inflammation [66]. In this regard, the
systemic effects observed in the present study may thus have arisen from
the muscle secretome [4,5] released in response to magnetic field
exposure [66,64]. That is, the magnetically-stimulated leg musculature
likely provided systemic secretome “feeding” with anti-inflammatory
agents that may have underlined our observed metabolic improve-
ments. Somewhat unexpectedly therefore, exposure of the unoperated
leg may have served as a better rehabilitation scenario for averting
inflammation of the operated leg as well as for inducing muscle secre-
tome release from a healthy limb for overall systemic benefit.

4.5.4. Contralateral or cross-education effects
A contralateral effect has been described, whereby exercising one

limb prevents the atrophy of an immobilized contralateral limb [67,68].
Such studies have generally shown that eccentric exercise of the domi-
nant arm [69], or leg [70], protects against the loss of size and function of
the contralateral limb. Although investigators have commonly invoked
neurological origins to explain the cross-educational response, to the best
of our knowledge, mechanistic evidence in support of this have not been
directly provided. It has been demonstrated that unilateral immobiliza-
tion of a limb results in systemic metabolic disruption characterized by
mitochondrial dysfunction in the immobilized limb [71], aligning with
the results of the present study. Indeed, the clinical potential and im-
plications of contralateral rehabilitation have not gone unnoticed [68].

According with a contralateral effect, measurements of upper leg
cross-sectional areas (CSA) indicated that muscle atrophy reverted
sooner in the contralateral limbs of ACLR patients having received PEMF
therapy (Supplementary Figs. 1a and b). Notably, CSA measurements of
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the operated limb would suggest that MRI assessment (at week 16) was
made at a time when muscle atrophy had already largely recuperated.
Measurements of muscle force generation also showed a trend to improve
more in the contralateral side of the PEMF cohort (Supplementary
Figs. 1c and d; Q1 and Q2), despite failing to reach statistical significance.
Our future studies will encompass a more thorough analysis of the
magnetically-induced blood-borne factors and their contribution to the
contralateral limb effect for improved therapeutic efficacy and ultimate
clinical exploitation.

5. Conclusions

Metabolic biomarkers were the most significantly altered by our
magnetic intervention. To our knowledge, this is the first study to show
magnetically-induced changes in muscle bioenergetics status and mem-
brane kinetics in humans following ACL reconstruction surgery. Notably,
the energetic dysfunction observed immediately following ACL recon-
struction (changes in Pi/PCr and Pi/ATP) could be significantly corrected
by brief weekly PEMF treatment. In addition, suspected indices of sys-
temic lipotoxicity could be reverted with magnetic field therapy. Mag-
netic field therapy may hence represent a potential treatment modality
for improving muscle metabolic function following immobilizing surgery
and does not interfere with positive rehabilitative physical outcome,
offering a broadened therapeutic value by combining physical and
magnetic therapies. These metabolic changes are sufficiently provocative
to merit subsequent follow-up in larger clinical trials examining the ef-
fects of brief (10 min) weekly PEMF exposure on systemic metabolic
homeostasis.
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