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1. Extended Data

Complete the Inventory below for all Extended Data figures.

Figure # Figure title Filename Figure Legend
One sentence only This should be the | If you are citing a reference for the first time in
name the file is these legends, please include all new references in
saved as when itis | the Online Methods References section, and carry on
uploaded to our the numbering from the main References section of
system. Please the paper.
include the file
extension. L.e.:
Smith_ED _Fig1.jpg
Extended Data | Correlation Regensburger_ | Each independent muscle was analyzed for
Fig. 1 between ED_Figl.jpg its transversal and longitudinal MSOT
transversal and collagenmean () and collagenmax (b) signal.
longitudinal Correlations between longitudinal and
MSOT transversal MSOT collagenmean/max Signals
collagenmean/max are given by Spearman correlation
signals coefficient (rs). Two-tailed test. Linear
regression lines are in black. P values
<0.05 were considered statistically
significant. n = 316 muscle regions (n =
159 transversal/n = 157 longitudinal
independent muscle regions) in n = 20
biologically independent subjects (n =10
HV/n = 10 DMD patients).
Extended Data | Standard B- Regensburger_ | Representative examples of transversal
Fig. 2 mode ED_Fig2.jpg and longitudinal B-mode ultrasound
ultrasound imaging of quadriceps femoris muscles in
imaging a HV and in a patient with DMD. A
representative result for a HV and a DMD
from n = 160 independent muscle regions
(n = 80 HV/n = 80 DMD) of n = 20
biologically independent subjects (n = 10
HV/n = 10 DMD patients) with similar
results is shown. Scale bars, 1cm.
Extended Data | Quantification | Regensburger_ | Quantification of 2D (a) and 3D (b) MSOT
Fig. 3 of 2D and 3D ED_Fig3.jpg collagenmax signals in WT and DMD piglet
MSOT muscles over time. WT and DMD MSOT
collagenmax collagenmax signals of independent piglet
signals in WT muscles of all animals were compared
and DMD with each other at weeks 1, 2, 3, and 4 of

muscles over
time

age. Each filled circle represents one MSOT
signal per independent muscle region (n =




24 WT/n = 20 DMD). Two-tailed
independent samples t-tests (with Welch'’s
correction in cases of unequal variances)
was used for statistical analysis. If the
assumption of normal distribution was
violated, a Mann-Whitney U-test was used.
P values < 0.05 were considered
statistically significant. Bonferroni-Holm
adjustment was used to control type |
error, due to four comparisons (week 1 -
4) per parameter (e.g. 2D collagenmean).
Confidence intervals (95%CI), effect size
(R2), coefficients (t(df)/U) and exact p
values are noted in the main text and/or
Supplementary Tables. Data are shown as
mean + SD. n = 44 independent muscle
regions (n =24 WT/n=20DMD)inn =11
biologically independent animals (n = 6
WT/n =5 DMD piglets) from n = 2 litters
are shown.

Extended Data | Quantification Regensburger_ | 2D (a) and 3D (b) MSOT collagenmax
Fig. 4 of 2D and 3D ED_Fig4.jpg signals of independent piglet muscles of
MSOT surviving animals were compared with
collagenmax each other at weeks 1, 2, 3, and 4 of age.
signals in WT Each filled circle/square represents the
and DMD piglet mean * SD MSOT signal of independent
muscles over muscle regions over the course of the
time experiment (n = 12WT/n = 8 DMD). 2D
MSOT parameters were analyzed by post-
hoc Tukey’s HSD following a mixed-effects
models due to missing values in week 1
(litter 1). p values < 0.05 were considered
statistically significant. 3D MSOT collagen
parameters were analyzed by Tukey’s
honestly significant difference tests
following a two-way (mixed design)
ANOVA; Data are shown as mean * SD.n =
20 independent muscle regions (n =12
WT/n =8 DMD) in n =5 biologically
independent animals (n =3 WT/n =2
DMD piglets) from n = 2 litters are shown.
Extended Data | Overview of Regensburger_ | 2D (a, b) and 3D (¢, d) MSOT
Fig. 5 independent ED_Fig5.jpg collagenmean/max Signals of each
muscle regions independent muscle region of all surviving
in each DMD DMD piglets over the course of the

piglet over time

experiment. Each icon represents one
independent muscle over the time period,
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14
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16

connected by a colored line (weeks 1, 2, 3,
and 4 of age). SR, shoulder right (yellow
line); LR, leg right (blue line); SL, shoulder
left (purple line); LL, leg left (green line). n
= 8 independent muscle regions (n =4 in
DMD-number-2/n = 4 in DMD-number-5)
of n = 2 biologically independent animals
(n = 2 DMD piglets) from n = 2 litters are
shown.

Extended Data | Overview of the | Regensburger_ | Mean 2D (a, b) and mean 3D (c, d) MSOT
Fig. 6 mean MSOT ED_Fig6.jpg collagenmean/max Signals per individual
collagenmean/max piglet over time (weeks 1, 2, 3, and 4 of
signals per age). Each filled circle represents the mean
individual + SD MSOT signal of an independent piglet
piglet over time over the course of the experiment (n =
6WT/n =5 DMD). n =11 biologically
independent animals (n = 6WT/n =5 DMD
piglets) from n = 2 litters are shown.
Extended Data | Standardizati | Regensburger_ | Examples of detector probe positioning
Fig. 7 on and | ED_Fig7.jpg and MSOT scanning. Exact positioning of
positioning of the MSOT detector was standardized for
the detector each anatomical region (Supplementary
probe Table 23) and marked with small labels

(e.g. red dots). Scanning of a 3-year-old
volunteer with the 2D MSOT detector is
presented.

Delete rows as needed to accommodate the number of figures (10 is the maximum allowed).

2. Supplementary Information:

A. Flat Files

Complete the Inventory below for all additional textual information and
any additional Supplementary Figures, which should be supplied in one
combined PDF file.
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Present?
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B. Additional Supplementary Files

Complete the Inventory below for all additional Supplementary Files

that cannot be submitted as part of the Combined PDF.

Type

Number

If there are multiple files of
the same type this should be
the numerica indicator. i.e.
“1” for Video 1, “2” for
Video 2, etc.

Filename

This should be the name the
fileissaved aswhenit is
uploaded to our system, and
should include thefile
extension. i.e.: Smith_
Supplementary Video 1.mov

Legend or Descriptive
Caption

Describe the contents of the
file

Supplementary Video

NatMed_MSOT_DMD.m
oV

Video — Real-time 2D
MSOT imaging in
newborn piglets

The video shows a
halved screen. On the
left side live imaging of
apiglet is presented.
The detector was placed
on the thigh (biceps
femoris muscle) of the
piglet. Theright video
shows simultaneous
MSOT imaging.
Spectral unmixing for
collagen (turquoise) and
lipids (yellow) is
overlaid to RUCT
images. A
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representative video for
MSOT readl-time
imaging from n = 58
independent muscle
regions (n =34 WT/n =
24DMD) inn=17
biologically
independent animals (n
=10WT/n=7DMD
piglets) fromn=3
litters with similar
resultsis shown.
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3. Source Data

Complete the Inventory below for all Source Data files.

Figure

Filename

This should be the name the fileis
saved aswhen it is uploaded to our
system, and should include the file
extension. i.e.:
Smith_SourceData_Figl.xls, or Smith_
Unmodified Gels Figl.pdf

Data description

i.e.: Unprocessed Western Blots and/or gels, Statistical

Source Data, etc.

Source DataFig. 1

Source_Data_Fig_1.xlsx

Statistical Source Data

Source Data Fig. 2

Source_Data_Fig_2.xlsx

Statistical Source Data

Source Data Fig. 3

Source_Data_Fig_3.xlsx

Statistical Source Data

Source DataFig. 4

Source_Data_Fig_4.xlsx

Statistical Source Data

Source Data Fig. 5

Source_Data_Fig 5.xlsx

Statistical Source Data

Source DataFig. 6

Source_Data_Fig_6.xlsx

Statistical Source Data

Source Data Fig. 7

Source DataFig. 8

Source Data
Extended Data
Fig. 1

Source_Data_Extended_Dat
a_Fig 1.xlsx

Statistical Source Data

Source Data
Extended Data
Fig. 2

Source Data

Source_Data_Extended_Dat

Statistical Source Data
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Extended Data a_Fig_4.xlsx
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Source Data Source_Data_Extended_Dat | Statistical Source Data
Extended Data a_Fig 5.xlsx
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Abstract

Biomarkers for monitoring disease progression and response to therapy are lacking for muscle
diseases such as Duchenne muscular dystrophy. Non-invasive in vivo molecular imaging with
multispectral optoacoustic tomography (MSOT) utilizes pulsed laser light to induce acoustic
pressure waves, enabling the visualization of endogenous chromophores. Here, we describe a
novel application of MSOT, in which illumination in the near- and extended near-infrared range
(NIR and exNIR) from 680-1100 nm enables the visualization and quantification of collagen
content. We first demonstrated the feasibility of this approach to non-invasively quantify tissue
fibrosisin longitudinal studiesin alarge-animal DMD model in pigs, and then applied this
approach to pediatric patients (NCT03490214). M SOT-derived collagen content measurements
in skeletal muscle were highly correlated to the functional status of the patients and provided
additional information on molecular features as compared to magnetic resonance imaging. This
study highlights the potential of MSOT imaging as a non-invasive, age-independent biomarker

for the implementation and monitoring of newly-devel oped therapies in muscular diseases.
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I ntroduction

Duchenne muscular dystrophy (DMD) is the most common lethal inherited X-chromosomal
muscular disease occurring in one of 3,800-6,000 live male births *. Initially, affected boys
develop normally, but at the age of four to five years loss of functional muscle mass becomes
apparent. Within afew years, relevant muscle and tendon shortening lead to muscular weakness
resulting in loss of ambulation around the age of ten, finaly ending in respiratory and cardiac
failure in the third decade. DMD is caused by loss-of-function mutations in the dystrophin gene
leading to dystrophin deficiency and resulting in muscular degeneration, followed by
inflammation and fatty and fibrotic transformation #“. Promising new therapeutic approaches
aiming to restore disturbed molecular mechanisms by enabling the ribosomal read-through of
premature stop codons >° or exon skipping ” have been approved, and others such as viral gene
therapy, utrophin modulators ® and CRISPR/Cas-mediated correction of DMD mutations provide
promising early results . Until now, primary outcome measures are based on manual *° and
quantitative muscle examinations ** as well as timed function tests > 2. Furthermore, magnetic

