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Quantitative MRI Reveals Microstructural
Changes in the Upper Leg Muscles After
Running a Marathon
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Background: The majority of sports-related injuries involve skeletal muscle. Unlike acute trauma, which is often caused by
a single traumatic event leading to acute symptoms, exercise-induced microtrauma may remain subclinical and difficult to
detect. Therefore, novel methods to detect and localize subclinical exercise-induced muscle microtrauma are desirable.
Purpose: To assess acute and delayed microstructural changes in upper leg muscles with multiparametric quantitative MRI
after running a marathon.

Study Type: Longitudinal; 1-week prior, 24-48 hours postmarathon and 2-week follow-up

Population: Eleven men participants (age: 47-68 years).

Field Strength/Sequence: Spin-echo echo planar imaging (SE-EPI) with diffusion weighting, multispin echo, Dixon, and
fat-suppressed turbo spin-echo (TSE) sequences at 3T. MR datasets and creatine kinase (CK) concentrations were obtained
at three timepoints.

Assessment: Diffusion parameters, perfusion fractions, and quantitative (g)T, values were determined for hamstring and
quadriceps muscles, TSE images were scored for acute injury. The vastus medialis and biceps femoris long head muscles
were divided and analyzed in five segments to assess local damage.

Statistical Tests: Differences between timepoints in MR parameters were assessed with a multilevel linear mixed model
and in CK concentrations with a Friedman test. Mean diffusivity (MD) and qT, for whole muscle and muscle segments were
compared using a multivariate analysis of covariance (MANCOVA).

Results: CK concentrations were elevated (1194 U/L [166-3906], P < 0.001) at 24-48 hours postmarathon and returned to
premarathon values (323 U/L [56-2216]) at 2-week follow-up. Most of the MRI diffusion indices in muscles without acute
injury changed at 24-48 hours postmarathon and returned to premarathon values at follow-up (MD, RD, and A3;
P < 0.006). qT, values (P = 0.003) and perfusion fractions (P = 0.003) were higher at baseline compared to follow-up. Local
assessments of MD and gT; revealed more pronounced changes than whole muscle assessment (2-3-fold; P < 0.01).

Data Conclusion: Marathon running-induced microtrauma was detected with MRI in individual whole upper leg muscles
and even more pronounced on local segments.

Level of Evidence: 2

Technical Efficacy Stage: 3

J. MAGN. RESON. IMAGING 2020;52:407-417.

KELETAL MUSCLE INJURIES are the most prevalent traumatic event or forceful blow. Microtrauma (overuse) injury
injuries in recreational and elite sports.1 Acute trauma, such  may result from repetitive use of muscles.” Whereas acute

as muscle tears or ruptured tendons, may result from a single trauma commonly has a clear clinical presentation, the diagnosis
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TABLE 1. Scan Parameters for qT,, DWI, Dixon, and Fat-Suppressed T,-Weighted Sequences
qT, DWI
Sequence MSE SE-EPI
Matrix size 160 X 160 160 x 160
Voxel size (mm’)  3X3%x6  3X3X6
Slice gap (mm) 6 —
Slices 17 31
TR (msec) 5633 5000
TE (msec) 17*%7.6 57
Flip angle 90/180° 90/180°
b-value (/mm?) ~ — 0(1), 1(6), 10(3),
(# gradient 25(3), 100(3), 200(0),
orientations) 400(8), 600(12)
Fat suppression SPAIR/SPIR/SSGR
SENSE 2 1.9
SENSE: sensitivity encoding.

Noise map Dixon T,w-SPIR
SE-EPI MS_FFE MS_TSE
160 x 160 320 X 320 640 X 640
3X3X%6 1.5%x15x6 0.75%x0.75%3
31 31 31

210 5500
57 2.6/3.36/ 70

4.12/4.88

90/180° 8° 90°
0(1), 400(1) — —
SPAIR/SPIR/SSGR SPIR
1.9 2 2

of subclinical microtrauma is difficult. Under healthy physiolog-
ical conditions, exercise-induced muscle microtrauma is effi-
ciently repaired, requiring minimal or no treatment.” Repetitive
microtrauma, however, may cause complications and eventually
result in injury.* Therefore, a need exists for imaging methods
to detect and localize subclinical muscle microtrauma.
Currently, fat-suppressed T,-weighted magnetic reso-
nance imaging (MRI) assists in the diagnosis of muscle injury,
but this technique fails to detect microtrauma and has a lim-
ited ability to predict recovery.”™ Quantitative MRI tech-
niques, including diffusion tensor imaging (DTI) and

