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ABSTRACT

Muscle strain injuries are common in sports, with a high recurrence rate and loss of muscle mass. Whether protein supplemen-
tation can counteract the detrimental effects of strain injuries during rehabilitation has not been explored. We investigated the
effects of protein supplementation during early rehabilitation of acute strain injuries on muscle volume and function. Fifty recre-
ational athletes were enrolled for a double-blinded, randomized controlled trial comparing the effects of twice-daily whey protein
supplementation to isocaloric placebo during early rehabilitation after acute hamstring or calf strain injuries. The primary out-
come was changes in muscle volume during the 3 months of intervention, assessed by magnetic resonance imaging. Secondary
outcomes included muscle strength, time to return to sport (RTS), and aponeurosis volume. Long-term changes were assessed
12 months after the injury. Muscle volume decreased in the injured muscle compared to the contralateral healthy muscle during
the intervention [—-9.4% (—13.5% to —5.3%), p<0.0001], and persisted at 12months. No effects of protein supplementation were
observed. Further, there was no effect of protein supplementation on muscle strength or RTS. There was a persistent increase in
aponeurosis volume associated with the injured muscle at 3 months [sixfold enlarged, +17.3cm? (+8.3 to 26.3cm?), p=0.0005]
and 12 months [fivefold enlarged, +10.4 cm3 (5.3-15.4cm?), p=0.0003], but it was unaffected by protein supplementation. In con-
clusion, muscle strain injuries cause persistent atrophy of the injured musculature and enlargement of the muscle aponeurosis,
which was not counteracted by protein supplementation during the rehabilitation period.

Trial Registration: Clinical trial number: NCT04100161; Clinicaltrials.gov

1 | Introduction recreational sports, injury incidence is high, especially in sport

activities with rapid/explosive movements. In rapidly growing

Muscle strain injuries constitute a major problem in recreational
and professional sports, contributing substantially to injury ab-
sence [1, 2]. Despite intensive research on muscle strain preven-
tion, injury rates in professional sports such as soccer are still
prominent and, if anything, increasing in incidence [3]. Also, in

© 2025 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.

recreational activities such as paddle tennis and pickleball, mus-
cle injuries are among the most prominent types of injuries am-
ateur players sustain [4, 5]. Further, another complicating factor
regarding muscle strain injuries is the high risk of re-injury, es-
pecially during the initial phase of return to play [1, 3, 6].
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Despite extensive rehabilitation, muscle strain injuries typically
induce a seemingly permanent decrease in muscle volume of the
injured muscle [7, 8]. While muscle strength is initially decreased
in the injured muscle group in some studies, muscle strength
seems to normalize within 6 months after the injury [8, 9]. The
normalization of muscle strength without concurrent regain of
muscle volume of the injured muscle could be due to compensa-
tory hypertrophy of agonist muscles [7], although this is not a con-
sistent finding [9]. However, as the majority of re-injuries seem to
occur in the same location as the index injury [6], the local muscle
atrophy might potentially contribute to the high re-injury risk.

A strain injury is associated with a significant acute reduction in
muscle loading due to the tissue damage as well as the associated
pain during movement. Hence, the injury-induced atrophy could
be partly related to local disuse. In healthy immobilized individ-
uals, muscle volume has been shown to decrease by 4% and 10%
within 5 and 14 days of disuse, respectively [10-13]. These data
suggest a rather rapid loss of muscle mass. Importantly, young
healthy individuals regain muscle mass to preimmobilization
levels after a 4-week re-training period [14]. In contrast, strain-
injured individuals showed no recovery of muscle mass despite
extensive rehabilitation and full participation in sports [8]. The
lack of recovery following significant muscle atrophy indicates
persisting damage to tissues involved in the injury other than just
the initial reduction in mobilization following a strain injury.

Muscle atrophy in response to disuse can in some situations be
counteracted by protein supplementation [15, 16], although the
beneficial effect of protein on the preservation of muscle mass is
not a consistent finding [17, 18]. In healthy muscle tissue, suffi-
cient dietary protein intake is a well-established determinant of
training-induced hypertrophy [19, 20]. The optimal daily protein
intake for training adaptations in healthy tissue is debated, but
most available evidence suggests that the majority of the effects
of protein supplementation occur up to ~1.6g/kg bodyweight
(BW) per day [19, 20]. A daily protein intake of 1.6g/kg BW is
substantially more than the average consumption in Danish
adults [21]. In injured athletes, some reports have even sug-
gested that a protein intake of as much as 2.5g/kg BW per day is
required in order to offset injury-induced muscle atrophy [22].