1315 and magnetic resonance spectroscopy (MRS) ***8 have shown

resonance imaging (MRI)
potential as non-invasive imaging techniques for quantification of disease pathology and
progression in DMD. However, these and other techniques have limited applicability dueto

considerable acquisition times 418

, arequired sedation in early childhood and uncooperative
patients, as well as the effort towards nationwide availability of novel standardized imaging
protocols *°. Until now, a standardized 6-minute walk test (6-MWT) is one of the main primary
outcome measures to assess the effects of pharmaceutical interventions > 2%, However,

physical examinations rely on active cooperation and the individual performance on the day,

which might limit their diagnostic validity. To overcome an unmet clinical need for independent
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easy-to-apply prognostic biomarkers ?? and to enable guidance for earliest therapeutic
interventions during infancy, novel non-invasive diagnostic approaches are required.
Multispectral Optoacoustic Tomography (MSOT) is an emerging imaging modality capable of
non-invasively visualizing the distribution of endogenous absorbers by initiating laser-induced
thermoel astic expansion and detection of resulting pressure waves 2. Further, the clinical
usability for the detection of endogenous molecular chromophores, such as (de-)oxygenated

hemoglobin, oxygen saturation, and melanin has already been demonstrated in melanoma lymph

26,27 29,30

nodes °, breast cancer 2%’ melanoma ?® and chronic intestinal inflammation
The utilization of wavelengths in the extended near-infrared range (exNIR) would also enable
the visualization of lipids and collagens **. This report provides the first insight into how

MSOT using exNIR illumination is capable of visualizing fibrotic muscular transformation in

Vivo suggesting its application as a novel non-invasive imaging biomarker in muscular

dystrophy.

Results

NIR/exNIR M SOT imaging detects and separ ates collagen signals

MSOT uses spectral unmixing to identify different endogenous chromophores (Fig. 1a). To
prove the unmixing algorithm and signal separation for collagens, a custom-made phantom was
built. First, solutions of purified human collagens (1, 111, and 1V) were imaged every 5 nm from
660-1200 nm. The separated optoacoustic spectra of each collagen peaked similarly between 980
and 1000 nm, clearly distinguishable from hemoglobin, lipid, and water signals (Fig. 1b). For
further validation, normalized spectra of ex vivo porcine tendons (mainly collagen 1), collagen |

solutions, and the spectra derived from literature ** were compared. Therefore, aregion of
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interest (ROI) was outlined in the reflective ultrasound computed tomography (RUCT), which is
used to anatomically guide the investigator during imaging (Fig. 1c). When using a translatable
setup limited to a maximum of 11 wavelengths (680, 700, 730, 760, 800, 850, 920, 1000, 1030,
1064, and 1100 nm, Fig. 1c) the collagen spectra of the tendon and the purified collagen |
resembled those reported in the literature (collagen peak at ~1000 nm) (Fig. 1c) * . Furthermore,
in vivo imaging of tendons was carried out, confirming our spectral unmixing approach, by

showing specific unmixed collagen signals mainly within the tendon (Fig. 1d).

Collagen detection in a porcine DMD model

Subsequently, 2D MSOT imaging was performed in atranslational porcine model of DMD (Fig.
2a and Supplementary Video). In total n = 58 scans from independent muscle regions (n = 34
inwild type piglets (WT)/n =24 in DMD piglets) were acquired from n = 17 piglets (n = 10
WT/n =7 DMD). Using ultrasound guidance, aregion of interest (ROI) was drawn within the
examined muscle to quantify the MSOT parameters, such as the mean and the maximum
collagen signals (collagenmeavmax)- INitially, al independent muscle regions were compared
between groups (n = 34 WT/n = 24 DMD muscles). A significant difference for the
collagenmeavmax Signal was observed (collagenmean: 14.41 £ 2.66 a.u. vs. 23.14 + 3.87 a.u., p=
1.18x10™, t(df) = 9.57 (38), 95%Cl 6.88 - 10.57, R*= 0.71; collagenma: 27.68+ 2.72 a.u. vs.
41.05+ 7.43au., p=4.38 x 10°, (df) = 8.43 (27), 95%Cl 10.12 - 16.63, R*= 0.72). Second,
when comparing a mean collagen signal per independent piglet between groups (n = 10WT/n=7
DMD piglets), the collagenmeavmax Signals were similarly increased (collagenmean: 14.23 + 1.96
au. vs. 22.67 + 359 au., p= 1.51 x 10°, (df) = 6.27 (15), 95%Cl 5.57 - 11.31, R*= 0.72;

collagenma: 27.70+ 1.67 au. vs. 41.01 £ 5.16 au., p = 1.39 x 10°°, (df) = 7.69 (15), 95%ClI
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59.62 - 17.00, R?= 0.80). There was no differencein signal levels of deoxygenated (Hbg),
oxygenated (HbO,) and total hemoglobin (Hbya) (p > 0.05, Fig. 2b and Supplementary Table
1 and 2).

An exploratory receiver operator characteristic (ROC) analysis revealed excellent ability of
MSOT-derived collagen signals to distinguish healthy from diseased muscles (n =34 WT/n=24
DMD muscle regions) (collagenmen: AUC 0.98, 95%CI 0.95 - 1.00, p = 6.06 x 10™°; collagenma:
AUC 0.98, 95%CI 0.96 - 1.00, p = 4.96 x 10™°, Fig. 2c). Corresponding tissue specimens were
taken for validation in which ex vivo histopathology revealed muscular dystrophy and a
gualitative increase in collagen formation in diseased animals (Fig. 2d). In total, n =18 WT
muscles of n = 6 piglets and n = 12 DMD muscles of n = 3 piglets were analyzed quantitatively
by the positive stained collagen area on Trichrome (TriC) and Sirius Red (SirR) stained
histological sections or the ratio between total collagen and total protein (TC/TP). One WT
muscle could not be histologically quantified. All corresponding analyses showed significant
differences between the cohorts suggesting elevated values in DMD piglets (means. TriC: 5.35%
vs. 12.63%, p = 4.08 x 10°, (df) = 5.59 (16), 95%Cl 4.52 - 10.05, R*= 0.66; SirR: 8.44% vs.
16.23%, p = 0.0003, (df) = 4.56 (16), 95%Cl 4.17 - 11.39, R?= 0.56; and TC/TP: 46.83 ug
collagen/mg protein vs. 64.95 ug collagen/mg protein, p = 0.0240, (df) = 2.39 (28), 95%CI 2.56 -
33.68, R*=0.19, respectively, Fig. 2e-g). Additionally, highly significant correlations to MSOT
collagen signals were found (TriC: rs= 0.58, p = 0.0010, 95%CI 0.26 - 0.78, SirR: rs= 0.65, p =
0.0001, 95%CI 0.37 - 0.83 and TC/TP: rs=0.53, p = 0.0027, 95%CI 0.20 - 0.75, respectively,

Fig. 2e-q).

Two-dimensional collagen detection in DM D patients and healthy volunteers



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

To study our approach in patients, we enrolled n = 10 DMD patients and n = 10 age- and gender-
matched healthy volunteers (HV) in afirst-in pediatric trial. Mean age of affected boyswas 7.1 +
1.6 yearsand 7.3 £ 2.2 yearsin matched HV (detailed clinical datais shown in the
Supplementary Table 3).

In total N = 320 scans (transversal and longitudinal scans of eight muscles per participant) were
obtained. N = 4 scans were excluded for the following reasons: N = 1 broken scan, N = 3 region
of interest (ROI) was beyond the depth limit of the detector (below 3.5 cm). The average scan
time for 2D and 3D imageswas 6.3 £ 0.8 minin DMD patientsand 6.7 + 0.6 minin HV.
Exemplary in vivo imaging (Fig. 3a) and transversal images of asingle HV and DMD patient are
presented in Fig. 3b, illustrating a qualitative difference of collagen signal intensity in every
muscle region between both groups. In accordance with our preclinical model, each independent
muscle was analyzed for its collagenmeavmax Signal. High correlations between transversal and
longitudinal collagenmean and collagennax signals were found (Extended Data Fig. 1). Therefore,
only transversal images were used for further analyses. All independent muscle regions (n = 80
HV/n =79 DMD muscles), showed statistically significant differences between both groups for
2D MSOT collagenmeavmax (8ge-matched n =79 independent muscle regions; collagenmean: 14.60
+4.42 au.vs. 24.72+5.92 au., p< 1.0 x 10™, 95%Cl 8.50 - 11.76, t(df) = 12.37(78), R*= 0.66
and collagenma: 26.55 + 6.16 a.u. vs. 40.52 + 7.71 au., p< 1.0 x 10*, 95%Cl 10.40 - 16.28, W’
=-17).

Considering the mean collagenmeavmax Signal per independent subject between groups (n = 10
HV/n =10 DMD patients), significant differences in matched comparison of the mean
(collagenmean: 14.59 + 2.52 a.u. vs. 24.70 + 2.77 au., p = 1.78 x 10°, 95%CI 7.33 -1 2.90, t(df) =

8.22(9), R?= 0.88) and the maximum collagen content (collagenma: 26.59 + 3.51 a.u. vs. 40.48 +
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3.8lau., p=5.17x 10°, 95%Cl 10.61 - 17.18, t(df) = 9,57(9), R*= 0.91) were found (Fig. 3c).
There was no significant difference found in lipid, Hbg, HbO, and Hbyg Signals between both
groups (Supplementary Table 4). ROC analysis of n=380 HV/n = 79 DMD independent muscle
regions suggested good diagnostic performance for 2D collagenmean (AUC 0.92, 95%CI 0.88 -
0.96, p < 1.0 x 10™) and 2D collagenma (AUC 0.92, 95%Cl 0.88 - 0.96, p< 1.0 x 10™) to

distinguish healthy from diseased muscles (Fig. 3d).

