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Abstract

Dysregulation and fibrosis of the extracellular matrix (ECM) in skeletal muscle is a consequence
of injury. Current ECM assessment necessitates muscle biopsies to evaluate alterations to the
muscle ECM, which is often not practical in humans. The goal of this study was to evaluate the
potential of a magnetic resonance imaging sequence that quantifies T1p relaxation time to predict
ECM collagen composition and organization. T1p imaging was performed and muscle biopsies
obtained from the involved and non-involved vastus lateralis muscle on 27 subjects who had an
anterior cruciate ligament (ACL) tear. T1p times were quantified via mono exponential decay
curve fitted to a series of T1p-weighted images. Several ECM indices, including collagen content
and organization, were obtained using immunohistochemistry and histochemistry in addition
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to hydroxyproline. Model selection with multiple linear regression was used to evaluate the
relationships between T1p times and ECM composition. Additionally, the ACL-deficient and
healthy limb were compared to determine sensitivity of T1p to detect early adaptations in the
muscle ECM following injury. We show that T1p relaxation time was strongly associated with
collagen unfolding (t=4.093, p=0.0007) in the ACL-deficient limb, and collagen 1 abundance in
the healthy limb (t=2.75, p=0.014). In addition, we show that T1p relaxation time is significantly
longer in the injured limb, coinciding with significant differences in several indices of collagen
content and remodeling in the ACL-deficient limb. These results support the use of T1p to evaluate
ECM composition in skeletal muscle in a non-invasive manner.
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Introduction:

Skeletal muscle mass and function are critical determinants of health. Compromised muscle
function during injury or chronic disease is associated with greater mortality rates and lower
quality of life (Ruiz et al., 2008; McLeod et al., 2016; Li et al., 2018). The extracellular
matrix (ECM) is intimately involved in the development, growth and repair of muscle and

is essential for its function and force transmission (Gillies & Lieber, 2011; Lieber & Ward,
2013). Evaluation of the ECM is increasingly seen as critical given its role in modulating
muscle function and adaptation.

The ECM provides structural stability to muscle and represents approximately 5-10 %

of total muscle mass in homeostatic conditions (Lieber & Ward, 2013). Expansion of the
ECM occurs both when muscle hypertrophies and atrophies. During hypertrophy there is an
orderly increase in the ECM, however with atrophy the expansion of the ECM within the
perimysium results in a dysregulated environment. The consequence of greater dysregulation
is greater distance between muscle fibers and source of nutrients provided by capillaries
(Reed & Rubin, 2010), impairment of the resident stem cells to migrate to muscle fibers to
initiate a growth or reparative process (Nederveen et al., 2020; Murach et al., 2021), and a
decrease in the efficiency by which force is transferred when the muscle contacts (Smith et
al,, 2011).

Although muscle ECM expansion/fibrosis is a commonly observed pathology, it is often not
evaluated in humans given current detection limitations in standard imaging modalities.
Analysis of the muscle ECM has required the collection of a muscle biopsy. While
extremely informative and powerful, these procedures are not practical to be used in routine
clinical practice, are unable to be performed on deep muscles, and are unable to evaluate
large areas of the muscle. Imaging modalities such as magnetic resonance imaging (MRI)
may hold the key to allow greater ability to assess the ECM in clinical environments.

Direct measurement of the ECM with MRI is technically challenging due to extremely short
relaxation times of ECM macromolecules, which renders them ostensibly invisible (Sinha
et al., 2020). One alternative is to utilize gadolinium-based contrast agents that accumulate
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in the extracellular volume between ECM and muscle, and create T1-weighted contrast in
proportion to water volume (Carlier et al., 2016). This approach has two drawbacks; namely
1) the indirect assessment of the ECM based on secondary changes in extracellular water
volume, and 2) that it poses safety risks due to the use of potentially nephrotoxic gadolinium
chelates (Benzon et al., 2021). Rather than perform conventional MR imaging, measurement
of T1p relaxation time holds promise for imaging of the muscle ECM as a more direct
method for assessing macromolecular ECM content. T1p imaging has been used for several
years to evaluate degradation of cartilage and more recently liver cirrhosis (Regatte et al.,
2006; Rauscher et al.,, 2014). However, validation of the technique against the ECM of
muscle remains unreported. Furthermore, to date there have been no studies of the utility

of this imaging sequence in muscle to evaluate if it is sensitive to detect changes in the
abundance and organization of muscle ECM due to injury. Thus, the purpose of this study

is to evaluate the relationship between T1p relaxation times and common and clinically
meaningful features of the ECM including glycosaminoglycan abundance, total and type 1
collagen abundance, collagen unfolding, and collagen organizational structure. Our second
objective was to evaluate the ability to detect differences in the ECM between injured

and non-injured limbs in subjects who have had an ACL tear using differences in T1p
relaxation time. We hypothesized that the injured limb would have a significantly longer T1p
relaxation time compared to the healthy, intact limb due to increased extracellular volume
of water. In addition, we hypothesized that there would be a significant relationship between
histomorphological features of the ECM to the T1p relaxation time.