Recent studies have found substantial thickening of the muscle
aponeurosis structure and changes in corresponding muscle fas-
cicle function in patients with a history of muscle strain injuries
[23-25], which could potentially be linked to the high risk of
re-injury observed after muscle strain injuries. To our knowl-
edge, no evidence exists on the causal link between changes in
aponeurosis structure, function, and losses of muscle volume.
We speculate that the enlarged aponeurosis is due to a subop-
timal healing of the muscle-aponeurosis interface, which is
likely linked to the reduced muscle volume. Hence, if protein
supplementation has positive benefits on preservation of muscle
volume, this could be mediated by improved healing of the mus-
cular part of the muscle-aponeurosis interface and consequently
less thickening of the aponeurosis after the injury.

The effect of protein supplementation on the preservation of mus-
cle volume and strength during rehabilitation after an acute muscle
strain injury has not been studied, and we therefore tested protein
supplementation after strain injuries. We hypothesized that muscle

strain injury would lead to a loss of muscle volume of the injured
muscle both in the short term (3months post injury, primary out-
come) and long term (12months post injury, secondary outcome),
and that protein supplementation during early rehabilitation of
acute strain injuries would counteract the loss of muscle volume,
thereby potentially improving function and shortening the time for
return to sport (RTS) in physically active individuals.

2 | Methods
2.1 | Participants

This study enrolled 50 sports-active individuals with an acute mus-
cle strain injury in the calf or hamstring musculature. Included
patients were recreationally active or competing at the local level
(Tier 1-2) [26]. Calf and hamstring musculature have previously
been found to have comparable rates of recovery and loss of muscle
volume after strain injuries [8]. Patients reported to the staff mem-
bers within 48h of an acute muscle injury (defined as a sudden
onset of pain and being unable to continue sports participation).
Upon arrival at the hospital, patients were clinically examined
and diagnosed before inclusion in the study. Participants were
included based on clinical history (sudden onset of pain during
explosive movement), pain on palpation of the suspected injured
muscle(s), and a clear defect at the muscle-connective tissue (apo-
neurosis) interface on an ultrasound scan. Exclusion criteria in-
cluded claustrophobia (or other contraindications to MRI scans),
daily intake of nonsteroidal anti-inflammatory drugs (NSAIDs)
within 3 months prior to the strain injury, smoking, type I or type
II diabetes, and rheumatic diseases or organ dysfunctions. The
study was approved by the local ethics committee (The Regional
Ethical Committee, ref. H-19027293) and registered at clinicaltr
ials.gov (NCT04100161). All participants gave written informed
consent to participate. Study data were collected and managed
using REDCap electronic data capture tools [27, 28].

2.2 | Nutritional Supplementation

Upon inclusion in the study, patients were randomized to receive
either whey protein supplementation (Lacprodan DI-3091, Arla
Foods Ingredients, Denmark) or an isocaloric placebo (malto-
dextrin, Belgosuc, Belgium) twice-daily throughout the 12-week
rehabilitation protocol. Randomization (minimization) of partic-
ipants was performed using the MinimPy 2 software [29] stratify-
ing the participants by muscle group (hamstring or calf) and sex.

Upon group allocation, patients received the respective supple-
ments and were instructed to consume 20g of the supplement
mid-day and in the evening before bedtime, resulting in a daily
supplement dose of 40g. On training days, patients were in-
structed to ingest the mid-day supplement in close relation to the
rehabilitation session (either before or after). The protein dose was
chosen expecting an average BW of ~80kg and a maximal stimu-
lation of muscle protein synthesis at ~0.24 g/kg BW [30]. Patients
were instructed to start supplementation 2days after the injury.
Adherence to the supplements was noted using daily online ques-
tionnaires. To control for potential over-reporting of supplementa-
tion adherence, participants were initially provided with half the
amount of supplement needed for the intervention period.
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Both supplements were provided in taste-neutral variants. To in-
vestigate whether the blinding of the supplements had been suc-
cessful, patients were asked which group they suspected having
been allocated to after completing the intervention period. 53% of
participants guessed the correct supplement, with no difference be-
tween groups (p =0.48) indicating successful blinding. Participants
remained blinded until completing the 12-month follow-up.

2.3 | Dietary Assessments

Patients weighed their dietary intakes for four consecutive
days, always including two weekend days (e.g., Saturday to
Tuesday) and noted their intakes in online food logs (VITAKOST,
MADLOG ApS). Dietary assessments were performed in Week 4
or 5 of the intervention. Patients were instructed not to include
their daily supplements in the food logs. Total protein and energy
intakes were then added by multiplying the compliance to the
supplement by the dietary content of the supplement.