Marathon

Postmarathon Follow-up

quantitative T, (qT5), have shown promise for the detection
of microtrauma and for monitoring recovery.s’s_11 For exam-
ple, DTI was able to detect changes in muscle microstructure
after running a marathon on a level that remained undetected
with regular fat-suppressed T,-weighted MRI.’ qT, has been
applied to detect exercise-induced changes in muscle and to
monitor recovery of muscle injury.lz_14

The interpretation of changes in DTI and qT, with
muscle exercise, injury, and recovery can be challenging,
because diffusion indices can change due to several different
(pathological) processes including inflammation, cell swelling,

* 4-Point Dixon - Anatomical reference
¢ MSE - Quantitative water T2-mapping
* SE-EPI with diffusion - Muscle micro structure

* T2w-spir — to detect muscle tears

FIGURE 1: Study design. (a) Timeline indicating marathon and timepoints of MRI and blood sampling. (b) Schematic view of the scan
geometry with three stacks of 31 slices and 30 mm section overlap covering the upper legs. Bottom right: Dixon images at mid-
thigh level with manually drawn ROIs for eight upper leg muscles: 1 = BFS, 2 =BFL, 3 =ST,4=SM,5=VM, 6 =VI|, 7 =VL, 8 =RF.
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and atrophy.">'® Moreover, diffusion indices might be con-
taminated by muscle perfusion and changes therein.'” Simi-
larly, T, relaxation times can be altered by a wide range of
physiological modifications, and are suggested to be at least
partly driven by osmotic changes that are potentially indica-
tive of inflammation and edema.!"'® Consequently, a single
MRI readout is not sufficient to characterize muscle injury
and repair, and a multiparametric MRI readout might be
required. Moreover, the muscle’s vulnerability to injury
depends on specific muscle function and structure. Both these
aspects of skeletal muscle are not homogeneously distributed
within individual muscles and require local analysis.'*>*

The goal of this study was to implement a multi-
parametric MRI protocol to characterize exercise-induced
microtrauma and recovery in individual whole upper leg mus-
cles and on a local muscle level.

Materials and Methods

The study was approved by the local Medical Ethical Committee
and all participants signed a written informed consent.

Participants and Study Flow

Twelve participants were recruited, based on the inclusion criteria
that participants were older than 45 years without any cardiovascular
(CV) diseases or risk factors, had no MRI contraindications, no
acute injury or diagnosed muscle disease, and had completed at least
one marathon (42.195 km road race) prior to participating in this
study. The participants competed in the marathon of Amsterdam
(The Netherlands) on October 15, 2017. MRI datasets and venous
blood samples were obtained at three timepoints: 1) baseline (1 week
prior to the marathon), 2) postmarathon (24-48 hours after the
marathon), and 3) follow-up (2 weeks postmarathon). At the base-
line visit, all participants completed a questionnaire about personal
characteristics, including health status (medication history and medi-
cation use), marathon experience (personal record, previous com-
pleted marathons), and lifelong exercise history.*> Participants were
asked to restrain from any extensive exercise 48 hours prior to the
scans, but received no instructions for their training regime prior to
and postmarathon.

TABLE 2. Baseline Subject Characteristics of the

11 Marathon Finishers

Subject characteristics Mean + SD
Age (years) 51+6
Previous marathons (7) 13+7
Height (cm) 180 =7
BMI, kg/m” 23.6 + 1.1
Weight (kg) 769 £ 7.2
Finish time (min) 236 *+ 35
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MRI Protocol

Participants received an MRI examination of both upper legs with a
3T MR scanner (Ingenia, Philips, Best, Netherlands) using a
16-element anterior body receive coil and a 12-channel table top coil
and were positioned in a feet-first supine position in the scanner. The
data were acquired in three transverse stacks with 30 mm overlap, cov-
ering 498 mm proximal to distal with a field of view (FOV) of
480 x 276 mm®. The total duration of the scan protocol was
48 minutes and included a diffusion-weighted spin-echo echo planar
imaging (SE-EPI) for DTT parameters and perfusion fractions, SE-EPI
without diffusion weighting to quantify signal to noise ratios (SNRs), a
multiturbo spin echo sequence for quantitative water T, mapping
(qT3), a Dixon sequence for anatomical reference, and a fat-suppressed
T,-weighted scan to assess acute muscle injury (see Table 1.2