Three-dimensional M SOT imaging in DM D patients and healthy volunteers

Furthermore, we aimed to prove a volumetric (3D) MSOT imaging approach. A total of N = 160
3D scans from independent muscle regions (n = 80 HV/n = 80 DMD muscles) were acquired.
The 3D detector is designed as a cup (Fig. 4a) and operates at higher frequencies (8 MHz)
compared to the 2D detector (4 MHZz). The heavy water couplet and athinner detector foil,
enable a high resolution and a clear visualization of subcutaneous chromophores (Fig. 4b).
Similar to our 2D analysis approach, 3D data sets demonstrated a significant difference of the
collagenmeavmax Signal in all anatomical independent muscle regions ( age-matched n =80
independent muscle regions, n = 80 HV/n = 80 DMD: collagenmean 5.39 + 2.20 au. vs 11.41 +
2.10 au., p< 1.0x 10, 95%Cl 5.28 - 6.76, t(df) = 16.09(79), R?= 0.77 and collagenma 12.94 +
2.95 au. vs23.66 + 6.46 a.u., p< 1.0 x 10", 95%CI 7.60 - 10.90, W = -2). The mean
collagenmeavmax Signal for each independent subject were analyzed and showed significant
differences (age-matched n = 10 HV and n = 10 DMD patients. collagenmean 5.39 £ 0.80 a.u. vs
1141+ 1.0l au., p=9.99 x 10®, 95%Cl 5.13 - 6.92, t(df) = 15.2(9), R?= 0.96 and collagenmax
12.94+ 1.19 au. vs 23.66 + 3.28 a.u., p = 2,01 X 10°, 95%ClI 7.73 - 13.72, t(df) = 8.1(9), R?*=

0.88). In contrast to the scans using the 2D detector, there were significant differencesin the
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optoacoustic signals for Hbg, HbO, and Hbyg Using 3D-detection. In DMD subjects, Hbg, HbO,
and Hbya were significantly decreased (Fig. 4c and Supplementary Table 5). The mean
collagen content was inversely correlated with Hbg (n = 20 independent patients (n = 10HV/n =
10DMD; mean signal): rs=-0.60, p = 0.0051, 95%ClI -0.83 - (-0.20)), HbO, (n = 20 independent
patients (n = 10 HV/n = 10 DMD, mean signal): rs=-0.81, p = 1.67 x 10, 95%CI -0.92 - (-
0.56)) and Hbya (N = 20 independent patients (n = 10 HV/n = 10 DMD, mean signa): rs=-0.81,
p=1.78 x 10°, 95%CI -0.92 - (-0.56)) contents of the muscle. ROC analysis demonstrated
excellent diagnostic performance of the 3D approach to distinguish healthy from diseased
muscles (independent muscle regions of n =80 HV/n = 80 DMD patients. collagenmean: AUC
0.98, 95%Cl 0.97 - 1.00, p < 1.0 x 10™ and collagenma: AUC 0.98, 95%Cl 0.96 - 1.00, p < 1.0 x

10™) (Fig. 4d).

MSOT has significant correlation to clinical standard assessments

Every participant (N = 20) underwent a standardized physical examination. Except the time for a
single rise from chair and muscle strength of the upper/lower distal extremities, all timed
function tests and manual muscle testing, showed significant between-group differences
(Supplementary Table 3). Notably, not all patients were able to complete all tests, due to
cognitive impairment, fatigue, or state of distraction.

Significant negative correlations between every mean MSOT collagenmeavmax Signal and the 6-
MWT were found (n = 20 independent subjects (n = 10 HV/n = 10 DMD): collagenzp-mean Is= -
0.74, p = 0.0002, 95%CI -0.89 - (-0.42); collagen;p.max I's= -0.69, p = 0.0007, 95%Cl -0.87 - (-
0.35); collagensp-mean s= -0.64, p = 0.0023, 95%CI -0.85 - (-0.26); collagensp-max rs=-0.71, p =

0.0005, 95%CI -0.88 - (-0.38)). The other timed function tests showed similar consistent
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correlation with collagen signals, except single rise from chair and MRC of the lower distal
extremity. No correlation with age was observed (e.g. collagenap-mean Is= -0.06, p = 0.79, 95%CI
-0.50 - 0.40); , Fig. 5a and Supplementary Table 6). In addition, comparison of MSOT
collagen signals between the thigh and lower leg in DMD patients showed no overall significant
differences (Supplementary Table 7). In comparison to MSOT, atotal of n = 320 standard
ultrasound B-mode images (n = 160 transversal/n = 160 longitudinal images) were evaluated
(Extended Data Figure 2). Only transversal scans were used for statistical analyses.
Independent muscles of HV (n = 80) and DMD patients (n = 80) showed different echogenicity,
texture, and scores on Heckmatt scale (Supplementary Table 8). A negative correlation
between the mean MSOT 2D collagenmean and muscle echogenicity (Spearman rs= -0.53, 6.08 x
103, 95% CI -0.63 - (-0.41)), and a significant positive correlation between MSOT collagen and
Heckmatt scale (Spearman rs= 0.38, 9.39 x 107, 95% CI 0.23 - 0.51, Supplementary Table 9)
were found. During al MSOT investigations, ultrasound, and physical examinations, no serious
adverse events were reported (Supplementary Table 10).

For further comparison, n =5 DMD patients underwent MRI of the right lower leg (Fig. 5b).
Total scan time was between 60 and 75 minutes. The time interval between MRI and MSOT
imaging was 2.4 + 1.34 months (for details see Supplementary Table 11). No significant
correlation was found between MSOT collagenmesn (N =5 DMD patients) and fat fraction (FF),
water T, total tissue sodium concentration (TSC), and intracellular-weighted sodium signal
(ICwS), respectively. However, TSC and ICwS content measured by MRI and collagen signals
derived by MSOT showed a correlation but were not significant (rs= 0.70, p = 0.23, 95% CI n/a),

respectively) (Supplementary Table 12). Noteworthy, the patient with the highest FF (FF of
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0.374) showed the highest 2D MSOT lipid (920 nm) signal (Fig. 5b and Supplementary Table

11).

MSOT quantitatively visualizes early-stage disease progression

To demonstrate the feasibility of our approach for the in vivo monitoring of disease progression
in DMD, alongitudinal study in the DMD piglet model was conducted (Fig. 6a). From initial n =
11 male piglets, n = 5 completed the full experimental protocol and were sacrificed after 4 times
consecutive weekly MSOT imaging. n = 3 DMD piglets died early for different reasons; thus n =
3 corresponding WT piglets were sacrificedll other animals were sacrificed after imaging
procedures in week 4. (Fig. 6b). n = 44 independent muscles (biceps and triceps muscle of both
sides, Fig 6¢) (n=24 WT/n =20 DMD) were investigated in week 1, and n = 20 independent
muscles (n = 12 WT/n = 8 DMD) were imaged through the whole experiment. In vivo MSOT
imaging revealed visible tissue changes in the DMD piglets over time by means of increased
fibrotic transformation (Fig. 6d). Again, asignificant MSOT collagenmeavmax Signal difference
(2D and 3D) was found in all independent muscle regions of WT (n=24inweek 1/n=12in
week 2, 3, and 4) and DMD (n=20inweek 1/n =8 in week 2, 3, and 4) piglets compared
between every week of the experiment (Fig. 6e, Extended Data Fig. 3, Supplementary Table
13 and Supplementary Table 14). Comparison of the independent muscle regions (n = 12
WT/n =8 DMD) of the preserving n =5 piglets (h =3 WT/n =2 DMD) showed a steady
increase of 2D and 3D MSOT collagen signals only in DMD over the time course of four weeks
(Fig. 6e, Extended Data Fig. 4-6, Supplementary Tables 15-18). At week 4, the end of the
study, the differences between both cohorts were clearly evident in vivo, ex vivo

macroscopically, and histologically (Fig. 6f and 6g). In the DMD cohort, histological and
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bioanalytical collagen quantification demonstrated an increased collagen deposition within four
weeks up to 248% (TriC %, week 1 to week 4: 10.40 + 5.14 to 25.80 + 7.93, p = 4.94 x 10°°, t(df)
=5.29 (18), 95%CI 9.29-21.51, R?= 0.61) and 170% (SirR %, week 1 to week 4: 19.59 + 5.40 to
33.30 + 5.71, p = 3.63 x 10, t(df) = 5.43 (18), 95%CI 8.41 - 19.01, R*= 0.62) from baseline,
respectively. Collagen per protein content quantification increased up to 139% (TC/TP pg/mg
week 1 to week 4: 77.57 + 38.80 to 107.80 + 42.02, p = 0.12, t(df) = 1.65 (18), 95%Cl -8.24 -
68.63, R?= 0.13) (Fig. 6h).

To further confirm muscular fibrosis and the potential origin of MSOT signals, quantitative
proteome analysis was performed on n = 16 snap-frozen independent tissue samples (n = 8 WT/n
=8 DMD) of n = 8 independent piglets (n =4 WT/n=4 DMD), showing clear separation of
proteomes according to age and genotype (Fig. 6i-k). In total, 2820 proteins were identified (Fig.
6k ). Comparing collagens between WT and DMD piglets, collagen VI (COL6A1, 1.7-fold,;
COL6A2 1.6-fold; COL6A3, 1.7-fold) was aready enriched in DMD piglets in week one of life.
In the fourth week of life, besides the most abundant collagen VI, collagen 111 and collagen XIV
were also increased (COL3A1, 6.3-fold; COL14A1, 1.6-fold) (Supplementary Table 19 and

Supplementary Table 20).

Discussion

Thistrandational approach suggests a potential role for MSOT as a hovel in vivo contrast-agent
free and non-invasive imaging modality for the quantitative detection of collagen as a biomarker
inDMD.

In our previous work, we already demonstrated the capability of MSOT in near infrared range

(NIR) for disease monitoring in Crohn’s disease by detecting different signal levels of
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hemoglobin as markers of intestinal inflammatory activity®®®. To date, the utilization of
wavelengths in the extended near-infrared range (exNIR) has so far only been reported in
experimental settings”®*2>% put, to the best of our knowledge, has never been appliedin a
clinical trial — especially not in pediatrics.

Our findings suggest that quantitative assessment of collagen content in muscles with MSOT isa
suitable method for monitoring of degeneration involving fibrotic processesin vivo, as shown in
this study in alarge animal model and a pediatric cohort. The extracted collagen spectrawerein
agreement with previously reported optoacoustic spectra ***>°; visualization and quantification
of collagen was feasible in all anatomical regions and showed significant differences between
diseased and healthy animals as well asin the human cohorts. Accelerated disease progression in
DMD piglets leading to early structural changes® might explain comparable results of animal
and human findings in this study.