Ethical Approval

The study was approved by the Institutional Review Board (#42791) at the University of
Kentucky, which was performed in accordance with the ethical standards laid down in

the 1964 Declaration of Helsinki. This study was registered at Clinical Trials.gov (ref. no.
NCT03364647). Informed written consent was obtained from the patient or parent/legal
guardian prior to participation in the study. Additionally, all minors in this study assented to
participation.

Research Participants

Twenty seven subjects participated in this study, and subjects’ average age was 22.0 (5.2)
years with 14 males and 13 females. This data was part of a larger ongoing clinical trial,

and the data reported is prior to randomization collected during the subjects’ baseline visit.
We have previously reported on the study design and inclusion criteria (Erickson et af.,
2019), but in brief, to be included subjects must have torn their anterior cruciate ligament
(ACL) in the past 10 weeks, be between the ages of 15-40 years old and score an 80/100

on the Cincinnati sports activity scale. Subjects were excluded if they had a previous ACL
reconstruction on either limb, had a complete knee dislocation and had any contraindications
for either a MRI or muscle biopsy. The MRI and muscle biopsy were performed on the same
day in both limbs (ACL-deficient and healthy). The MRI was performed first followed by
the muscle biopsy. Both the MRI and the muscle biopsy were of the vastus lateralis muscle,
and biopsy collection was aligned with the MRI.
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Magnetic Resonance Imaging—Subjects had both their ACL-deficient and healthy
limbs imaged on a 3T MAGNETOM Prisma, (Siemens Healthineers, Malvern, PA). A series
of localizer scans were used to determine the position and orientation of the superior and
inferior extents of the vastus lateralis. A single slice of 10 mm thick and 192 mm x 192

mm was acquired at in line with the placement of the vitamin E tablet. The location was
selected from a review of the scout images and by referencing the location of a vitamin E
tablet placed on the skin by a trained physiotherapist to coincide with their determination of
the center of the vastus lateralis. Images were acquired using an 18-element phased array,
flexible, body coil wrapped around the thigh. T1p images were acquired with a spin lock
amplitude of 300 Hz, and ten spin lock hold times of (0/10/20/30/40/50/60/70/80/90ms),
using a 4 shot, segmented, gradient echo acquisition (TR of 5.8ms, TE 2.5ms, a=10°,
BW=560 Hz/pixel, Nex = 2) and shot TR = 1000ms. The spin lock preparation included a
B1 and BO-compensated spin lock preparation pulse followed by a chemical shift selective
fat saturation pulse (Singh ef a/., 2014). The sequence employed centric phase encoding

to provide exclusive T1rho weighting (Singh et a/., 2014). Image data were fit to a mono
exponential decay curve (signal vs. spin-lock time) on a pixel-by-pixel basis using custom
code employing a non-linear least squares routine in MATLAB (Natick, MA) (Figure 1).
Region-of-interest tools in MATLAB were used to outline a region of the vastus lateralis on
the calculated maps of T1p times consistent with the location of the muscle biopsy.

Quadriceps muscle biopsies—Muscle biopsies from the ACL-deficient and healthy
limbs were collected during the same visit for each subject. Subjects were completely
weight-bearing at the time of data collection in the current study. Percutaneous muscle
biopsies from the vastus lateralis were performed using a Bergstrdm 5 mm muscle biopsy
needle with suction (Shanely et al., 2014). Approximately 50 mg was mounted in tragacanth
gum on cork and flash frozen in liquid nitrogen-cooled 2-methylbutane. Approximately 20
mg was flash frozen in liquid nitrogen for hydrixyproline analysis. Samples were stored at
—80°C until processing.