MRI Data Analysis

MR images were analyzed using QMRITools for Mathematica
(https://mfroeling.github.io/  QMRITools). Diffusion data were
denoised using a principle component analysis (PCA) noise algo-
rithm, and spatially registered to correct for motion and eddy
currents-induced displacements using an affine registration in an
open-source registration tool (http://etastix.isi.uu.nl). Second, the
diffusion data were corrected for EPI distortions by registering to
anatomical space using a rigid registration and a B-spline registra-
tion. The diffusion tensor was calculated using an intravoxel incoher-
ent motion (IVIM)-based iterative weighted linear least squares
algorithm (iWLLS).» By using IVIM correction, an anisotropic
pseudodiffusion component was modeled in addition to the standard
diffusion tensor, to remove the perfusion biases in the diffusivity
estimation.* The eigenvalues (A1, A2, A3), mean diffusivity (MD),
fractional anisotropy (FA), and the pseudoperfusion fractions were
used as outcome parameters. Quantitative T, maps were calculated
using an extended phase graph (EPG) fit, considering different relax-
ation times for the water and fat signal components.*® This method
partitions magnetization into coherence pathways to accurately com-
pute the amplitudes of each of the signals. The fat T relaxation time
was independently obtained from the subcutaneous fat for each sub-
ject and subsequently fixed during fitting. Water T, relaxation times
and Bl+ values were determined per voxel using a dictionary
method.

The T,-weighted images with fat suppression were graded by
three musculoskeletal radiologists (M.M., >25 years’ experience in
evaluation of musculoskeletal MRI; F.S., 3 years’ experience; and
R.H., 2 years” experience) for acute muscle injury using a standard-
ized grading system.27 Signs of muscle injury were graded as 0, 1,
2, or 3, with 0 = no abnormalities, 1 = mild swelling and edema
without discontinuities of the muscle tissue, 2 = partially ruptured
muscle tissue and presence of edema, and 3 = complete disruption
of the muscle tissue. The radiologists were not blinded for the differ-
ent timepoints or participants, which is in accordance with clinical
practice in our hospital. Muscles with insufficient SNR (<15)*® or
graded for acute injury (1 < radiologists) were excluded from further
analysis.”

Eight muscles in both upper legs, ie, biceps femoris short head
(BES), biceps femoris long head (BFL), semitendinosus (ST), semi-
membranosus (SM), vastus medialis (VM), vastus lateralis (VL),
vastus intermedius (VI), and rectus femoris (RF) muscles, were
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FIGURE 2: Boxplots showing the CK concentrations (U/L) in the venous blood for all participants at baseline, postmarathon, and follow-up
(a) showing all participants and (b) with exclusion of participants with overt injuries. Significant differences are indicated with an asterisk (*).

manually segmented based on the out-of-phase Dixon images (ITK-
snap, Fig. 1b) avoiding fascia and subcutaneous fat tissue. Segmenta-
tions were smoothed and eroded by one pixel to avoid partial vol-
ume effects with fat tissue. The segmentations were subsequently
registered to the qT, and DTI maps. Outcome parameters are

reported as mean values for each individual muscle.

Baseline

Water image
Dixon

Diffusion-weighted
SE-EPlimage

1st echo MSE
image

Muscle injury in recreational and elite sports is most fre-
quently seen in the BFL muscle, but not so often in the VM mus-
cle.?%3% We therefore chose these two muscles for a more detailed
local evaluation of MD and qT,. To this end, both muscles were
proximally to distally segmented in five equal sections (meaning
equal number of slices). For each segment, both the absolute and

Postmarathon Follow-up

FIGURE 3: Raw and processed example images of a representative subject (47 years/male) for the three timepoints. Left column:
baseline, middle column: postmarathon and right column: follow-up. Top: water images from Dixon sequence. Middle: raw diffusion
images for b = 0 s/mm? and MD maps. Bottom: raw images from first TE of T, sequence and processed EPG T, maps.