2.4 | Rehabilitation

All patients initiated rehabilitation 2 days after injury onset. The
rehabilitation protocol was a modified version of a previously
published program after strain injuries [8, 31]; the full rehabilita-
tion protocol can be found in Table S1. Briefly, rehabilitation was
designed as a four-step regimen: daily repeated stretching (Days
1, 2), daily isometric loading with increasing load (Weeks 1-4),
dynamic loading with increasing resistance three times weekly
(Weeks 5-8), and functional exercises combined with heavy
resistance training three times weekly (Weeks 9-12). Patients
reported to the research facilities once-weekly for supervised
rehabilitation and completed the remaining training sessions
unsupervised. Rehabilitation adherence and external load were
recorded in online training diaries sent out after each week.
During full COVID-19 lockdowns, weekly supervision was con-
ducted via an online video platform. Return to sports participa-
tion was allowed at any point during the rehabilitation regimen
when participants were pain-free during the exercises as well as
the sports-specific tasks such as repeated sprints and jumps, and
this was decided in collaboration with the staff supervising the
rehabilitation. The first time of full participation in sports was
recorded. Staff supervising the rehabilitation were blinded to the
supplementation group of the patients.

2.5 | Muscle Volume and Strength

Total muscle volume was assessed using magnetic resonance
imaging (MRI) at baseline, 3months post injury, and 12 months
post injury. The baseline scan was performed as soon as pos-
sible after inclusion in the study (mean days after injury+ SD;
7.3 £2.6days).

All patients were MRI-scanned (Philips Ingenia Ambition 1.5T
scanner, software version 5.6.1.2, Netherlands) in the first week
after the injury, 3months post (after the rehabilitation period,
at least 48h after the last training session), and again 12months
post injury. The patients were scanned in a supine position with
their feet placed against a plastic foot plate. A coronal isotropic

3D T1-weighted sequence (voxel size 0.7 X 0.7 x0.7mm?) of the
calf (calf strain) or hamstrings (hamstring strain) was recorded
and used to measure muscle volumes. ITK snap open-source
was used for manual muscle segmentation and volume mea-
surement. Trained personnel blinded to the group allocation
(Protein/Placebo) of the patients performed the measurements.
The same technician performed all segmentation for the indi-
vidual patients, and subsequent quality control was performed
to ensure comparability between technicians. Both the injured
and healthy legs were analyzed. For manual segmentation, bony
landmarks were used to ensure the exact same length at the
acute scan, the 3- and 6 month post injury scans. For orientation
on calf scans, the epiphyseal plate of the fibula head was taken;
for hamstring scans, the epiphyseal plate of the femur head was
taken. Further, for calf scans, segmentation started at the distal
site on the first slice on which the medial gastrocnemius was
visible and continued proximally to the last slice on which the
medial gastrocnemius still was visible. For hamstring scans, seg-
mentation started at the proximal site on the first slice on which
the semitendinosus was visible and continued distally to the last
slice on which the semitendinosus still was visible.

Aponeurosis thickness was measured based on the signal from
the hematoma determined on the STIR sequence recorded on
the acute scan. The aponeurosis thickness was measured on
both the healthy and injured sites; potential displacements be-
tween the two legs were corrected for based on the position of
the epiphyseal plate.

Muscle strength was assessed 3- and 12 months post injury.
Eccentric and concentric muscle strength was measured in an
isokinetic dynamometer (Biodex Multi-Joint System 4, Software
version 4.63, Biodex Medical Systems, Shirley NY, USA). Patients
performed 5-min warm-up exercise on a bike at a self-selected
pace. Assessments were performed in the passive mode and mea-
sured at an angular velocity of 60°/s. For hamstring tests, partic-
ipants were seated with 85° hip flexion, and hamstring strength
was assessed from 100° to 20° knee flexion (0° being full exten-
sion). For calf tests, patients were seated with 70° hip flexion
and full knee extension, and plantar flexor strength was assessed
from 20° plantar flexion to 10° dorsiflexion. For both eccentric
and concentric tests, sets of five reps were performed, including
one submaximal trial set to familiarize the patients with the test,
followed by two maximal sets. Sets were separated by 75s of rest.
Data were sampled in the software provided by the manufac-
turer. The peak torque achieved during the maximal effort sets
was used for further analysis.