Hydroxyproline—To estimate total collagen content, hydroxyproline abundance in
quadriceps muscle biopsies was measured with a modified protocol using a commercially
available Hydroxyproline Assay Kit (MAKO008, Millipore Sigma, Darmstadt, Germany),

as we have published previously (Brightwell et a/., 2020). Briefly, muscle samples were
homogenized by bead milling with 0.5-mm zinc oxide beads (Bullet Blender; Next
Advance) in ice-cold buffer with phosphatase and protease inhibitor tablets. Following
centrifugation, the supernatant was removed, and the pellet containing the collagen fraction
was weighed and homogenized in double-distilled water (volume equal to 10x pellet weight;
i.e. 100ul double-distilled water for 10mg pellet weight). Following homogenization,

the sample was vortexed and a volume of 12M HCI equal to the water was added

to hydrolyze the sample overnight at 105°C. The next day after hydrolysis, the sample/
hydrolysate was vortexed and 40ul was loaded in duplicate onto a 96-well plate along with
hydroxyproline standard included in the Hydroxyproline Assay Kit; samples and standards
were dried overnight in an oven at 60°C. Chloramine T/Oxidation Buffer included in

the Hydroxyproline Assay Kit was added to each well followed by incubation at room
temperature for 5 minutes. Diluted p—dimethylaminobenzaldehyde (DMAB) Reagent was
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then added to each well, and the microplate was incubated at 60°C for 90 minutes.
Absorbance was measured at 595nm, and hydroxyproline content was calculated using a
standard curve and normalized to the loaded sample volume.

Immunohistochemistry—Frozen tissue was sectioned (7 um) and slides were air dried
>1 hr. We have previously published methods for collagen 1 and unfolded collagen with

a collagen hybridizing peptide (Abramowitz ef al., 2018; Peck et al., 2019). Briefly, slides
were fixed in ice cold acetone (—20°C) for 10 minutes, rinsed with PBS and blocked

in 1% BSA in PBS for 1 hr at RT. 3Helix-5-FAM conjugate (#F-CHP, 3Helix) was

diluted to a working solution (20uM) and placed on a heating block at 80°C for 5 min

to denature 3Helix trimers that bind unfolded collagen, then quickly cooled on wet ice

for 2 min. Immediately after cooling, anti-collagen 1 (#ab34710, rabbit, 1:200, Abcam,
RRID:AB_731684) was added to the 3Helix-PBS solution and slides were incubated
overnight at 4°C. The next day, slides were incubated in goat anti-rabbit AF555 (#A21428,
Thermofisher) for 1 hr at RT, and then slides were mounted with fluorescent mounting
media (#H-1000, Vector Labs).

Picro-sirius red staining to denote total ECM collagen content was performed as previously
described (Fry et al,, 2017a; Fry et al., 2017b). Sections were fixed in Bouin’s solution
(#15990-10, Electron Microscopy Sciences) in a water bath at 56°C for 1 h. Following

a brief wash, sections were incubated in Sirius Red solution (#ab150681, Abcam; 0.1%

in saturated picric acid) for 2 h at room temperature. Slides were then washed in 0.5%
acetic acid, dehydrated in 95% and 100% ethanol, equilibrated in xylenes, and mounted in
xylene-based mounting media.

Wheat germ agglutinin staining to determine glycosaminoglycan content of the ECM
(Emde et al., 2014) was performed as previously described (Fry et al., 2016; Fry et

al., 2017a). Briefly, slides were fixed in 4% paraformaldehyde, and incubated overnight
AFA488-conjugated wheat germ agglutinin (#W11261, ThermoFisher), and then mounted
with fluorescent mounting media.

Image Acquisition and Analysis—Images were captured at 10 and 20X magnification
at room temperature using a Zeiss upright microscope (Axiolmager M1; Zeiss, Oberkochen,
Germany). Image analysis was performed in a blinded manner, where the assessor did not
know if the image was from the injured or healthy limb. Analyses were carried our using
Image J Fiji or Zeiss Zen software (v3.1).

Collagen 1, wheat germ agglutinin and unfolded collagen images were quantified to measure
expansion of key components and remodeling of the muscle ECM using the thresholding
feature of Zeiss Zen, and the area occupied by collagen 1, wheat germ agglutinin and
unfolded collagen were independently expressed as a percentage relative to the total muscle
area (mm2). Picro-sirius red staining was quantified to measure total collagen content of

the muscle ECM using Image J Fiji software as previously described (Fry et al., 2017a).