410

Volume 52, No. 2



DTI Detects Postmarathon Muscle Microtrauma

Hooijmans et al

() uSIs Taquinu e YaIm paredrpul are dn-mof[oj pue uoyrereunsod U2mIaq SIOUIPI(T *(5) NSIT2ISE UB IIM Pa1edIpul ore uoyrereunsod

PUE SUI[aSEq U9MI2q SIOUII(T “ANAISNI TeIpey (Y ‘Adonostuy [euonsery 1y ‘AIAISNIq UedJ\ (N N[eAUdSId PIY T, ¢\ ON[eAud3Id Puodag 7y On[eAuadio IS Ty “SHOWS] Snoay
4Ty PUE SNIPOULIAIUT SNISEA :[A ‘SI[EISIET SMISEA “TA ‘SIEIPIA SMISEA :JAJA ‘SNSOUBIQUIDWITUIAG :A[S SNSOUTPUNIWAG : ]G ‘PEIL] SuoT surouwnd,] sdaorg g ‘P Moyg stouwd,] sdaorg :S.q

80 F 1'6C
ITF 0°6C
6'0F 1°6C
L'0F 66T
6'0 F €0¢
80 F 1'0¢
90 F €0¢
6’0 F ¥'0¢
6’0 F ¥0¢
L0 F ¥0¢
6’0 F ¥0¢
60 F S0¢

€1 F 66T
0T F 0°0¢
'l F 1°0€
60 F L'8C
€1F 16T
'l F 16T
80 F 8°6C
80 F S0°0¢
I'T F T0¢
U1 F To¢
I'T F 2'0¢
I F 90¢

(99sur) sonfea
1, ™rep\

200 F ¥0°0
10°0 + %0°0
200 F+ ¥0°0
10°0 F €00
10°0 F €00
10°0 F €00
10°0 + %00
10°0 F €00
100 + %00
10°0 F €00
000 + %0°0
10°0 + %0°0

10°0 F ¢€0°0
10°0 F 9€0°0
10°0 F 6€0°0
10°0 F €0°0
10°0 F €00
10°0 F €0°0
10°0 + ¥¢0°0
¥00°0 + ¥20°0
10°0 F €0°0
200 F LLOO
10°0 F €%0°0
200 + ¢¥0°0

(%) uonoexy
uorsnyiog

910 F 6T'1
60°0 F LETT
600 F €61
¥0°0 F Lyl
V00T ICT
<00 F 8¥'1
SO0 F L1
V00T ICT
<00 F 8¥'1
SO0 F 661
LFO0TF IPT
¥0°0 F LE'1

L0°0 F 0¥'1
90°0 F 131
S0°0 F 0¥'1
<00 F ¥yl
LS00 T LT
S0°0 F €71
%00 F €31
L VOOTF LT
¥0°0 F ¥yl
80°0 F €€°1
1'0F %'l
L0°0 F 9¢1