Currently, several new treatments for DMD are under investigation, but until now, thereisan
unmet need for established objective monitoring techniques and age-independent biomarkersin
clinical practice *?. So far, the 6-MWT is the most commonly used primary endpoint for
disease assessment in DM D but essentially requires active patient compliance > "%, The
complexity to accurately execute these tests and the dependence on cooperative behavior limit
the significance of muscular function tests to more adolescent patients. Most recent trials were
restricted to DMD patients aged over 5-7 years >, which prohibits conclusions on early
therapeutic interventions. In comparison to established imaging modalities like ultrasound
imaging %% and MRI “>*, MSOT is a target-specific quantitative, non-invasive, bedside
imaging modality. MRI is still limited by long image-acquisition times and requires

immobilization and, in early childhood, sedation. In our study, we demonstrated that MSOT can
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be performed in subjects down to 3 years of age, while minimal scan times (<7min for 8
anatomical regions) suggest that it could even be performed from birth.

MRI protocols are further limited for detecting fibrosis specifically, since signal alterationsin
T2-weighted, water-sensitive MRI images are nonspecific, due to the sensitivity to inflammation,
edema, fibrosis, aswell as necrosis and the influence of corticosteroid treatments *®. MRI has
shown potential for treatment monitoring “>*, and emerging protocols like Na MRI might even
add further value *®%*, The latter enables detection of increased sodium content, which
potentially also reflects elevated glycosaminoglycans (GAGs) * and extracellular matrix (ECM)
production “®#’. The similarities between increased MRI TSC and MSOT collagen content in our
study points towards an overlapping depiction of enriched ECM in DMD patients ®. However,
the conclusions drawn in our study regarding MRI TSC are limited by the small sample size and
the heterogeneity of the DMD collective.

The dlightly divergent imaging outcomes for the 2D and 3D detector might reflect different
technical designs of the detectors used in our study. The differences of deoxygenated and
oxygenated hemoglobin content of the muscle between HV and DMD patients and the negative
correlation of hemoglobin and collagensisin line with the pathophysiological mechanism of
muscular degeneration underlying DMD *. Notably, fatty transformation could not be
unequivocally detected using MSOT, most likely due to the high absorption of the subcutaneous
fat tissue compared to the relatively low fat fraction (< 10%) within the muscles of four of the
five investigated participants. However, this aso reflects the findings in previous reports where
combined peri- and endomysial fibrosis were exceeding 30% *, while intramuscular fat content

in similar aged DMD biceps femoris and quadriceps femoris muscle ranged only from 0.89 +
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0.70% * to 3.4 + 4.1% *°, respectively. In this regard, fatty infiltration is known to be distributed
very heterogeneously within single muscles of DMD patients >,

Dating the initiation of skeletal muscle degeneration back to intrauterine life °*>*, Peverelli et al.
observed increased connective tissue proportions of 16.5% in one-year-old DMD patients
compared to 3% in healthy subjects, rapidly peaking to 30% and more in the following years
49305556 These findings support our concept to consider fibrosis as an early imaging target in
DMD.

Asthiswas the first-in pediatric use of multispectral optoacoustic imaging, this study was
limited in scope and size. Nevertheless, 320 2D scans and 160 3D scans were recorded in this
exploratory study, which underlines the ability of MSOT as a highly specific and sensitive tool
for potential disease monitoring in DMD. Excellent imaging precision>’, aswell as
reproducibility and repeatability>® have been shown previously. We have demonstrated an age-
independent, significant negative correlation between MSOT collagen parameters and the
clinical muscle function. Considering results from our longitudinal experiments, MSOT might be
suitable to perform follow-up studies or therapeutic monitoring. As described in 3-month-old
DMD piglets®, we now validated our longitudinal imaging results by proving the increasein
muscular fibrosis and increased abundance of ECM proteins (e.g. collagens) even at the age of
four weeks.

Novel therapeutic approaches leading to an ultrastructural restoration of damaged muscles
might therefore be directly visualized using MSOT in future studies. While our findings remain
preliminary, our approach starting with experimental tissues and progressing through to first in-

patient application supports MSOT-derived collagen detection and quantification as a potential



387  age-independent imaging biomarker for disease progress monitoring in DMD and suggest the
388  potential for further applications.
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Figure1l—exNIR MSOT can detect collagen.

a: Schematic of the concepts underlying MSOT. MSOT is based on the photoacoustic effect:
pulsed multi-wavelength laser light illuminates tissues down to 3 cm in depth. Absorption of the
light by different chromophores (e.g., hemoglobin, lipids, melanin, collagens) leads to ultrasound
vibrations, resulting in pressure waves that can be detected and reconstructed into images.
Different chromophores can be separated by spectral unmixing based on the specific absorption
and reflection properties of the emitted light. RUCT, reflection ultrasound computed
tomography. M SP, multispectral processing.

b: Solutions of purified human collagens (1, 111, and IV), hemoglobin and lipids, imaged every 5
nm from 660 - 1200 nm. Left, demonstration of the ability of MSOT to separate collagens (I, 111,
and V) from hemoglobin and lipids by spectral unmixing. Right, quantification of the separated
optoacoustic spectrafor each chromophore. A representative result from two independent
experiments with similar resultsis shown. Scale bar, 5Smm.

c. Left, example of an ex vivo porcine tendon in a custom made phantom (top) and the
corresponding MSOT/RUCT merged images image (bottom) showing the MSOT signal for
collagen (turquoise) as color-coded map overlaid on the gray-scaled RUCT image. The region of
interest (ROIs, white ellipse) is outlined in the RUCT. Right, normalized optoacoustic spectra of
collagens of the ex vivo tendon, human purified collagen I, and a collagen spectrum from the
literature . A representative result from two independent experiments with similar resultsis
shown. Scale bar, 2cm.

d: Examples of in vivo human tendon imaging by NIR/exNIR MSOT. MSOT/RUCT merged
images show signals for de-/oxygenated hemoglobin (red/blue), lipids (yellow) and collagen

(turquoise) as color-coded maps overlaid on the gray-scaled RUCT image. The MSOT collagen
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signal was mainly found within the tendon, whereas lipids and hemoglobin signals mainly
appeared beneath the tendon or in surrounding tissues. NIR, near-infrared range (660 — 900 nm).
exNIR, extended near-infrared range (900 — 1100 nm). A representative result from two

independent experiments with similar results is shown. Scale bar, 5 mm.
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Figure2—invivo 2D MSOT imaging of newborn piglets

a: Representative images of skeletal muscle from heathy (WT) (upper row) and DMD (bottom
row) piglets. Regions of interest (yellow boxes) are determined in the RUCT images. Qualitative
differences of spectrally unmixed optoacoustic collagen signals between WT and DMD piglets
are shown in turquoise. The merged MSOT/RUCT image visualizes the collagen distribution
within the muscle and the ROI, respectively. A representative result for aWT and aDMD fromn
= 58 independent muscle regions (n = 34 WT/n =24 DMD) in n = 17 biologically independent
animals (n =10 WT/n =7 DMD piglets) from n = 3 litters with similar resultsis shown. Scale
bar, 5 mm.

b: 2D MSOT collagenmeavmax Signals, aswell as 2D MSOT Hbg Hbo,, Hbioig Signal's, from WT
and DMD piglets. Each filled circle represents one MSOT signal per independent muscle region
(upper row) or the mean MSOT signal per independent animal (bottom row). n = 58 independent
muscle regions (n = 34 WT/n =24 DMD) in n = 17 biologically independent animals (n = 10
WT/n =7 DMD piglets) from n = 3 litters are shown.

c: The areaunder the ROC curve (AUC) and 95% confidence interval for distinguishing between
muscles from DMD and WT piglets, as calculated using unmixed MSOT collagen signals
(collagenmean and collagenmax) for n = 58 independent muscle regions (n = 34 WT/n =24 DMD)
inn =17 biologically independent animals (n = 10 WT/n =7 DMD piglets) from n = 3 litters are
shown.

d: Representative hematoxylin & eosin (H&E), Masson’s Trichrome (TriC), Sirius Red (SirR),
and dystrophin (Dysl) immunohistochemistry staining from imaged WT (upper row) and DMD
(bottom row) piglet musculature. DMD piglet muscul ature shows disrupted muscular structure

(H&E staining), increased collagen content (turquoise/red), and lacking dystrophin expression
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(brown). Black boxes represent areas that are shown at higher magnification in the insets. A
representative result for aWT and aDMD muscle from n = 29 independent muscle specimens (n
=17 WT/n =12 DMD) from n = 9 biologically independent animals (n = 6 WT/n=3 DMD
piglets) from n = 3 litters with similar results is shown. Scale bars, 100 pum in main micrographs
and 50 umin insets.

e-f: Quantitative tissue analyses, showing positive-stained collagen area as assessed by TriC (e)
and SirR (f) staining. Correlations between the positive-stained collagen areas and the MSOT
collagenmesn Signal are also shown. n = 29 independent muscle specimens (n =17 WT/n= 12
DMD) from n = 9 biologically independent animals (n =6 WT/n =3 DMD piglets) fromn =3
litters.

g: Quantification of total collagen abundance in WT and DMD piglets (mean values of 46.83 ug
collagen/mg protein and 64.95 g collagen/mg protein, respectively). The correlation between
collagen quantification and the MSOT collagenmean Signal is aso shown. n = 30 independent
muscle specimens (n = 18 WT/n = 12 DMD) from n = 9 biologically independent animals (n =6
WT/ n=3DMD piglets) from n = 3 litters.

b, e-g: Two-tailed independent samples t-tests (with Welch's correction in cases of unequal
variances) was used for statistical analysis. If the assumption of normal distribution was violated,
aMann-Whitney U-test was used. P values < 0.05 were considered statistically significant. No
adjustment for multiple comparison was applied, due to only one single comparison per
parameter. Confidence intervals (95%Cl), effect size (R?), coefficients (t(df)/U) and exact p
values are noted in the main text and/or Supplementary Tables. Data are shown as mean + SD.
e-g: Correlations are given by Spearman correlation coefficient (rs). Two-tailed test. Linear

regression lines are in black. P values < 0.05 were considered statistically significant.
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Figure3—invivo 2D MSOT imaging of healthy volunteersand DM D patients

a: Example of real-time imaging of a 3-year old healthy volunteer (HV) using the 2D MSOT detector
probe.

b: Representative MSOT images of transversal scans from four anatomical regions of a 7-year-old HV
(Ieft panels) as compared to those of a 5-year-old with DMD (right panels). RUCT images, obtained for
anatomical guidance during the examination, are also shown. MSOT/RUCT merged images show MSOT
signals for hemoglobin (red) and collagen (turquoise) as color-coded maps overlaid on the gray-scaled
RUCT image. Y ellow boxes indicate regions of interest that were used for signal quantification. A
representative result for aHV and a DMD from n = 159 independent muscle regions (n = 80 HV/n =79
DMD) in n =20 biologically independent subjects (n = 10 HV/n = 10 DMD patients) with similar results
is shown. Scale bar, 5 mm.