The area of picro-sirius red+ collagen was normalized to the total muscle area (mm2). To
evaluate collagen packing density, picro-sirius red-stained muscle sections were also viewed
under circularly polarized light (Smith & Barton, 2014). Under quarter wavelength polarized
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light, whole muscle images were obtained as with light microscopy to quantify densely
packed (red) and loosely packed (green) collagen using the ImageJ FIJI Color Pixel Counter
and expressed relative to total muscle area and to the area of total collagen/pirco-sirius red
(Junqueira et al., 1979; Lattouf et al., 2014).

Statistical Analyses—To begin, data were plotted to check distributions of independent
and dependent variables. Prior to data analysis, picro-sirius red collagen and polarized light
measures (densely packed [red] and loosely packed [green] collagen) were log-transformed
using a natural logarithm due to skewness. Data are presented as mean + standard deviation
with individual data points overlaid on all graphs. Next, separate multiple linear regression
models were built for ACL-deficient and healthy limbs in order to identify predictors of
T1p times using statistical model selection methods. Since observations from non-injured
and injured limbs within the same subjects are dependent, inference from a single traditional
multiple linear regression analysis for both limbs would be invalid for this data. In addition,
we were not interested in comparing limbs, so the ACL-deficient and healthy limbs were
analyzed separately. In this analysis, statistical model selection was performed through an
exhaustive search (used to identify combinations of potential explanatory variables related to
T1p relaxation time as the response variable) (Neter et al, 1996). In this case, all possible
models with 3 or fewer explanatory variables were fit using T1p relaxation time as an
outcome. Candidate models were compared using all available data for the variables under
consideration. Two model selection criteria (R? and adjusted R2) were used in order to
identify candidate models for further consideration.

After candidate models were identified, we chose a single biologically-informed multiple
linear regression model for each of the ACL-deficient and healthy limbs for further
exploration. Tables 1 and 2 show the R2 and adjusted R? values from models with at

most three explanatory variables for both the ACL-deficient (Table 1) and healthy (Table

2) limbs for all available data. For each number of explanatory variables, only the top five
models are reported if more than five potential models exist. Residual plots were checked
for violations of model assumptions in the candidate models. Individual t-tests for predictor
variables are reported based on the final multiple linear regression models. Next, paired
t-tests were performed to identify any differences in mean T1p time and predictors between
ACL-deficient and healthy limbs. All analyses were performed in R version 3.6.1 and model
selection was performed using the package leaps (Neter et al., 1996).

T1p relaxation time and markers of collagen unfolding and content are elevated in the
ACL-deficient limb

T1p relaxation time in ACL-deficient (Figure 2, top row) and corresponding healthy (Figure
2, bottom row) limbs for individuals with low (left), medium (middle), and high (right)
severity of injury reveal meaningful differences in T1p relaxation time in the vastus lateralis
muscle (faint red arrow denoting vastus lateralis) as a function of injury. T1p relaxation
time was statistically different and longer in the ACL-deficient limb (Figure 3, p=0.003),

J Physiol. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Noehren et al.

Page 7

supporting the use of T1p as a sensitive imaging modality to evaluate changes in the ECM
composition in skeletal muscle following ligamentous injury.

To verify that the ACL-deficient limb showed alterations in the muscle ECM, we utilized a
number of indices associated with collagen content, organization and other key components
of the ECM. Hydroxyproline abundance was elevated ~46% in the ACL-deficient limb
(p<0.0001, Figure 4A). As we have published previously (Noehren et al., 2016; Fry et

al., 2017a; Peck et al., 2019), the ACL-deficient limb displayed elevated abundance of
total collagen (p=0.003), collagen 1 (p<0.0001), unfolded collagen (p<0.0001) and loosely
organized collagen (p=0.026, Figure 4, representative images in Figure 5), indicating early
remodeling of the ECM following injury in skeletal muscle. Densely packed collagen
(p=0.297) and wheat germ agglutinin (p=0.542) were not statistically different between
limbs (Figure 4). Divergence in the differences between limbs among biopsy outcome
variables may provide temporal information on early indicators of ECM remodeling and
pathology given the acute time frame the biopsies were collected following ACL injury
(25.3 [15.8] days post-injury).

Variance in on-resonance T1p relaxation with skeletal muscle collagen content and

organization

Within the ACL-deficient limb, the final multiple linear regression model selected explained
49% of the variation in T1p relaxation time by including unfolded collagen, hydroxyproline,
and wheat germ agglutinin (Figure 6). We note that the overall F-test is also significant
(p=0.006), indicating that at least one of the three predictor variables is helpful in predicting
T1p relaxation time. Indeed, T1p relaxation time was strongly associated with unfolded
collagen (t=4.093, p=0.0007) in the ACL-deficient limb. In addition, by holding certain
predictors in the model fixed, we were then able to evaluate how other predictors change

or effect T1p relaxation time. This allows us to provide an estimate of the effect unfolded
collagen would have on T1p relaxation time. Specifically, when we hold hydroxyproline and
wheat germ agglutinin fixed, we estimate that T1p relaxation time increases 45ms for each
additional percent increase in unfolded collagen.