(@3s/ NEEV
ad

60°0 F¢T0 910 F L¥'I ToFo6l'l S0 F 6¢'1 €0F 781 €
00 F 61°0 600 F €51 600 F 8C'1 80°0 F 9%'1 1I'0 + 781 (4
200 F 0T0 20°0 F 0S°I 600 F €T'1 I'o+ert 1’0 F €81 1 44
00 F 410 ¥0°0 F ¢9'1 SO0 F 8¢'T ¥0°0 F 9¢°1 SO0 F 161 <
00 F91°0 w4 €00 F S9'T W SO0 F EY'T ¥0°0 F 65°L €00 F ¥6'1 (4
200 F LT°0 SO0 F €91 S0°0 F 8¢'I S0°0 F LS'T S0°0 F T6'1 1 IA
00 F 4170 ¥0°0 F €91 SO0 F 6¢'1 S0°0 F 9¢°1 €00 F €6'1 €
10°0 F91°0 w4 €00 F <91 L2700 F €71 ¥0°0 F 65°T €0°0 F 96'1 (4
100 F 4170 SO0 F €91 SO0 F 6¢'1 90°0 F 9¢°1 SO0 F ¥6'1 1 TA
700 F LT°0 $0°0 F ¥S°1 SO0 F el ¥0°0 F 9L 900 + 181 €
00 F91°0 w4 €00 F 96T w700 F SC'T S0°0 F 8%'1 00 F ¥8°1 (4
00 F 81°0 ¥0°0 F ¢S'1 S0°0 F 6T'1 SO0 F FYI 00 + ¢8'1 1 WA
sdoonpen()
10°0 + 81°0 90°0 F ¢S'1 90°0 F T¢'T 80°0 F 8%'I L0°0 F S8'1 €
00 F 610 S0°0 F9¢°1 S0°0 F €€l 900 F 8¥%'1 SO0 F L8'1 (4
00 F 81°0 SO0 F ¢S'T 00 F I¢'T 90°0 F 8%°'L 90°0 F 98’1 1 NS
00 F 00 00 F €9'1 SO0 F9¢'T S0°0 F 0S'I L0°0 F 66'L €
100 F+ 020 w00 F 991 w2 700 F LET SO0 F ¥S°1 900 F %0°C (4
00 F 120 SO0 F 291 SO0 F 1¥°1 90°0 F 0S'1 90°0 F 66'L 1 LS
€0°0 F 61°0 00 F 19°1 S0°0 F ¢¢'1 $0°0 F ¢S'T L0°0 F S6'T €
200 F 6170 4700 F ¥9°1 900 F LE'T SO0 F 9¢'T L0°0 F 66'T 4
€0°0 F 0T0 SO0 F 91 SO0 F €€l SO0 F ¥S'1 800 F L6'1 1 149
€0°0 F €70 800 F ¥<'I 800 F ST'I 600 F TH'L YI'0F €6'1 €
00 F €T0 1’0 F 66'1 I'0 F ¢T'1 I'0F €71 €10 F 96'1 (4
€0°0 F €70 90°0 F 9¢°I S0°0 F9CT'1 60°0 F L¥'T 600 F 96'1 1 Sdd
sumswepy
C)vd (03s/ jurur) (03s/ jurur) (09s/ jurur) (09s/ urur) yurodowny, SpPSNA
an €Y (A4 |44

jutodawi] Jad ‘aPsnip 194 ‘sia1oweled uoisnyid @Y1 104 suoileine piepuels pue uesp ‘€ 319V.L

411

August 2020



Journal of Magnetic Resonance Imaging

relative difference (delta, A) were determined between baseline and
postmarathon values.

Creatine Kinase Measurements

At each MR session, a venous blood sample (4.5 mL in a lithium-
heparin tube) was collected to measure circulating plasma concentra-
tions of CK using a standard enzymatic assay by the same lab.

Statistical Analysis

Differences in DTI parameters and qT values between timepoints
were assessed with a multilevel linear mixed model as an overall
time—effect per outcome parameter. The level of statistical signifi-
cance was corrected for multiple comparisons (eight outcome mea-
sures [0.05/8 = 0.006]) and set at P < 0.006. Additionally, age was
included in the model as a continuous predictor variable to account
for a potential age effect. A post-hoc analysis was used to determine
the contributions of the individual muscles to the main time effect.
A multivariate analysis of covariance (MANCOVA) was used to
compare whole muscle and local measurements of MD and qT,
values in BFL and VM muscles. The significance level was set at
P < 0.05. Lastly, differences in CK concentrations over time were

assessed with a Friedman test.

Results

Participant Characteristics

One out of the 12 participants did not finish the marathon
and was therefore excluded from further analysis. The
remaining 11 participants finished the race in an average time
of 236 4 35 minutes, had completed 13 marathons®>> in
the past, and had a

22 (7.91-62.26) metabolic equivalent of task hours per week.

exercise volume of

lifelong

Additional participant and race characteristics are given in

Table 2.

Radiological Scoring/CK Concentrations

None of the participants had any acute muscle injury at baseline.
Postmarathon, all participants reported muscle soreness and a sense
of stiffness but only 27 acute injuries were detected in muscles of
six participants (BES = 2, BEL = 2, ST = 3, SM = 1, VM = 4,
VI =8, VL = 5, and RF = 2). At the 2-week timepoint, 11 acute
injuries were observed in muscles of five participants (BFL = 1,
ST=2,VM =2,VL =2, VI =3, and RF = 1), of which three were
new ones (BFL, VL, and RF) and the others were recovering acute
injuries identified at the postmarathon timepoint. Median CK con-
centrations of all participants were 121 U/L (69-238) at baseline,
which increased 10-fold to 1194 U/L (166-3901) at 2448 hours
postmarathon, and decreased to 323 U/L (56-2216) at follow-up
(Fig. 2a). After exclusion of CK concentrations of participants with
acute muscle injury, the increase directly after the marathon was less
pronounced (3.5-fold), with 121 U/L (69-238) at baseline,
401 U/L (166-732) at the postmarathon timepoint, and 126 U/L
(56-180) at follow-up (Fig. 2b). Two participants took some pain
medication (paracetamol, 1000 mg, or 4 ibuprofen) postmarathon.