¢: Collagenmeavmax Signas of the HV and DMD subjects, as measured by 2D MSOT. Each filled circle
represents one MSOT signal per independent muscle region (upper row) or the mean MSOT signal per
independent subject (bottom row). Two-tailed dependent samples t-tests (matched for age) was used for
statistical analysis. If the assumption of normal distribution was violated Wilcoxon signed-rank tests was
used. Bonferroni-Holm adjustment was used to control type | error. Confidence intervals (95%Cl), effect
sizes (R?), coefficients (t(df)/W") and p values are noted in the main text and Supplementary Tables. p
values < 0.05 were considered statistically significant. n = 158 matched independent muscle regions (n =
79 HV/n =79 DMD) of n =20 biologically independent subjects (n =10 HV/n = 10 DMD patients). Data
are shown as mean = SD.

d: ROC curves for distinguishing between DMD and HV muscles using unmixed MSOT collagen
parameters (collagenmean and collagenna). The area under the ROC curve (AUC) isindicated with the
95% confidence interval for distinguishing between muscles from HV and DMD patients, as calculated

using unmixed MSOT collagen parameters (collagenmea and collagenys) for n = 159 independent muscle
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regions (n =80 HV/n =79 DMD) in n = 20 biologically independent subjects (n = 10 HV/n = 10 DMD

patients).
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Figure4 —invivo 3D MSOT imaging of healthy volunteersand DM D patients

a Cartoon of the handheld 3D hemispherical MSOT detector probe (8 MHz center frequency). Using the
NIR (660-900nm) and exNIR (900-1100nm) spectrum of light (660-1100nm), different absorbers, such as
collagens, can be detected by their specific acoustic spectra. 3D imaging allows volumetric acquisition
and quantification of tissue components.

b: 3D MSOT images of the same two boys from Fig. 3b are shown. Top row, 7-year-old HV; bottom
row, 5-year-old DMD subject. Maximum projection images of the gastrocnemius muscle in two axes (XZ
and Y Z) and a 3D volumetric (volume) area are depicted with color-coded maps showing Hby, (red),
collagenyean (turquoise) and lipid (yellow). Scale bar, 5 mm. A representative result for aHV and aDMD
from n = 160 independent muscle regions (n = 80 HV/n =80 DMD) in n = 20 biologically independent
subjects (n =10 HV and n = 10 DMD patients) with similar resultsis shown.

¢: Quantification of 3D MSOT signals (Hbr = deoxygenated hemoglobin, HbO, = oxygenated
hemoglobin, Hbs = total hemoglobin, collagenmen, collagenma). Each filled circle represents one MSOT
signal per independent muscle region (upper row) or the mean MSOT signal per independent subject
(bottom row).

Two-tailed dependent samples t-tests (matched for age) was used for statistical analysis. If the assumption
of normal distribution was violated Wilcoxon signed-rank tests was used. Bonferroni-Holm adjustment
was used to control type | error. Confidence intervals (95%Cl), effect sizes (R?), coefficients (t(df)/W)
and p values are noted in the main text and/or Supplementary Tables. p values <0.05 were considered
statistically significant. n = 160 matched independent muscle regions (n = 80 HV/n =80 DMD) inn=20
biologically independent subjects (n = 10 HV and n = 10 DMD patients). Data are shown as mean + SD.
d: ROC curves for distinguishing between DMD and HV muscles using unmixed MSOT collagen
parameters (coll agenmean and collagenys). The area under the ROC curve (AUC) isindicated with the
95% confidence interval. n = 160 independent muscle regions (n = 80 HV/n =80 DMD) inn =20

biologically independent subjects (n = 10 HV and n = 10 DMD patients).
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Figure5—Correlation of MSOT imaging and clinical standard assessments

a: Correlation matrix of physical examinations, age, and mean MSOT collageNmeanmax SIgnals.
Correlations are indicated as highly positive (dark blue), highly negative (dark red,) or white (non-
significant) and Spearman correlation coefficient is given in numbers. MRC = Medical Research Council
(MRC) strength grading system, UE = upper extremity, LE = lower extremity, prox. = proximal, dist. =
distal, 6-MWT = 6-minute-walk-test, sit to stand= sit to stand test, and 4/8 stairs = 4/8 stairs climb.
Correlations are given by Spearman correlation coefficient (rs). Two-tailed test. Two-tailed test.
Bonferroni-Holm adjustment was used to control type | error, due to four comparisons (2D/3D
collagenmeavmax) PEr parameter (e.g. 6-MWT). P values < 0.05 were considered statistically significant. n
= 20 biologically independent subjects (n = 10 HV/n = 10 DMD patients). Detailed p-values and numbers
(n) are presented in the Supplementary Table 6.

b: Representative MRI images (water T, map, fat fraction (FF) map, total tissue sodium concentration
(TSC) map, and intracellular-weighted “Nasignal (ICwS)) map of a 7-year old DMD subject, compared
to corresponding transversal 2D MSOT images (dashed line is drawn around the gastrocnemius muscle
region). A representative result for aDMD patient from n =5 biologically independent subjects with

similar resultsis shown. Scale bars, 1 cmin MRI images and 5 mm in MSOT images.
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Figure 6 —MSOT quantitatively visualizes early-stage disease progression over time

a: Study outline for longitudinal monitoring of DMD piglets. Imaging was performed at weeks 1, 2, 3,
and 4 of life. All piglets were sacrificed after week 4, and tissue specimens were harvested.

b: Survival of WT and DMD piglets over the time course of the experiment. Kaplan-Meier curve of WT
piglets (n = 6) and DMD piglets (n = 5). Circles represent censored subjects or unexpected death of
subjects.

¢: Schematic indicating how standardized pal pable landmarks were used to locate musclesin piglets prior
to imaging, ensuring repeatability of detector placement over time. Exemplary landmarks and skinned
muscles are shown. Scale bar, 10 cm.

d: Representative 3D MSOT images of one DMD piglet over 4 weeks. Color-coded maps show Hbyggy
(red), collagenmesn (turquoise) and lipid (yellow). Scale bar, 5 mm. A representative result for aDMD
piglet from n =5 biologically independent animals (n =3 WT/n =2 DMD piglets) from n = 2 littersis
shown.

e Quantification of 2D and 3D MSOT collagenmean Signalsin WT and DMD piglet muscles over time. In
the “All scans’ graphs, WT and DMD MSOT collagenmea Signals of independent piglet muscles of all
animals were compared with each other at weeks 1, 2, 3, and 4 of age. Each filled circle represents one
MSOT signal per independent muscle region (n = 24 WT/n = 20 DMD). Two-tailed independent samples
t-tests (with Welch's correction in cases of unequal variances) was used for statistical analysis. If the
assumption of normal distribution was violated, a Mann-Whitney U-test was used. P values < 0.05 were
considered statistically significant. Bonferroni-Holm adjustment was used to control type | error, dueto
four comparisons (week 1 - 4) per parameter (e.g. 2D collagenmen). Confidence intervals (95%Cl), effect
size (R?), coefficients (t(df)/U) and exact p values are noted in the main text and/or Supplementary
Tables. Data are shown as mean £ SD. n = 44 independent muscle regions (n =24 WT/n=20DMD) inn
= 11 biologically independent animals (n = 6 WT/n =5 DMD piglets) from n = 2 litters are shown.

In the “Completed scans’ graphs, WT and DMD MSOT collagenmean Signals of independent piglet

muscles of surviving animals were compared with each other at weeks 1, 2, 3, and 4 of age. Each filled
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circle/sguare represents the mean £ SD MSOT signa of independent muscle regions over the course of
the experiment (n = 12WT/n =8 DMD). 2D MSOT parameters were analyzed by post-hoc Tukey’s HSD
following a mixed-effects models due to missing valuesin week 1 (litter 1). p values < 0.05 were
considered statistically significant. 3D MSOT collagen parameters were analyzed by Tukey’s honestly
significant difference tests following a two-way (mixed design) ANOVA; Data are shown as mean + SD.
n = 20 independent muscle regions (n = 12 WT/n =8 DMD) in n = 5 biologically independent animals (n
=3 WT/n=2DMD piglets) from n = 2 litters are shown.

f-g: A representative image of a4 week old WT and DMD piglet (f) and representative low magnification
views of freshly-excised unstained muscle (macroscopy), aswell as TriC and SiR stained muscles, from
WT and DMD piglets (g). Macroscopic alterations and increased fibrosis are evident in DMD versus WT
muscle TriC and SirR stainings. Scale bars, 1 cm (macroscopy) and 100 um/50 pum (histology/inserts).

h: Quantitation of the positive-stained collagen area of WT and DMD piglet muscles at weeks 1 and 4 of
age, as assessed by TriC and SirR staining and collagen abundance. Two-tailed independent samples t-
tests (with Welch's correction in cases of unequal variances) was used for statistical anaysis. If the
assumption of normal distribution was violated, a Mann-Whitney U-test was used. Bonferroni-Holm
adjustment was used to control type | error, due to three comparisons per parameter (e.g. TriC).
Confidence intervals (95%Cl), effect sizes (R%), degrees of freedom (t(df)/U) and p values are noted in the
main text. P values < 0.05 were considered statistically significant. Data are shown as mean + SD. n = 20
independent muscle specimens (n = 12 WT/n =8 DMD) from n = 5 biologically independent animals (n =
3WT/n=2DMD) fromn = 2 litters.

i-k:

Quantitative proteome analysis of skeletal muscle tissue from 1- and 4-week-old DMD and WT piglets:
principal component analysis (PCA) (i), unsupervised hierarchical clustering of LFQ intensity values (j)
and volcano plots of log2 fold changes (k). In i, symbols represent individual muscle samples. In k, the

permutation-based FDR significance cutoff (< 0.05) is depicted by the black curves. Two-tailed
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independent samples t-tests (with Welch's correction) was used for statistical analysis. No
adjustment for multiple comparison was applied, due to reporting as significant by a
permutation-based FDR estimation (FDR < 0.05). p values <0.05 were considered statistically
significant. n = 16 independent muscle specimens (n = 8 WT/n = 8 DMD) from n = 8 biologically

independent animals (n =4 WT/n =4 DMD) from n = 2 litters.
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Materialsand Methods
Phantom imaging

Plastic placeholders were positioned in a costume made metal mold and filled with a 2%
agarose/1% lipid-deuterium oxide-gel (Agarose Standard, Roti©garose, Carl Roth GmbH + Co,
KG, Karlsruhe, Germany, heavy water [ Deuterium oxide], 99.9%, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany, and Lipofundin © MCT/LCT 20%, Braun, Melsungen, Germany).
Placeholders were replaced by plastic straws filled with following chromophores: purified
human collagen type | (Human Type | Atelo-Collagen Solution, 3 mg/mL, VitroCol©, Advanced
Biomatrix, San Diego, USA), type Il (Human Collagen Solution, TypeIll, 1 mg/ml ®,
Advanced Biomatrix, San Diego, USA), and type IV (Collagen Type IV from human cell

culture, 0.3mg/ml, Sigma-Aldrich Chemie GmbH, Steinheim, Germany), anticoagul ated

(citrated) blood, lipids (rapeseed oil), and water.