2.6 | Statistics

All analyses were performed according to a modified intention-
to-treat principle, including all participants who returned for
the 3-month measurements in the analysis, irrespective of ad-
herence to the training and supplementation. For the primary
outcome, the analysis was also performed per protocol, includ-
ing only patients with training and supplementation adherence
>75%. Data are presented as means and corresponding 95%
confidence intervals, unless otherwise stated. Baseline charac-
teristics of the patients included in the analysis, as well as days
to RTS, were compared between the two groups using unpaired
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t-tests or Mann-Whitney tests depending on data distribution.
Effect sizes of between-group differences in days to RTS were
estimated using Cohen's d. Between-group differences in num-
ber of re-injuries were analyzed using Fisher's test. Statistics
were performed in GraphPad Prism version 9.4.1 for macOS
(GraphPad Software, San Diego, CA, USA) except for Fisher's
tests, which were performed in R version 4.3.2 [32].

2.6.1 | Primary Outcome

The primary outcome of the study was changes during the 3-
month intervention in muscle volume of the injured muscle
compared to the changes observed in the same muscle of the
healthy limb. To assess statistical differences between Protein
and Placebo at this time point, the relative change from base-
line was tested using a two-way ANOVA, evaluating supple-
mentation and injury (injured vs. healthy limb) as factors, as
well as their interaction. This analysis was also performed for
the uninjured agonist muscles, comparing changes in the ago-
nist muscles of the injured limb vs. changes of the same mus-
cles in the healthy limb. For both analyses, effect sizes of the
supplementation were also estimated using Cohen's d, compar-
ing percentage changes in muscle volume of the injured limb
(injured muscle or uninjured agonists) between protein and
placebo.

2.6.2 | Multiple Linear Regression Analysis

Further, to investigate the impact of potential covariates, multi-
ple linear regression was performed. Days from injury to base-
line scan, injured muscle group (hamstring or calf), total protein
and energy intake, training adherence during the intervention,

injury recurrence, and days to RTS (as a marker of injury sever-
ity) were investigated as potential covariates.

2.6.3 | Secondary Analyses

Further, 3-way mixed model analyses on absolute muscle vol-
umes, aponeurosis volumes, and muscle strength explored dif-
ferences at baseline, 3months post injury, and 12months post
injury. Due to a lack of baseline data in aponeurosis volume and
muscle strength, the analysis of these data only included data at
3- and 12months post injury. In these analyses, overall effects
of time, supplementation, and injury as well as their interac-
tions were analyzed. In the case of a significant time X supple-
ment, time X injury, or supplement X injury interaction (with no
time X supplement X injury interaction), a consolidated 2-way
mixed model analysis was applied, with post hoc Tukey's multi-
ple comparisons tests. Due to the lack of baseline data for these
outcomes, effect sizes were not estimated.

2.6.4 | Sample Size

Based on previous data [8], 25 participants were recruited for
each group in order to detect a 13% between-group difference in
changes in muscle volume at the 3-month time point, which we
consider clinically relevant (¢ =0.05, =0.80, SD =15.4%).

3 | Results

CONSORT flow diagram for participant inclusion is displayed
in Figure 1. Recruitment took place from February 2020 to
February 2022, and follow-up was finalized in February 2023.

| 78 Assessed for eligibility

Randomized

28 Excluded:

50

i 20 Negative US findings

3 Tendinous involvement

2 Unable to undergo Mri

1 Connective tissue disorder

1 Adductorinjury

1 Unable to comply with training

1

25 Allocated to Protein

l

8 Discontinued intervention
4 personal reasons
3 unspecified reasons
1 Unwilling to consume supplement
1 Referred to standard care

l

| 17 Included in analysis |

l

’ 15 Returned for 12-month follow-up ‘

FIGURE1 | CONSORT flow diagram.

1

25 Allocated to Placebo

l

7 Discontinued intervention
3 personal reasons
2 unspecified reasons
1 Unwilling to consume supplement
1 Referred to standard care

1

| 18 Included in analysis |

l

| 16 Returned for 12-month follow-up |
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Briefly, 35 participants completed the intervention (18 placebo,
17 protein), and 15 participants discontinued the intervention.
The study started at the beginning of the COVID-19 pandemic,
and a large proportion of dropouts were directly related to re-
peated COVID-19 lockdowns imposed on Danish citizens.

Baseline characteristics of participants included in the analysis
can be found in Table 1. No between-group differences were ob-
served at baseline in any parameter. One patient self-reported
a high degree of adherence (>75% of provided supplements),
but only received the first half of the supplementation and was
therefore noted as an over-reporter and not included in per-
protocol analysis. Protein intake, including supplements, was
higher in the protein group than in placebo group (p=0.04).
Total intakes of carbohydrate (p =0.11) and fat (p =0.60) did not
differ between groups.