412

Quantitative MRI Parameters

Multiparametric MR images and quantitative parameter maps
of a representative participant at all three timepoints are shown
in Fig. 3. From the 528 analyzed muscles of all participants at
all timepoints, 51 muscles had to be excluded due to acute
injury (7 = 38) or low SNR (z = 13; BES =7, SM = 3, RF = 3).

Mean values and standard deviations of all outcome
parameters for the three timepoints per muscle are summarized
in Table 3. An overall time—effect was found for the diffusion
indices RD (P = 0.006), MD (P = 0.0001), and A3 (P = 0.002)
(Fig. 4). Post-hoc analysis showed that the BFS, SM, and RF
muscles did not contribute to this time—effect for any of the
outcome measures. For all five other upper leg muscles, ie,
BFL (P = 0.002), ST (P = 0.001), VM (P = 0.0004), VI
(P =0.001), VL (P = 0.0001), A3 was higher postmarathon
compared to both baseline and follow-up.

Similarly, MD was higher postmarathon compared to
baseline and follow-up in the BFL (? = 0.021), ST
(P = 0.003), VM (P = 0.001), VI (P = 0.002), and VL
(P = 0.003). RD was higher postmarathon compared to base-
line and follow-up in BFL (P = 0.014), ST (P = 0.001), VM
(P = 0.0002), VI (P = 0.001), and VL (P = 0.001). MD and
RD values in BFL and VI muscles were only elevated post-
marathon compared to follow-up but not compared to base-
line. No changes were detected in Al (P = 0.027), A2
(P = 0.010), or FA (P = 0.034). Mean qT, values
(P = 0.003) and pseudoperfusion fractions (P = 0.003) were
higher at baseline compared to follow-up.

Local vs. Whole Muscle Values

The percentage change in MD and qT, between the baseline
and postmarathon timepoints were more pronounced locally
as compared to whole muscle, with average local
AMD = 2.45% (VM; range mean relative difference for seg-
ment 1-5: 1.37-3.92%) and 2.17% (BFL; range mean rela-
1-5:  0.97-3.44%)
AqT, = —0.16% (VM; range mean relative difference for seg-
ment 1-5:-1.02-0.83) and 1.63% (BFL; range mean relative
difference for segment 1-5: —0.39 — 5.03%) vs. whole-
muscle AMD = 1.48% (VM) and 1.35% (BFL) and
AqT, = —0.94% (VM) and 0.16% (BFL). MD values were
higher postmarathon compared to baseline in the VM (2/5
segments; P < 0.01) and BFL (1/5 segments; P = 0.006). qT,
was higher in the BFL postmarathon (1/5 segments;
P =0.003) compared to baseline (Table 4 and Fig. 5 & 6).

tive difference for segment and

Discussion

A multiparametric quantitative MRI approach was used to
assess microstructural changes in the upper leg muscles after
running a marathon. Our results revealed small, but distinct,
changes in quantitative MRI parameters, particularly the MRI
diffusion indices, shortly after completion of the marathon in
the absence of overt muscle injury. These transient changes

Volume 52, No. 2



were accompanied by mildly elevated CK concentrations that
are, among other things, indicative of exercise-induced muscle
microtrauma. Changes were more pronounced in specific mus-
cles and muscle parts, which emphasizes that microtrauma fol-
lowing endurance running is not homogeneously distributed
across the upper legs.