Within the healthy limb, the final multiple linear regression model explains 38% of the
variation in T1p relaxation time (Figure 7) with the inclusion of three predictors: total
collagen, collagen type 1 and hydroxyproline. We note that the overall F-test is also
significant (p=0.0394), indicating that at least one of these predictor variables is helpful
in predicting T1p relaxation time in the healthy limb. Specifically, T1p relaxation time
was strongly associated with collagen 1 (t=2.747, p=0.014) and total collagen (t=—2.216,
p=0.041) in the healthy limb quadriceps. We choose to focus on collagen 1 as it is

the primary fibular collagen isoform found in skeletal muscle (J&rvinen et al., 2002). To
evaluate the effect of greater fibular collagen (type | collagen) on T1p relaxation time, we
estimated that by holding total collagen content and hydroxyproline fixed, T1p relaxation
time increases by 45ms for each additional percent increase in collagen 1. In addition, to
evaluate the effect of hydroxyproline on T1p relaxation time, we estimated that by holding
type 1 collagen and total content fixed, T1p relaxation time increases by 0.95 ms for each
pg/ul increase in hydroxyproline content.
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Discussion:

Our findings demonstrate a relationship between altered T1p relaxation time in the vastus
lateralis muscle that we relate to the abundance and organization of key components of

its ECM. In the ACL-deficient limb we observed elevated abundance of total collagen and
increased indices of unfolded collagen that were associated with longer T1p relaxation
times. In the healthy, contralateral limb, measures of total collagen abundance explained

a greater degree of the variance in T1p relaxation times. Importantly, we observed that
changes in T1p times were sensitive to differences between the ACL deficient and healthy
limb congruent with results from our cellular phenotyping. Collectively, these data provide
evidence for a relationship between adaptations to the muscle ECM and T1p times measured
noninvasively at 3T.

Previously we have reported alterations to the muscle ECM following ACL injury including
elevated abundance of collagen (Noehren et al., 2016; Fry et al., 2017a; Peck et al.,

2019). The excessive accumulation of ECM components, particularly collagen, can result
in permanent scar formation, which can affect muscle function (Abramowitz et al., 2018;
Brashear et al., 2020). The identification of non-invasive imaging techniques that are
congruent and orthogonal to more traditional histomorphology and cellular phenotyping
approaches to assess the muscle ECM offers clinical benefit. Our principle finding

was the significant relationship between T1p relaxation times and collagen unfolding,
hydroxyproline and glycosaminoglycan content of the ECM within the vastus lateralis
muscle of the ACL deficient limb. The affinity of collagen and water is highly impacted
by collagen organization (McGee et al., 2012; Gonzalez & Wess, 2013), and may provide
the link between collagen remodeling and density and T1p relaxation times measured by
MRI. Longer T1p relaxation times in other tissues such as cartilage and the liver have
been attributed to greater extracellular water content and thus a higher fraction of each
voxel with long T1p times of water (Regatte ef al,, 2006; Rauscher et al.,, 2014). Increased
tension at interfaces formed as collagen unfolds generates local gradients in the ECM that
accelerate water transfer, promoting the diffusion of water within the ECM (McGee et

al., 2012). Our data show that a greater degree of collagen unfolding within the ECM
correlates with longer T1p relaxation times. The collagen hybridizing peptide we employ
specifically hybridizes to unfolded collagen chains as an index of collagen remodeling
activity in various tissues (Hwang et af., 2017), including skeletal muscle (Abramowitz

et al., 2018; Peck et al., 2019; Brightwell et a/., 2020). In other tissues such as articular
cartilage, greater dispersion/reduced density of collagen results in a longer T1p relaxation
time (Collins ef al., 2019). Disruption of collagen triple helices enhances the water content
of the ECM and reduces dipole interactions between bound water molecules, cumulatively
leading to a lengthening of the relaxation time as seen during tendonopathy (Kijowski