3.1 | Muscle Volume

Changes in muscle volume during the intervention period are
shown in Figure 2. In the injured muscle (Figure 2B), no main
effect of protein supplementation was observed {[Group differ-
ence (95% CI)]; —0.6% (—5.9% to +4.6%), p=0.81}, but the injured
muscle decreased muscle volume compared to the same mus-
cle of the healthy leg [-9.4% (—13.5% to —5.3%), p<0.0001]. No
Group X Injury interaction was observed (p=0.68). Cohen's d
estimated effect size of protein vs. placebo changes in muscle
volume of the injured muscle was 0.12. In the agonist muscles
(Figure 2C), changes in muscle volume were not affected by
protein supplementation [+0.1% (—3.1% to +3.2%), p=0.97], but
muscle volume increased in the agonists in the injured leg com-
pared to the healthy leg [+2.5% (+0.6% to +4.4%), p=0.01]. No
Group X Injury interaction was observed for the agonist muscles
(p=0.29). Cohen's d estimated effect size of protein vs. placebo
changes in muscle volume of the agonist muscle was 0.20. No
effects of protein supplementation were observed in per-protocol
analyses either (Figure S1).

Multiple linear regression showed a positive association between
days from injury to baseline MRI scan, and changes in muscle
volume during the intervention (p=0.02, Table 2), indicating
that a later baseline scan was associated with less detected at-
rophy from baseline to 3 months. Total daily protein and energy
intake (including supplements), injured muscle group (Calf/
Hamstring), training adherence, time to RTS, and injury recur-
rence were not significant factors in the model.

Secondary 3-way mixed-effect model analysis of the absolute
injured muscle volumes (Figure 3A) revealed no overall effect
of time (p=0.11) or supplement (p=0.51). A time X injury in-
teraction was observed (p <0.0001), whereas no time X supple-
ment interaction (p=0.79), supplement Xinjury (p=0.10), and
time X supplement X injury (p =0.82) were observed. To investi-
gate the time X injury interaction, the supplement groups were
pooled in a consolidated 2-way mixed model analysis. Tukey's
multiple comparisons tests revealed decreases in muscle vol-
ume of the injured leg from baseline to 3months [-27.0cm?
(—41.2 to —12.8cm?), p<0.0001] and from baseline to 12 months
[-26.8cm? (—41.9 to —11.7cm?), p=0.0001]. No changes were
observed from 3 to 12months [-0.1cm? (-15.3 to +15.0cm?),

TABLE 1 | Baseline characteristics of the included participants.

Protein N=17 Placebo N=18

Demographics

Age (years) 42.8+10.6 41.0+11.6

Males/females 14/3 17/1

BMI (kg/m?) 25.4+1.9 26.4+3.4

Injury site

Hamstring (N) 6 4
Calf (N) 12 13
Recurrent injury (N) 2 4
Diet

Protein intake 1.1(1.0;1.2) 1.2(0.9; 1.5)
excluding supplements
(g/kg/day) (Median 1st;

3rd quartile)

Protein intake 1.5(1.5;1.6)2 1.2(0.9; 1.5)
including supplements
(g/kg/day) (Median 1st;

3rd quartile)

Carbohydrate intake 2.9+0.6 31+1.0
excluding supplements

(g/kg/day)

Carbohydrate intake
including supplements
(g/kg/day)

Fat intake excluding
supplements (g/kg/day)

2.9+0.6 3.5+1.1

1.0+0.2 0.9+0.4

Fat intake including 1.0+£0.2 0.9+0.4

supplements (g/kg/day)

Energy intake 111.4+179 109.8 +26.4
excluding supplements

(kJ/kg/day)

Energy intake
including supplements
(kJ/kg/day)

Intervention
adherence (% of
total)

118.0+17.9 115.4+26.8

Supplements (Median 89% (74%; 95%) 85% (60%; 94%)

1st; 3rd quartile)

Rehabilitation exercise  94% (79%; 97%) 88.5% (66%; 100%)
(Median 1st; 3rd

quartile)

Note: Data are presented as means and standard deviations unless otherwise
stated. Between-group differences were tested with unpaired ¢-tests or Mann-
Whitney tests depending on the data normality.

aIndicates significant (p <0.05) between-group difference compared to placebo.

p=1.00]. In the healthy leg, no changes in muscle volume
were observed from baseline to 3months [+6.5cm? (=7.7 to
20.7cm?3), p=0.52], 3-12months [-2.3cm3 (—17.4 to +12.8cm?),
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Injured muscle volume
[% change from baseline]

C)
%
20 | |
Placebo
10- ; Protein

Agonists muscle volume
[% change from baseline]

)
Injured leg

1
Healthy leg

1 I
Injured leg Healthy leg

FIGURE2 | Changesin muscle volume during the intervention period. (A) Illustration of a 3D MRI image of hamstring musculature. (B) Changes
in muscle volume of the injured muscle vs. the same muscle in the healthy leg. (C) Changes in muscle volume of uninjured agonists in the injured leg

vs. the healthy leg. Data are presented as individual data as well as means with corresponding 95% confidence intervals. Data were analyzed using a
2-way mixed-effects analysis. *p <0.05, ***p <0.001 main effect between injured and healthy limbs.