For tissue imaging, a plastic container was filled one half with 2% agarose-gel (2%Agarose,
NEEO ultra-quality, Carl Roth GmbH + Co, KG, Karlsruhe, Germany). The sample was
positioned on the surface of the hardened agarose. The gel suppressed reflections on the back
wall of the container. For ideal coupling, it was then filled completely with deionized water. All
phantoms and ex vivo samples were imaged with a hybrid ultrasound MSOT system (MSOT
Acuity Echo prototype imaging system, iThera Medical GmbH, Munich, Germany) described

below.

Porcine DM D model
All animal experiments were performed in accordance with the German Anima Welfare Act and

were approved by the responsible animal welfare authority (District Government of Upper
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Bavaria, Reference Number 55.2-1-54-2532-163-2014). A heterozygous female carrier pig with
adeletion of DMD exon 52 (DMDA52) was established by somatic cell nuclear transfer (SCNT)
using primary cells with one modified DMD allele **’. A breeding herd for DMD pigs was
founded on heterozygous DMD*" sows, generated by inseminating the founder animal with
sperm from WT boars (Priif- und Besamungsstation M tnchen Grub e.V., Munich, Germany).
For the proof of concept study, male DMD"" piglets were selected as study subjects from three
different litters, derived from matings of F1 DMD*" pigs with wild-type boars at the Center for
Innovative Medical Models (CiMM, LMU Munich, Germany). For the longitudinal porcine
studies, male DMD"" piglets from two different litters were selected from matings of F2 DMD*"

pigs as described above.

Genotype Screening

Genotyping of piglets was carried out by polymerase chain reaction (PCR) analysis of DNA
isolated from individual tail biopsies. The abundance of the intact (WT) DMD allele was
detected by the primer pair 5°-tgc aca atg ctg gag aac ctc a3" and 5™-gtt ctg gct tct tga ttg ctg g-
3’, whereas the mutated (DMDAS2) allele was detected by the primer pair 5-cag ctg tgc tcg acg

ttg tc-3” and 5"-gaa gaa ctc gtc aag aag gcg atag-3'.

MSOT piglet imaging

For the proof-of-concept study, N = 17 piglets underwent standardized 2D M SOT-imaging by
transversal scans of the shoulder (triceps brachii muscle) and the leg/thigh (biceps femoris
muscle) muscles. All animals were scanned within 1 - 3 days after birth. N = 11 piglets were

included in the longitudinal porcine pilot study. Here, all animals underwent standardized
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transversal, and 3-dimensional imaging of the shoulder and leg/thigh muscles of both sides (Fig.
6c and Supplementary appendix Table 21). Imaging was performed in week 1 (day 1-2), week
2 (day 2-3), week 3 (day 8/9), and week 4 (day 22/23) of life. Only WT piglets were sedated with
intranasal application of Midazolam if required from week 2 onwards. DMD piglets were trained
by LMF, and no sedation was required during MSOT imaging. All imaging investigators (AR,

FK) were blinded to the genotype.

Histological examination and collagen quantification

In the proof of concept study, N =9 animals (N =6 WT and N = 3 DMD piglets) were
euthanized 3-8 days after birth and representative tissue specimens were taken from the
previously imaged anatomical regions. In the longitudinal study, N =10 animals (N =5 WT and
N =5 DMD piglets) were examined after death; N =5inweek 1 (N =3 WT and N =2 DMD), N
=5inweek 4 (N =2WT and N = 3 DMD). One WT was excluded from histological analysis,
due to unknown exact time of death.

After harvesting, tissue was fixed in a 4% formal dehyde/phosphate buffered saline solution (Roti
Histofix 4%; Carl Roth GmbH, Germany), and later embedded in paraffin. Sections (4jum thick)
were stained with hematoxylin-eosin (H& E), Sirius Red (SirR), and Masson trichrome (TriC)
according to standard laboratory protocols. Dystrophin immunohistochemistry was performed on
sections of formalin-fixed, paraffin-embedded samples of the biceps femoris and triceps brachii
muscle of aWT and a DMD piglets. Heat-induced antigen retrieval was performed using 10 mM
citrate buffer (pH 6.0/0.05% Tween). Primary antibody was mouse monoclonal antibody against
DY S1 (Rod domain) (dilution 1:20; overnight at 4°C; #NCL-DY S1,; Clone: Dy4/6D3; Leica

Biosystems), secondary antibody was biotinylated goat anti-mouse 1gG (dilution 1:500; 1 hour at



839  room temperature; #115-065-146, Jackson ImmunoResearch). Bound antibodies were detected
840 using the Vectastain Elite ABC HRP Kit (#PK-6100; Vector Laboratories) and 3,3-

841  diaminobenzidine tetrahydrochloride dihydrate (#SK-4105; Vector Laboratories) as chromogen
842  (brown color). Hemalaun was used as counterstain (blue color).

843 SirR and TriC stained sections were analyzed for their collagen content as following: histological
844  sections were photographed with an AX10 Scope.Al (Carl Zeiss AG, Germany) using AX10
845 V<40 software (Version 4.8.10, Carl Zeiss Imaging Solutions GmbH) with 10-fold

846  magnification. TIF files (1388x1040 pixels) were exported and analyzed using FIJI software
847  (Version 2.0.0 or newer, available at https:/fiji.sc) ®. Then, the images were split in three

848 channels (red, blue, and green). For collagen quantification in TriC, the red channel was used
849 andfor SirR staining the green channel was used. The respective positive stained tissue was
850 caculated as afraction from the whole images.

851

852 Collagen and protein assays

853  For total collagen (hydroxyproline) and total protein quantification, five paraffin embedded
854  muscle tissue sections (10um thick) per muscle were analyzed using a Total Collagen Assay
855  (QuickZyme, Biosciences, Leiden, Netherlands) and a Total Protein Assay (QuickZyme,

856  Biosciences, Leiden, Netherlands). According to manufacturer’ sinstructions, the tissue was
857 acidic hydrolyzed (6M HCI, Sigma-Aldrich Chemie GmbH, Steinheim, Germany, overnight at
858 95°C). The samplesfor total collagen and total protein content were measured using a

859 microplate reader (ELx808, BioTek, Winooski, US) at 550 nm. The absolute collagen content
860 wasderived from the quotient between total collagen and total protein.

861
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Quantitative proteome analysis of skeletal muscle samples

Frozen tissue samples were cryopulverized using a cryoPREP hammer (Covaris, model no. CP02
cryoPREP Impactor) at an impact level of five. Tissue powder was homogenized in lysis buffer
(8 M urea/l0.4 M NH4HCOg3) by ultrasonification (11 kJ, Sonopuls GM 3200 equipped with a
BR30 cup booster). Pierce 660 nm Protein Assay (Thermo Fisher Scientific) was used for total
protein quantification. 60 pg of protein was reduced using dithiothreitol (DTT, final
concentration 4 mM) for 30 min at 56 °C and cysteines were alkylated with iodoacetamide (I1AA,
final concentration 8 mM) for 30 min in the dark. Residual IAA was quenched with DTT at a
final concentration of 10 mM during 15 min incubation in the dark. Proteins were digested with
Lys-C (Wako Chemicals) at an enzyme/substrate ratio of 1:50 for 4 h at 37 °C. Samples were
diluted with water to 0.8 M urea and digested overnight at 37 °C with trypsin (1:50; Promega).
Nano-LC-MS/MS analysis was conducted on an Ultimate 3000 nano-L C system (Thermo Fisher
Scientific) coupled online to a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific).
1.5 ug of tryptic peptides were separated at 250 nL/min on a’50 cm column (PepMap RSLC C18,
75 um ID, 2 um, Thermo Fisher Scientific) from 5% to 25% solvent B (0.1% formic acid in
acetonitrile) in 160 min and from 25% to 40% B in 10 min. Spectrawere acquired by one full
scan (350 to 1600 m/z) with aresolution of 60,000 and up to 15 data-dependent MS/M S scans
with aresolution of 15,000. MS raw data were processed using MaxQuant (v. 1.6.7.0) ® with
FDR < 0.01 at the peptide and protein level. For protein identification, the NCBI RefSeq Sus
scrofa database (v. 3-5-2019) was used. L abel-free peptide and protein quantifications were
performed by MaxQuant with the normalization feature disabled. Downstream data analysis and

visualization was performed using Perseus (v. 1.6.7.0) ® and R * as previously described ®°.
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Study design of pediatric MSOT study

All patients were recruited at the Department of Pediatric Neurology of the University Hospital
of Erlangen between June 6™ 2018 and June 15™ 2018. Ten boys between 3 and 10 years of age
with DMD, confirmed either by genotyping or biopsy, and with preserved walking ability, were
enrolled in the study. As controls, ten sex- and age-matched, healthy volunteers (HV) were
recruited during the same time period. HV with any pre-existing muscular disorder were
excluded. After screening for study inclusion, all participants underwent physical examination,
(standard) B-mode ultrasound and M SOT. Data collection included demographic and clinical
features such as age, sex, height and weight as well as disease-specific characteristics such as
disease duration and current treatment. The study was performed in accordance with the
Declaration of Helsinki. Approval from the local ethics committee (Friedrich-Alexander-
University of Erlangen-Nuremberg) was granted and written informed consent was obtained
from parents/guardians. The study was registered at clinicaltrials.gov (ID: NCT03490214). For

any identifiable images of research participants, written permission to publish was obtained.