RD, MD, and A3 were elevated in the majority of
upper legs muscles postmarathon and returned to
premarathon values at follow-up, whereas A2, Al, and FA
showed a similar but less pronounced effect. These observa-

tions are in line with previous work that detected similar

Hooijmans et al: DTI Detects Postmarathon Muscle Microtrauma

transient changes in the diffusion parameters after running a
marathon.’

restricted to T,-weighted MRI and DTT and did not measure

In that earlier work, however, imaging was

plasma CK concentrations, which hampered interpretation of
the observed changes in the diffusion indices. The present
multiparametric approach shows that the transient changes in
the diffusion indices seem intrinsic to muscle tissue micro-
structure and likely do not originate from contamination of
the diffusion values by pseudoperfusion or edema. Moreover,
no clear pattern in the pseudoperfusion and qT, values were
observed, which shows that the diffusion parameters are more
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FIGURE 4: Time courses of FA, MD, 13, qT,, and perfusion fraction for all upper leg muscles separately (left and right leg taken
together; left column) and for all subjects separately for the BFL and VM muscle. Each muscle (left column) or subject (middle and
right column) is shown in gray, while the mean and standard deviation are shown in black. Asterisks indicate an overall time-effect in
the left column and a significant change between timepoints in the middle and right column. The timepoints are defined as

0 = baseline, 1 = postmarathon, and 2 = follow-up.
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TABLE 4. Mean and Standard Deviations for the Mean Diffusivity and qT5, for the Five Segments of BFL and VM
Muscle, Per Timepoint
Muscle  Parameter Timepoint Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
BFL MD B 1.51 £+ 0.09 1.57 £ 0.04 1.62 £0.04 1.63£0.04 1.57 £0.06
Post 1.55 £ 0.08 1.62 £ 0.04* 1.65+0.04 1.65+0.04 1.61 +0.04
2-week 1.50 £ 0.09 1.55 £ 0.07 1.61 £0.04 1.62+0.02 1.57 +0.04
ql, B 30.6 £ 1.6 29.9 £1.25 297125 296+14 293+13
Post 31.8 + 1.6* 30.6 = 0.9 299 +£09 292+ 1.2 29.6 £ 1.1
2-week 31.8+ 1.9 30.0 £ 1.2 295 £ 1.1 29.4£0.9 292 +1
VM MD B 1.44 £ 0.05 1.48 £ 0.04 1.52£0.05 1.59+£0.05 1.60 % 0.05
Post 1.51 £ 0.04* 1.53 £ 0.05* 1.54 £ 0.06 1.60£0.04 1.60 % 0.03
2-week 1.50 + 0.08 1.53 £+ 0.06 1.53 £0.07 1.56 £0.05 1.58 4+ 0.04
ql, B 30.6 £ 1.55 30.5 + 1.3 299 £ 1.1 29.8 £0.8 29.8 £ 1.0
Post 311+ 1.7 31.03 £+ 1.3 303+ 1.04 303+1.11 30.1+£1.0
2-week 309 £1 30.9 £ 0.8 30.2 £ 0.8 30.1 £0.6 30.1 £0.7
BFL: Biceps Femoris Long Head, VM: Vastus Medialis, MD: Mean Diffusivity, qT5: quantitative T, measurements, B: baseline, post:
postmarathon, 2-week: follow-up. Differences between baseline and postmarathon are indicated with an asterisk (*).

sensitive to detect the underlying muscle damage. Similarly
but more pronounced DTI and qT, changes have been
reported after strenuous types of eccentric exercise, known to
induce muscle strain injury.”'™>> Moreover, in these studies
DTT and T, changes showed to be maximal at 24-48 hours
postexercise and recovered to baseline values within a week,
while other groups evaluated the acute effects of exercise that
normalized within a few hours postexercise.'>'>**% In acute
injury, it is known that changes in all the eigenvalues and FA
are due to less restriction of water diffusion. Of those parame-
ters, A2 and A3 are reported as the most sensitive to muscle
microdamage because they symbolize the cross-fiber architec-
ture.®?> Our results show a similar pattern for A3 and a less
pronounced pattern for A2, suggesting that A3 is the most
sensitive to muscle microdamage. Furthermore, in this work
both MD and RD were increased postmarathon, largely cau-
sed by the increase in A3. However, in spite of any significant
changes in the Al and A2 itself, these parameters do show a
similar pattern and therefore contribute to the overall diffusiv-
ity in MD and RD. Taken together, we believe that the
changes in diffusion parameters postmarathon reflect subclini-
cal damage to the myocytes. Additionally, DTI was able to
detect the recovery of these transient changes in microstruc-
ture over time, which shows the prospective potential of this
technique for monitoring muscle tissue repair after strain
injury.