TABLE 2 | Multiple linear regression on associations between
changes in muscle volume of the injured muscle. For muscle group
analysis, Calf was imputed as the reference muscle group. For recurrent
injury analysis, patients with index injuries were imputed as the
reference.

Associations
to changes
in muscle
volume

Estimate 95% CI p R?

Regression — 0.3 045

Intercept —66.3 -125.5t0 =71 0.03 —

(mm?®)

Days from 3.1 +0.6to+5.6  0.02 —
injury to MRI
(days)

Muscle group 2.4
(Hamstring)

-17.6 to +22.5 0.80 —

Total protein 8.7 -8.5t0o+25.8 0.29 —
intake (g/kg

BW)

Total energy 0 -04t0o+03 082 —
intake (kj/kg

BW)

Training 0.3 -0.2to+0.7 024 —

adherence (%)

Recurrent 5.2 —-12.7to +23.1 0.54 —

injury (yes)

Time to return 0.1 —0.6 to +0.7 0.87 —

to sport (days)

p=0.93], or from baseline to 12months [+4.2cm? (-10.9 to
+19.3cm3), p=0.79]. Muscle volume of the affected muscle did
not differ between the injured leg and healthy leg at baseline
[+16.2cm? (-16.0 to +48.5cm?), p=0.32], 3months [-17.3cm?
(—49.5 to +15.0cm?), p=0.29], or 12 months [-14.8 cm?3 (—47.7 to
+18.0cm?), p=0.37].

For the uninjured agonist muscles (Figure 3B), a trend to-
ward an overall effect of time (p=0.055) was observed,
with no overall effect of supplement (p=0.52). A time Xin-
jury interaction was observed (p=0.048), with no supple-
ment X injury (p=0.99), timexsupplement (p=0.57), or
time X supplement X injury interaction (p=0.82). To investi-
gate the time X injury interaction, the supplement groups were
pooled in a consolidated 2-way mixed model analysis. Tukey's
multiple comparisons tests revealed increases in muscle vol-
ume on the injured leg from baseline to 3 months [+13.8 cm3
(+5.1 to +22.5cm?3), p=0.0008]. No changes were observed
from 3 to 12months [-5.5cm3 (=14.8 to +3.8cm?), p=0.35]
or from baseline to 12months [+8.3cm? (1.0 to +17.6cm?),
p=0.09]. No changes in agonist muscle volume were ob-
served in the healthy leg from baseline to 3 months [+3.0cm?
(=5.7 to +11.7cm?), p=0.69], 3-12months [+1.9cm? (-7.4 to
+11.2cm?), p=0.87], or baseline to 12 months [-1.1 cm? (-10.4
to +8.2cm?), p=0.96]. Muscle volume of the agonists did not
differ between the injured leg and healthy leg at baseline
[+7.4cm? (—49.4 to +64.2 cm?), p=0.80], 3months [+18.2cm?
(-38.6 to +75.0cm?), p=0.53], or 12 months [+13.8 cm? (—43.1
to +70.7 cm?), p=0.63].

3.2 | Aponeurosis Volume

An effect of time (p=0.006) and injury (p=0.0006) was ob-
served for aponeurosis volume (Figure 4), with no overall ef-
fect of supplement (p=0.49). A time Xinjury interaction was
observed (p=0.0081), with no time X supplement (p=0.35),
supplement X injury (p=0.32), or time X supplement X injury
(p=0.46) interactions. To investigate the time X injury interac-
tion, the supplement groups were pooled in a consolidated 2-
way mixed model analysis. The aponeurosis volume was larger
on the injured muscles compared to the contralateral healthy
muscles both at 3months [sixfold enlarged, +17.3cm? (+8.3
to 26.3cm?), p=0.0005] and 12months [fivefold enlarged,
+10.4cm? (5.3-15.4cm3), p=0.0003]. The volume of the apo-
neurosis on the injured muscle decreased from 3 to 12 months
[-7.3cm3 (-13.0 to —1.7 cm?), p=0.01], with no changes in the
aponeurosis of the healthy muscles [-0.4cm3 (-1.1 to 0.3 cm?),
p=0.24].
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95% confidence intervals based on the raw data and were analyzed using a 3-way mixed-effects model. ***p < 0.001, ****p <0.0001 between time

points within injured muscles.