Physical examinations

Patients and healthy volunteers underwent physical examination during the course of the study
by three well-trained physiotherapists. All participants started with the 6-MWT??, followed by
timed function tests (rise from chair, rise from supine, 10 m walk/run, 4 stairs climb, 8 stairs
climb and sit to stand-test) and manual muscle testing (MRC of 20 muscles/groups including
shoulder, arm, hand, fingers, limb, leg, toes, head and trunk (grading 0-5)).2%%

In detail, the respective test was performed and scored as follows. 6-MWT=6-minute-walk-test

(measures walking distance within six minutes; range: O-theoretically infinite; lower distance



908  represents a higher degree of muscle function loss)®#

, Sit to stand-test (measures repetitions to
909 risefrom chair in one minute; one repetition to theoretically infinite; high number of repetitions
910 indicate a better degree of muscle function and alower degree of dyspnea; few repetitions

911 indicate a higher degree of muscle function loss and a higher degree dyspnea) adapted from®’,
912  risefrom chair/supine (measures timeto rise from chair in seconds; 0.5 secondsto atime limit of
913 120 seconds; short time indicates a better degree of muscle function; long time indicates a higher
914  degree of muscle function 10ss)'*®®® 10-meter walk/run (measures time to run 10 metersin

915 seconds; afew secondsto atime limit of 120 seconds; short time indicates a better degree of

916  muscle function; long time indicates a higher degree of muscle function loss)**®°%, 4-/8-stairs
917  climb (measurestime to climb 4 stairs in seconds; afew seconds to atime limit of 120 seconds;
918 short time indicates a better degree of muscle function; long time indicates a higher degree of

919  muscle function loss)**%¢%8

, manual muscle testing of 20 muscles using the Medical Research
920  Council (MRC) strength grading system; grade 0-5 (O=paralysis to 5=full strength).'*%

921  For statistical analysis the muscles were grouped in 4 anatomical regions (proximal and distal
922  muscles of the upper and lower extremity) and a mean muscle-strength-score was calculated for
923  eachregion. Duration for physical examination was limited to one hour. Missing data points
924  were excluded from final analysis.

925

926 MRI acquisition and analysis

927 N =5DMD patients of our study were simultaneously recruited by the Radiology Department of
928  the University Hospital Erlangen in a separate study for an analysis of NaMRI to detect early

929 changesinion homeostasisin DMD patients between February 2018 to May 2018. The study

930 was approved by the local Ethical Review Board (Number: 250 16 Bc). MR data acquisition
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methods have been described previously *2. Briefly, all participants underwent MRI (Magnetom
Skyra, 3 T, Siemens Healthineers, Erlangen, Germany) of their right lower leg. The imaging
protocol consisted of a*H MRI part (using a dedicated 15-channel knee coil (Siemens
Healthineers, Germany)) and a*NaMRI part (using a dedicated 1-channel knee coil (Stark
Contrast, Germany). Details of the protocol are displayed in the Supplementary Table 22. Fat
fraction (FF) and water T2 maps were obtained from the *H protocol aswell astotal sodium
concentration (TSC) and intracellular-weighted sodium signal (ICwS) maps from the ®Na
protocol. ROIs for Na MRI evaluation were drawn on anatomical reference images and
interpolated on the sodium maps. For MRI imaging analysis, manually drawn ROIs were placed
in the gastrocnemius muscles corresponding to MSOT images (Figure 5b). All MRIswere

reviewed by researchers with at least five years of experience (AMN and TG).

Analysis of Na MRI in comparison to MSOT in DMD patients

A retrospective comparative analysis of MRI and MSOT was conducted to correlate the
respective information. The median of five MRI sections (10mm width, each) was used for the
analysis of water T, maps and FF;, TSC and ICwS signals were evaluated from corresponding
sections (15mm and 20mm width, respectively). For comparison between MRI and MSOT

collagen and fat parameters, transversal 2D MSOT images were used.

MSOT and ultrasound imaging standar dization
All patients and healthy controls underwent MSOT and ultrasound imaging of eight predefined
anatomical regions (biceps brachii muscle, anterior forearm flexors, rectus femoris muscle and

gastrocnemius muscle; both sides). Posture and detector (2D/3D MSOT detectors, ultrasound
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detector) placement were standardized and marked to ensure scanning reproducibility for all

imaging devices (for details see Supplementary Table 23/Extended Data Fig. 7).

B-mode ultrasound technical data

All anatomical regions were scanned using a single high-end ultrasound system (Logiq L9,
Genera Electric Company, Milwaukee, Wisconsin, USA, Linear probe M12L, 9 MHz) by a
single, professional investigator (certification level: DEGUM I11). The ultrasound datasets were
saved as raw data (DICOM). Echogenicity (hyper-/iso-/hypo-echogenic), Heckmatt-Scale (1-
4)®°, muscle-texture (coarse-/medium-/fine-granular) and the distribution pattern (in-
/homogeneous/focal) were assessed for each image.” The total investigation time for ultrasound

imaging was limited to twenty minutes,

MSOT technical data

All images were obtained with two separate hybrid ultrasound MSOT systems (MSOT Acuity
Echo prototype imaging system, iThera Medica GmbH, Munich, Germany), one system was
only used for piglets and one only for human imaging. The optoacoustic imaging system is based
on a25Hz pulsed Nd:Y AG laser and has two detectors. The 2D concave handheld detector (4
MHz center frequency, 256 transducer elements) with afield of view of 30 mm and spatial
resolution of <150um provides cross sectional images and is combined with areflective
ultrasound computed tomography (RUCT) unit, to anatomically guide optoacoustic imaging
during the examination. The 3D hemispherical handheld detector (8 MHz center frequency, 256

transducer elements) with afield of view of 15 mm and a spatial resolution of 100 um provides
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isotropic volumetric optoacoustic images. Transparent ultrasound gel (AQUASONIC clear®,
Parker Laboratories Inc., Fairfield, NJ, USA) was used for coupling between detector and skin.
For the phantom and ex vivo experiments, Multispectral optoacoustic tomography signals were
acquired from 660 nm to 1200 nm in 5 nm steps. For in vivo imaging, Multispectral optoacoustic
tomography signals were acquired at 680, 700, 730, 760, 800, 850, 920, 1000, 1030, 1064, and
1100 nm. A polygonal region of interest was placed just beneath the muscle fascia according to

the MSOT-signal.

MSOT data analysis

2D imaging data was analyzed using cL abs software (Version 2.66, iTheraMedical GmbH,
Munich, Germany). The program enables analysis of user-defined MSOT parameters (in
arbitrary units, a.u.) and extraction of optoacoustic spectra from the region of interest in the
multispectral optoacoustic images. 3D imaging datawas analyzed using ViewM SOT software
(Version 3.8, iTheraMedical GmbH, Munich, Germany). MSOT data were reconstructed with
direct backprojection and spatial fluence correction was applied for images acquired with the 2D
detector (uz=0.022 and ps=10cm™). Using spectral unmixing, MSOT values for Hbr, HbO,and
collagen were obtained. Collagen unmixing was based on acquired wavelengths of the entire
spectral range, whereas Hbg, HbO, signal was calculated from a sub-range (730 nm and 850 nm)
which is more accurate in unmixing due to increase of water absorptivity at higher wavelengths.
Single wavelength of 920 nm was used to depict lipid signals. To aid interpretation, 3D signals
(a.u.) were rescaled: human collagen signals (a.u.) were multiplied by 10* and hemoglobin
signals (a.u.) were multiplied by 107; piglet collagenmen signals (a.u.) were multiplied by 10*and

collagenmay signals by 10°.
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Device toler ability
The imaged skin of every participant was visually examined after each scan. Investigated
subjects and parents/guardians were asked about any inconvenience during the imaging

sessiong/trials. All reported events were documented.

Statistical analysis

Due to the study design (pilot first-in piglet, first-in pediatric, first longitudinal in vivo use of
MSOT, no former description of collagen signal derived from MSOT in vivo) no sample size
calculation was performed. For piglets, the sample size corresponded to three litters for the proof
of concept, and two litters for the longitudinal porcine pilot trial. Ten Duchenne patients and
healthy volunteers were found to be reasonable and ethically justified for the patient study.
Continuous variables are given as means and standard deviations; categorical variables are
provided as numbers and percentages. Data were tested for normal distribution using Shapiro-
Wilk test prior to inferential analysis. Between piglet group comparisons (DMD vs. WT) of
MSOT parameters and histological results were conducted using independent samples t-tests. In
case of unegual variancesin an independent samples t-tests, Welch’s correction was applied. If
the assumption of normal distribution was violated, a Mann-Whitney U-test was chosen for the
independent samples comparison. Correlations are given by Spearman correlation coefficient
(ry). Human MSOT parameters were compared between cohorts in a pairwise manner (matched
for age) using dependent samples t-tests. If the assumption of normal distribution was violated
Wilcoxon signed-rank tests was used. We performed receiver operator characteristics (ROC)

analysis between muscles of WT/HV and DM D-pigletsDMD-patients. As gold standard
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histopathology and genotyping were used. Wilcoxon signed-rank tests were used for comparison
of physical examinations. For comparison of the duration of examinations, Mann-Whitney U-
tests were applied. For longitudinal comparisons of 3D MSOT collagen parametersin the
porcine pilot trial, Tukey’s honestly significant difference tests following atwo-way (mixed
design) ANOVA including piglet group and time points were chosen. For longitudinal
comparison of 2D MSOT parameters, post-hoc Tukey’s HSD following a mixed-effects models
(fixed effects: piglet group & time points, random effect: piglet) were used due to missing values
inweek 1 (litter 1)). Independent samples t-tests were applied to compare all scans of WT and
DMD piglets at each week. In case of unequal variances in an independent samples t-tests,
WEelch’s correction was applied. If the assumption of normal distribution was violated, a Mann-
Whitney U-test was chosen for the independent samples comparison. Quantitative proteome
analysis was performed as described above. All inferential tests were two-tailed, p values < 0.05
were considered statistically significant. Bonferroni-Holm adjustment was used to control type |
error. Complete information on inferential test results including test coefficient, p-value, and
effect size are presented in the Supplementary Appendix. All analyses were performed using

GraphPad Prism (Version 7.00 or newer, GraphPad Software, La Jolla, CA, USA).