A local assessment of the muscle damage in the VM
and BFL muscle revealed more pronounced effects than
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whole-muscle volume averages. This heterogeneity within
individual muscles needs to be considered during muscle
injury evaluation. The VM diffusion indices were more
homogeneously elevated along the muscle length, whereas the
BFL showed a focal change in the second of five segments on
the distal side of the muscle. These differences are likely
related to the type of activity, as well as the specific muscle
function and architecture, determining stress and strain distri-
butions during running.”' Mao et al and Kubota et al mea-
sured T changes after downhill running and various types of
eccentric exercises in three locations along the length of the

29,33,36 T, changes were small and, in

quadriceps muscles.
agreement with our findings, changes were heterogeneous
within and between individual muscles and also varied per

type of exercise.

Limitations

Some limitations of the study should be acknowledged. First,
IVIM modeling provides a good and practical way to correct
the diffusion indices for perfusion contamination. However,
although IVIM-derived pseudoperfusion values and perfusion
fractions have been shown to correlate well with the underly-
ing capillary perfusion, they need to be treated with some
caution, since they critically depend on, among others, the
type of diffusion sequence, choice of b-values, and SNR
values.>” Second, although the multiparametric approach used
here could be performed in clinical practice, it will definitely
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FIGURE 5: Comparisons between whole muscle volume and local measurements. Left: boxplots showing MD and qT, for the BFL
(top) and VM (bottom) muscle for all subjects based on a whole volume assessment. Middle: line graphs of MD and qT, for five
segments of the BFL and VM muscle averaged over all subjects at baseline (black), postmarathon (red), and follow-up (gray).
Asterisks indicate significant time-effects between baseline and postmarathon. Right: showing the location of the five muscle
segments for the BFL and VM muscle. Note that the difference in MD and qT, values between timepoints is more pronounced for
the localized measurements, indicating the higher sensitivity to detect changes.

benefit from a reduction in total scan duration. Both
multiband imaging and different A-space under sampling
techniques may be explored for acquisition acceleration.®>
Also, the manual segmentation step, which was essential for
quantification of the diffusion indices and qT, values, was
time-consuming, requiring up to 8 hours for segmenting all
muscles in one of the upper legs. Semiautomated and auto-

mated segmentation methods are therefore highly desired.

August 2020

Additionally, blood CK concentrations are known to be
affected by many factors, such as age, gender, ethnicity, and
hydration status and are not necessarily specific for muscle
damage.*! Our statistical model accounted for any between-
subject variations. However, it could be that the elevated CK
concentrations detected here are related to other damage, rep-
resent general exercise effects, or a change in hydration status.
Another factor that needs to be considered is the varying
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FIGURE 6: Comparisons between whole muscle volume and local measurements in percentage change. Scatterplots showing mean
diffusivity (MD) (top) and qT, (bottom) for the BFL (left) and VM (right) muscle for all subjects based on a whole volume assessment
and the five local measurements. Relative change was determined per subject between baseline and postmarathon measurements.
Each gray dot reflects the relative change between baseline and postmarathon for an individual subject, with the group mean and
standard deviation shown in black. The red dotted line represents the average A% for the whole muscle volume measurements

between baseline and postmarathon.

levels of experience and training regimes of the participants,
which could result in different degrees of strain caused by
running a marathon, introducing some heterogeneity in the
data. Nonetheless, we were able to show overall diffusion
changes in the majority of upper leg muscles. For practical
purposes, we could only measure at two timepoints after run-
ning of the marathon, which provided only limited informa-
tion on the full time course of damage and recovery. It is
known that myalgia is maximal within the 24-48-hour time
window following marathon running. Any microstructural
changes may therefore be expected to be at maximum during
our postmarathon MR examinations. Finally, the sample size
of this study was small and has a relatively broad age-range.
In order to avoid introducing more heterogeneity in the
group due to gender and hormone cycles we focused on
assessing the effect of marathon running on skeletal muscle in
men. However, for future studies it would be interesting to
assess if there are gender-specific effects of marathon running

on skeletal muscle.

Conclusion
This multiparametric MRI protocol, and specifically DTI,

was able to detect subclinical damage (microtrauma) and
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recovery after running a marathon in individual upper leg

muscles and muscle locations.
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