et al., 2017; Sharafi et al., 2017b). In this state, unbound water diffuses throughout the
ECM, manifested by longer relaxation times. Additionally, glycosaminoglycan content of
the muscle ECM was also associated in our model with longer T1p relaxation times. These
results were somewhat expected given prior work quantifying glycosaminoglycan levels in
muscle ECM using T1p (Menon et al., 2019). T1p is sensitive to interactions related to
the chemical exchange between interstitial water and macromolecules present in the ECM,
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such as glycosaminoglycans (Mlynéarik et al,, 2004). In particular, the glycosaminoglycan
hyaluronic acid is highly hydrophilic and abundant within the ECM (Calve et a/., 2012),
orchestrating water molecule interaction(s) via its hydroxyl (-OH) groups during MRI
mapping (Ponsiglione et al., 2020). Glycosaminoglycan content is elevated in fibrotic
muscle pathologies through direct biopsy analysis (Negroni et al., 2014). Our data support
the use of T1p as a noninvasive marker of overall ECM dysregulation and remodeling that
occurs within skeletal muscle following ligamentous injury.

Interestingly, we found that within the healthy contralateral limb measures of collagen
abundance explained the greatest variance in T1p relaxation time. Collagen 1 content,

the most abundant collagen isoform within skeletal muscle (Jarvinen et al,, 2002), was
associated with longer T1p relaxation time in the healthy limb, along with total collagen
abundance as assessed through picro-sirius red histomorphometry and hydroxyproline.
Hydroxyproline is a modified amino acid that is abundant in collagen and serves as a

direct measure of the amount of collagen present. Hierarchical modeling revealed different
effectors between the ACL deficient and healthy limb, further supporting the premise that
T1p relaxation time is a sensitive marker of ECM dysregulation within skeletal muscle. The
muscle ECM components that were most strongly related to T1p relaxation in the healthy
limb are reflective of a more stable collagen interstitial environment and hence a shorter T1p
relaxation time. T1p relaxation time is significantly longer in the ACL-injured limb. The
ability to establish between limb differences after modest adaptations within the quadriceps
ECM in the same participant shows T1p to be a sensitive marker of ECM remodeling and
dysregulation.

Monitoring T1p relaxation time as a noninvasive biomarker of muscle ECM remodeling may
provide valuable information on disease progression, even when of a subclinical nature. Our
findings show collagen deposition and ECM dysregulation in the ACL deficient limb occur
relatively quickly following ACL rupture, more rapidly than we have previously reported
(Noehren et al., 2016; Fry et al.,, 2017a; Peck et al., 2019). Acute injuries (Brightwell et af.,
2020; Lee et al., 2020), chronic illness (Abramowitz et al., 2018), aging (Brack et al., 2007)
and dystrophies (Mann et al., 2011; Lieber & Ward, 2013) all show dysregulation of the
muscle ECM that contributes to disease pathophysiology. We report significant differences
in T1p relaxation time in the ACL-deficient quadriceps that were associated with alterations
in the collagen fiber network and changes in macromolecular content of the quadriceps
ECM. The ACL deficient limb showed remodeling and deposition of collagen, but the
degree of collagen accumulation is of far less severity than that associated with muscular
dystrophies (Mann ef al., 2011; Lieber & Ward, 2013). Hence, our findings highlight the
sensitivity of T1p imaging to quantitatively identify early and sub-clinical indicators of
muscle ECM dysregulation (Rybak & Torriani, 2003). Non-invasive imaging has promise
both for diagnosing and for quantitatively tracking muscle tissue damage and disease/injury
progression.

This study is not without limitations. As the focus of this work was on a clinical application
to assess /n vivo clinical conditions we did not perform evaluations of T1p against phantoms
with known percentages of collagen content. Further, due to the challenges of securing
muscle biopsies we were only able to evaluate the relationship between T1p relaxation
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time within the vastus lateralis muscle. Additionally, given size constraints of obtained
human biopsies, we were unable to segregate hierarchical organization of the ECM (e.g.
perimysium/endomysium) to further explain variance in T1p relaxation time. In Figure 1
the deviations of the data from the mono-exponential model could be evidence of a bi- or
multi-exponential decay. This behavior may reflect the heterogeneity of the environment
in the muscle. As we recorded only 10 echoes and, considering the known difficulty of
fitting multiple exponential functions to a small number of data points, we did not evaluate
this observation further. Preliminary reports in other populations point to the potential of
this approach that should be explored in future work(Sharafi et al., 2017a). Lastly, we
were not able to consider evaluating other sequences such as T2 mapping that may add
additional information regarding muscle function. Having established T1p as a marker of
ECM/collagen dysregulation, future studies should consider leveraging multiple imaging
sequences.