$ * $
50+ F {
° <~ Placebo INJURED
g 40 F1 Placebo HEALTHY
S a0l 2 Protein INJURED
2 E A\A ‘© Protein HEALTHY
(<)
5 = 20
[
c 6\e
g 104
< [eeeees Y o |
-
3 months 12 months
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Data are presented as means with corresponding 95% confidence inter-
vals based on the raw data and were analyzed using a 3-way mixed-
effects model. *p<0.05 between time points within injured muscles.
$p <0.05 between injured and healthy legs.

3.3 | Muscle Strength

For both concentric and eccentric strength (Figure 5A,B), no
overall effects of time (p =0.89, p =0.32, concentric and eccentric
respectively), supplement (p=0.67, p=0.63), or injury (p=0.98,
p=0.58) were observed. Also, no significant time X supplement
(p=0.63, p=0.12), timeXxinjury (p=0.33, p=0.39), supple-
ment Xinjury (p=0.97, p=0.71), or time X supplement X injury
(p=0.94, p=0.77) interactions were observed.

3.4 | Clinical Outcomes

Days to RTS did not differ between groups (Figure 6, p=0.45,
ES=0.12). Five participants had strain re-injuries during the fol-
low-up period. The frequency of re-injuries did not differ signifi-
cantly between groups (1 Placebo, 4 Protein, p =0.20).

4 | Discussion

The present study reports a loss of muscle mass after a
strain injury, which is not restored even lyear post injury.
Supplementation with whey protein over the initial 12-week re-
habilitation period did not have any positive effect on the loss of
muscle mass. Further, there was hypertrophy of the uninjured
agonists after 12weeks, but protein supplementation had no

beneficial effect on this gain of muscle mass either. In addition,
we did not detect any positive effect of protein supplementation
on the time until RTS. Interestingly, both concentric and eccen-
tric muscle strength in participants with a strain injury in either
calf or hamstrings was similar in the injured and healthy limbs
with no effect of protein supplementation. Finally, the aponeu-
rosis associated with the injured muscle was markedly enlarged
in the region where the aponeurosis connects to the muscle,
both 3- and 12 months post injury.

The lack of effect on protein supplementation is somewhat sur-
prising, given that the bulk of the literature indicates a positive
effect of protein supplementation on training-induced hypertro-
phy [19]. However, this has only previously been investigated in
healthy muscle and might not be applicable to a muscle injury
state. Protein supplementation provides an acute anabolic stim-
ulus [33] and seems like a plausible treatment option to reduce
muscle atrophy in strain-injured individuals. A systematic review
on protein supplementation versus placebo following orthope-
dic surgery to prevent muscle atrophy reported beneficial effects
across different types of surgeries including anterior cruciate liga-
ment reconstruction, total hip arthroplasty, hip fractures, and total
knee arthroplasty [34]. The primary benefit was diminished loss of
muscle mass assessed as muscle cross-sectional area. However, it
is important to note that studies on postoperative protein supple-
mentation target otherwise healthy muscles subjected to less mo-
bilization due to disorders that have not directly included skeletal
muscle, whereas in the present study, strain injuries cause a com-
plete loss of tension within the injured areas.

Previous studies on the recovery following muscle strain inju-
ries reported a significant reduction in the mass of the affected
muscle [7, 8] and our findings are in line with those data. Despite
regular rehabilitation for 3months, the injured muscle loses on
average ~7% of muscle volume over these 3months. As the pres-
ent study included the 1-year post injury time point, which did
not show any recovery of muscle mass in the injured muscle, it
is likely that the loss of muscle mass after strain injuries is per-
manent. Further, we show that the number of days from injury
to the initial MRI scan was positively associated with changes
in muscle volume during the intervention—meaning that more
atrophy was present the earlier the baseline scan. Although the
time course of muscle atrophy was not directly assessed in the
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ing the Mann-Whitney test. Data are presented as individual values as

Days to RTS. Between-group differences were tested us-

well as medians with interquartile ranges.

present study, these findings indicate that a large proportion of
the atrophy seen after acute strain injuries is occurring within a
few days after the injury.

Strain-injured muscles with a clear defect on an ultrasound/
MRI scan present with retracted muscle fascicles from the apo-
neurosis with more or less damage to the aponeurosis itself [25].
And while the defect itself evidently heals, there is accumulat-
ing data that strain-injured muscles and their associated apo-
neurosis are chronically altered. There are pathologic signs such
as fatty infiltration in the muscle long time after the injury [35]
and the architecture of the muscle and aponeurosis as well as
the fascicle behavior during movement are not normalized years
after the injury [23]. These factors likely contribute to the high
risk of re-injury [6].