The results of this experiment identify T1p as a non-invasive marker of collagen
dysregulation within skeletal muscle ECM. Furthermore, T1p relaxation time was sensitive
to detect modest differences in collagen deposition and remodeling between ACL-deficient
and healthy, contralateral limbs. Evaluation of changes in collagen content and organization
and other macromolecular components within skeletal muscle is critical for the evaluation of
patients with a variety of conditions and to assess the effect of interventions to improve
muscle quality. These results offer a potential clinical tool to evaluate muscle ECM
pathophysiology, which until now exclusively required a muscle biopsy, limiting feasibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points:

Dysregulation and fibrotic transformation of the skeletal muscle extracellular
matrix (ECM) is a common pathology associated with injury and aging

Studies of the muscle ECM in humans have necessitated the use of biopsies,
which are impractical in many settings

Non-invasive MRI T1p relaxation time was validated to predict ECM
collagen composition and organization with aligned T1p imaging and
biopsies of the vastus lateralis in the heathy limb and Anterior Cruciate
Ligament (ACL)-deficient limb of 27 subjects

T1p relaxation time was strongly associated with collagen abundance and
unfolding in the ACL deficient limb, and T1p relaxation time was strongly
associated with total collagen abundance in the healthy limb

T1p relaxation time was significantly longer in the ACL deficient limb,
coinciding with significant increases in several indices of muscle collagen
content and remodeling supporting the use of T1p to non-invasively evaluate
ECM composition and pathology in skeletal muscle
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Authors’ Translational Perspective

The extracellular matrix (ECM) is intimately involved in the development, growth

and repair of skeletal muscle and is essential for its function and force transmission.
Evaluation of the ECM is increasingly seen as critical given its role in modulating
muscle function and adaptation. Historically, studies of the muscle ECM in humans

have necessitated the use of biopsies, which are impractical in many settings. In the
current study, we sought to validate non-invasive MRI T1p relaxation time to predict
muscle ECM collagen composition and organization. We obtained aligned T1p images
and biopsies of the vastus lateralis in a cohort of human subjects who have undergone

an injury to their Anterior Cruciate Ligament (ACL). Images and biopsies were collected
from both the ACL-deficient and healthy limb. We hypothesized that the ACL-deficient
limb would have a significantly longer T1p relaxation time compared to the healthy,
intact limb due to increased extracellular volume of water. In addition, we hypothesized
that there would be a significant relationship between histomorphological features of

the ECM to the T1p relaxation time. We found that T1p relaxation time was strongly
associated with collagen unfolding and organization in the ACL-deficient limb, and T1p
relaxation time was strongly associated with total collagen abundance in the healthy
limb. T1p relaxation time was significantly longer in the ACL deficient limb, coinciding
with significant increases in several indices of muscle collagen content and remodeling
supporting the use of T1p to non-invasively evaluate ECM composition and pathology in
human skeletal muscle.
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Figure 1. Example of T1p image data fit to a mono exponential decay curve (signal vs. spin-lock
time). Image intensity data from raw T1rho images were taken from a single pixel located in the
VL in one subject.

The uncertainty in the data points was estimated as the standard deviation of the pixels in the
background of the raw T1p images, which varied only slightly from echo-to-echo, and had
an amplitude smaller than the size of the symbols. The data was fit, using a non-linear, least
squares algorithm, to a mono-exponential decay model from which we derived the amplitude
and the decay rate for the model.
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Figure 2. Maps of T1p times in patients with increasing magnitude enables quantitative
visualization of muscle tissue alterations.

The maps of T1p times in ACL-deficient (top row) and corresponding uninjured healthy
(bottom row) limbs for individuals with low (left), medium (middle), and high (right)

T1p times reveal meaningful differences can be visualized in the vastus lateralis muscle
(faint red arrow) as a function of alterations within the muscle. Mean T1p times in the
representative examples shown were: Low (24.6ms [ACL-deficient] vs. 24.2ms [Healthy]);
Medium (31.1ms [ACL-deficient] vs. 26.9ms [Healthy]); High: (34.6ms [ACL-deficient] vs.
30.4ms [Healthy]). Elevated T1p times result from increased extracellular water volume
secondary to enhanced extracellular matrix formation.
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T1p relaxation time (ms)

Healthy ACL-
deficient

Figure 3. T1p relaxation time is longer in ACL-deficient quadriceps.
N=27 participants who underwent bilateral T1p imaging. Data are compared with a paired

student’s t-test. ** denotes p<0.01.
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Figure 4. Collagen unfolding, organization and total content are elevated in ACL-deficient
quadriceps muscle.