The present manuscript clearly shows structural alterations in the
aponeurosis both 3- and 12 months post injury. Even though there
isasignificant decrease in aponeurosis volume from 3 to 12 months,
the volume remains markedly enlarged compared to the healthy
side, with no effects of the protein supplementation. The reduction
in volume is probably a consequence of re-organization of matrix
components, the remaining enlarged aponeurosis 1year after the
injury indicating a permanent change in structure. Muscle strain

injuries have historically been presented as injuries that predomi-
nantly cause damage to the muscle fibers. Accordingly, the repair
of muscle strain injuries has been focused on sequences described
in muscle healing following experimental muscle damage [36, 37].
Here, we clearly show that the aponeurosis, that is, the connective
tissue to which muscle fibers attach is greatly affected by the in-
jury. Persisting changes to the aponeurosis after a strain injury are
backed up by previous data from our group [23] and others [24, 25].
It is therefore pertinent to consider the connective tissue side of the
muscle-tendon unit and its repair capacities as well as limitations
to repair in the context of muscle strain injuries. In particular, the
aponeurosis is not only the site of load transmission between the
muscle and tendon but also influences muscle shape, muscle fiber
strain distribution, and contractile properties [38, 39]. Hence, the
loss of muscle volume in the injured muscle is likely related to
changes in load transmission in the muscle-aponeurosis interface.

Interestingly, the present study did not record any deficits in
muscle strength of the injured limb. Both the eccentric and
concentric components were similar in the affected compared
to the unaffected limb. This is in line with a meta-analysis [40]
showing conflicting results, with some studies reporting a lower
eccentric strength after a hamstring strain injury compared to
the uninjured hamstrings. The absence of a lower strength after
injury, especially the eccentric component, might be a reflection
on successful 12-week rehabilitation, which focuses on resis-
tance training from Week 3. At the same time, similar strength
in the injured and healthy limbs might be a result of compen-
satory hypertrophy of the agonist muscles in the injured limbs.

A limitation to the present study is the low statistical power
achieved for the primary outcome. We based our sample size
calculation on a large (ES~0.80) reduction in muscle atrophy,
as this was what we considered to be of minimal clinical rele-
vance. It could be discussed if smaller reductions would be of in-
terest. The statistical power was further challenged by the high
dropout rate. While almost all dropouts were related to logistical
constraints for participants during COVID-19 lockdowns im-
posed by the Danish government, and hence had little to do with
the feasibility of interventions under normal circumstances, it
caused a lower statistical power than expected for the primary
outcome. Further studies with greater statistical power would be
needed to fully elucidate this subject, but the present results are
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not encouraging of a high clinical potential for simple protein
supplementation after muscle strain injuries. The present study
only assessed dietary intake at a single time point, and hence
variation in patients’ intake throughout the intervention might
have been missed.

Further, variation in time from injury to the baseline MRI scan
seems to have affected the results. We show that the number of
days from injury to the first MRI scan is associated with changes
in muscle volume during the intervention, and hence will af-
fect the primary outcome of the study. However, due to logistical
constraints, it was not possible to standardize the timing of the
baseline MRI within a narrower time frame in the present study.

In conclusion, acute muscle strain injuries induce severe and
persistent atrophy of the injured musculature as well as enlarge-
ment of the aponeurosis, which are not counteracted by increas-
ing dietary protein intake through supplementation. Protein
supplementation did not benefit time to RTS either.

4.1 | Perspectives

The present study does not indicate any beneficial effects of
protein supplementation during rehabilitation of acute muscle
strain injuries. We do, however, recognize the limitations of our
study, and therefore encourage future research to further inves-
tigate this field. The present study did not investigate mechanis-
tic aspects in detail, and while the simple addition of protein had
no benefit, it cannot be ruled out that mechanisms exist by which
other forms of nutritional interventions could be beneficial.

Our data indicate indirectly that a significant portion of the
muscle atrophy and/or remodeling occurs within the first days
after the injury. This further not only underlines the necessity of
early onset of rehabilitation [31] but also calls for more research
aiming at understanding this time period of the injury pro-
cess. The permanent changes in muscle-tendon unit structure
are most likely related to the high risk of re-injury seen for this
type of injury. Hence, future research should aim to investigate
the mechanisms behind this remodeling, as well as identify the
rehabilitation practices best at optimizing muscle-tendon unit
structure.
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