(A) Quantification of hydroxyproline in the healthy and ACL-deficient quadriceps;

(B) Quantification of total collagen in the healthy and ACL-deficient quadriceps; (C)
Quantification of densely organized collagen in the healthy and ACL-deficient quadriceps;
(D) Quantification of loosely organized collagen in the healthy and ACL-deficient
quadriceps; (E) Quantification of collagen 1 in the healthy and ACL-deficient quadriceps
(F) Quantification of unfolded collagen in the healthy and ACL-deficient quadriceps; (G)
Quantification of glycosaminoglycan content in the healthy and ACL-deficient quadriceps.
N=27 participants who underwent bilateral vastus lateralis biopsies. Data are compared with
a paired student’s t-test. * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001.
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Figure 5. Representative images in the healthy and ACL-deficient quadriceps.
(A) Representative images of picro-sirius red staining of total collagen; (B) Representative

images of picro-sirius red staining under circular polarized light (SR polarized); (C)
Representative images of collagen 1 immunohistochemistry; (D) Representative images
of collagen hybridizing peptide immunohistochemistry to ascertain unfolded collagen; (E)
Representative images of wheat germ agglutinin staining to ascertain glycosaminoglycan
content. Images were captured at 20X magnification at room temperature using a Zeiss
upright microscope. Scale bar = 100um. SR = picro-sirius red; SR polarized = picro-sirius
red under circular polarized light; WGA = wheat germ agglutinin.
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Figure 6. T1p relaxation time is positively associated with indices of unfolded collagen and
hydroxyproline in ACL-deficient quadriceps muscle.

(A) Relationship between T1p relaxation time and unfolded collagen percent from the
selected multiple linear regression model; (B) Relationship between T1p relaxation time
and hydroxyproline from the selected multiple linear regression model;(C) Relationship
between T1p relaxation time and glycosaminoglycan content estimated from wheat germ
agglutinin staining from the selected multiple linear regression model. N=27 participants

who underwent aligned T1p imaging and vastus lateralis biopsies.
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Figure 7. T1p relaxation time is positively associated with collagen abundance in healthy
quadriceps muscle.
(A) Relationship between T1p relaxation time and collagen 1 content from the selected

multiple linear regression model; (B) Relationship between T1p relaxation time and total
collagen content from the selected multiple linear regression model; (C) Relationship
between T1p relaxation time and hydroxyproline from the selected multiple linear regression
model. N=27 participants who underwent aligned T1p imaging and vastus lateralis biopsies.

J Physiol. Author manuscript; available in PMC 2022 December 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Noehren et al.

Candidate models predicting T1p relaxation time in ACL-deficient quadriceps

Table 1.
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Densely Loosely Wheat
Number Collagen Unfolded Total Organized | Organized Germ Hydroxyproline , Adijusted
s | 100 | Colagen | colggen | Coagen | eaioon | gl | oty | F | TR
%
Log) log)
1 * 0.281 0.2486
1 * 0.166 0.1264
1 * 0.13 0.0907
1 * 0.03 -0.0161
1 * 0.035 —0.0087
2 * * 0.427 0.3666
2 * * 0.402 0.3446
2 * * 0.306 0.2396
2 * * 0.292 0.2214
2 * * 0.281 0.2053
3 * * * 0.49 0.405
3 * * * 0.447 0.3551
3 * * * 0.412 0.3186
3 * * * 0.414 0.3259
3 * * * 0.413 0.3147
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Table 2.

Candidate models predicting T1p relaxation time in healthy quadriceps

Page 24

Number Collagen | Unfolded Total Densely Loosely Wheat Hydroxyproline R2 Adjusted
of 1% Collagen | Collagen | Organized | Organized Germ (ug/ul) R?
Variables % % Collagen collagen Agglutinin
(Natural (Natural %
Log) log)

1 * 0.147 0.108
1 * 0.144 0.094
1 * 0.077 0.035
1 * 0.066 0.024
1 * 0.012 -0.031
2 * * 0.302 0.203
2 * * 0.295 0.201
2 * * 0.255 0.181
2 * * 0.272 0.168
2 * * 0.203 0.119
3 * * * 0.38 0.27
3 * * * 0.401 0.237
3 * * * 0.384 0.23
3 * * * 0.367 0.209
3 * * * 0.347 0.208
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