Statistics and Reproducibility

MSOT signals were derived from averaged video captures (seven frames) obtained in anatomical
independent muscle regions in piglets and patients. All anatomical locations were considered
independent because of the heterogenicity of the underlying disease. In cases of multiple
scang/recordings (e.g. because of piglet/patient movement), a mean of all scans was calculated.

2D transversal and 2D longitudinal MSOT scans at the same anatomical |ocations were
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considered as technical replicates. As a consequence, all statistical analysis was based on one

(transversal) imaging orientation. In order to provide a universal readout for each subject, a mean

MSOT signal was calculated over all anatomical regions. This was used for correlations to

clinical standard testing.

Data availability statement

The data sets generated during and/or analyzed during the current study are available from the

corresponding author on reasonable request. Restrictions may apply due to patient privacy and

the General Data Protection Regulation.

Methods-only references

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Schindelin, J., et al. Fiji: an open-source platform for biological-image analysis. Nat Methods 9, 676-682
(2012).

Cox, J. & Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass
accuracies and proteome-wide protein quantification. Nat. Biotechnol. 26, 1367-1372 (2008).

Tyanova, S., et al. The Perseus computational platform for comprehensive analysis of (prote)omics data.
Nat. Methods 13, 731-740 (2016).

R Core Team. R: A Language and Environment for Statistical Computing. (R Foundation for Statistical
Computing, Vienna, Austria, 2018).

Backman, M., et al. Multi-omics insights into functional aterations of the liver in insulin-deficient diabetes
mellitus. Mol Metab 26, 30-44 (2019).

Brooke, M.H., et al. Clinica trial in Duchenne dystrophy. |. The design of the protocol. Muscle Nerve 4,
186-197 (1981).

Ozalevli, S., Ozden, A., Itil, O. & Akkoclu, A. Comparison of the Sit-to-Stand Test with 6 min walk test in
patients with chronic obstructive pulmonary disease. Respir Med 101, 286-293 (2007).

Fowler, W.M., Jr., et al. Profiles of neuromuscular diseases. Design of the protocol. Am J Phys Med
Rehabil 74, S62-69 (1995).

Heckmatt, J.Z., Leeman, S. & Dubowitz, V. Ultrasound imaging in the diagnosis of muscle disease. J
Pediatr 101, 656-660 (1982).

Fillen, S, Arts, |.M. & Zwarts, M.J. Muscle ultrasound in neuromuscular disorders. Muscle Nerve 37, 679-
693 (2008).



a

Photoacoustic effect =» Image reconstruction =  Multispectral images

Laser Pulses
Detector

Skin 1
Laser light
Muscle

Ultrasound Waves

f

Ultrasound

Ultrasound image (RUCT) Spectral unmixing

=
o
=3
S

Melanin

a
I
=3
(o]

Absorption p_ (cm™?)
T
o

1
650 950 1250
Wavelength (nm)

Single wavelength MSOT images MSP images

(

=4
o
1

\

o
o

Normalized optoacoustic signal

T T T T T T T T 1
S . L O S S
R S S S ROIRLS
Wavelength (nm)

— Collagen literature Phantom collagen |
— ex vivo tendon

& NIR :
a 1000—
£ 800—
3 |
2 I
: 5 a0t |
s S 400 T |
" = \
2 5 300 |
g 2 I
8 o 200 — |
[}
=
2 oA
(= ¥/
= ¥ :

T2

exNIR

™\

N B B

Py

S O P O S S LELELS S
S &2 & & Q@\,&\,&Q’o'@q’g

MONY

:é; Wavelength (nm)
= —— Hemoglobin — Collagen |
H,0 — Collagen Ill
o Qil — Collagen IV
RUCT Collagen Lipid Hb./HbO,



DMD

=
o
o

Sensitivity%
a
o

Positive stained area (%)

RUCT MSOT Merge 2D collagen, 2D collagen, ., 2D Hb,,,
5401P=1.18x10"* 5804 P=4.38x10° 3 30 5804
8 8 A 8704 .. -
%30. 7‘@60. - 2 20 wels
5201 5401 ﬁ’ 5 -éso- 3 i-
:10-"-%. Zool®e T 210 2w =
g 3] 3 gep -
S 01— T = T T = 01— T S>30l T =301~ T
WT DMD WT DMD WT DMD WT DMD WT DMD
n=34 n=24 n=34 n=24 n=34 n=24 n=34 n=24 n=34 n=24
mean 2D collagen mean 2D collagen__ mean 2D Hb, mean 2D HbO, mean 2D Hb,
mean max R 2 ot
3401 P=151x10° 5607 P=1.39x10¢ 5201 5604 3704
&) < < &) )
< 30 < 15 < . s .
@ : 240 @ @50 260
< < e
gol F % lrt Pl 4+
20l 220 o T T 2a{T T @s0{ ™
o1 o 651 o 5 .
2] [%]
Sol——— 2ol —— 2ol Zal—— Znl
WT DMD WT DMD WT DMD WT DMD WT DMD
n=10 n=7 n=10 n=7 n=10 n=7 n=10 n=7 n=10 n=7
d : .
ROC of 2D Collagen, ., ROC of 2D Collagen___ H&E (10x/40x) TriC (10x/40x) SirR (10/40x) Dys1 (40x/80x)
100
— O 0
< S ) O
=
1 250 -
2 — -
g O
AUC:0.98 n AUC:0.98
95%Cl: 0.95-1.00 95%Cl: 0.96-1.00 O
P=6.06x10"° P=4.96x10*° a
T 0 T = O O
0 50 100 0 50 100 8]
100% - Specificity% 100% - Specificity%
Trichrome staining f Sirius Red staining g Total collagen/total protein content
0. PE408x10° 35 P=0.0003 3 - P=0.0240 ey
- . £407 =058 67 — & 407r=065 §207 —— 840712053
] 95%Cl: 0.26-0.78 < 50 . & 95%Cl: 0.37-0.83 5100 ¢ T 95%Cl: 0.20-0.75
2 309 P=0.0010 3 1 & 304 P=0.0001 s < 80 & 309 p=0.0027 .
g : S & s . 5 - B g = .
520 @ : 520 P < 60 5 20
@ . © £ 104 ¢ 5 @ 0 © 8 B
5 . g - 5 . ‘0 8 40 H
£10 2 5 * £10 ° 3 210
——— £ o4 , 8 ol—— g ol — T ol—— g ot
wr bMp 3 0O 5 10 15 WT DMD 3 20 25 WT DMD 3 O 20 40 60 80 100 120
n=17 n=12 Positive stained area (%) n=17  n=12 Positive stained area (%) n=18 n=12 g Collagen/ mg Protein



MSOT signals (a.u.)

MSOT signals (a.u.)

301

204

10

2D collagen, ...
P<1.0x10*

HV DMD

n=79 n=79

mean 2D collagen
P=1.78x10°

mean

HV DMD
n=10 n=10

MSOT signals (a.u.)

MSOT signals (a.u.)

2D collagen, .
P<1.0x10*

60 .
40 H 3
&
20 ’
:
HV  DMD
n=79 n=79

mean 2D collagen,
P=5.17x10°

ax

50
of
304
T
204 7
10
o
HV  DMD
n=10 n=10

Quadri-

Gastroc-

Sensitivity%

HV

DMD

RUCT

RUCT/MSOT

%)

aQ

o)

L

om

4

oS

<

ko)

[

[%2]

o

o)

o

[%2]

2

€

@

c
ROC curve of 2D collagen, .,

100

50 =
T Auci092
95%Cl: 0.88-0.96
P<1.0x10*
0 T T T
0 50 100

100% - Specificity%

Sensitivity%

RUCT

RUCT/MSOT

ROC curve of 2D collagen, .,

100
50 —
1 Aucio92
959Cl: 0.88-0.96
P<1.0x10%°
0 1 T 1
0 50 100

100% - Specificity%



Xz Yz Volume

a b
NIR/EXNIR laser light
>
I
o
. ; =
3D imaging probe a
Absorber
Scan volume
¢ d
3D collagen, ., 3D collagen, 3D Hb, 3D HbO, 3D Hb,,,
325, P<LOXIO®  T60; P<LOXI0® 530y P=8.26x10°  T60q P=3.72x10 3607 P<1.0x10% ROC curve of 3D collagen, ... ROC curve of 3D collagen, .
S < . ) . ) . < ; 100 100
S S S i S =} 1
= H = = = = 1
o5 § o) ‘ . o * o o ¥ ¥ o °
%] %] v ] ] %] : X X
Sol$ Sol 4 Sol+ 3 So So = >
HV DMD HV DMD HV DMD HV DMD HV DMD S S
n=80n=80 n=80 n=80 n=80 n=80 n=80 n=80 n=80 n=80 £ 50 £50
mean 3D collagen, .. mean 3D collagen . mean 3D Hb, mean 3D HbO,  mean 3D Hb,_, é é
520q P=9.99x10° 340, P=2.01x10% 15, P=0.0006 $25¢ P=2.11x10° 340, P=0.0020 4 AUC:0.98 {1 AUC:0.98
551 !.“',3 8 . S . £3 95%Cl: 0.97-1.00 95%Cl: 0.96-1.00
© i © H @7 ] 1 z By P<1.0x105 P<1.0x10**
%1 = “5’,2 ‘.IT g -E T gl ::[_ gZ % . 0 B 0
w @ @ 5 g i 5 1 H Xl .{_, T T T T T T
55 S1o0f 5 Es B 5 E 0 50 100 0 50 100
2, 2, 2, 2, 2, 100% - Specificity% 100% - Specificity%

HY_DMD HY_DMD HY_DMD HY_DMD HY_DMD
n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10



Age (n=20)
2D collagen, , (n=20)
2D collagen__ (n=20)

mean
3D collagen, _ (n=20)

3D collagen, .. (n=20)

=20)

Age (n:

© —_

()
T 7
= c
x =
o °
(=% °
w w
=} =}
Q (o)
o ['4
= =

=16)

MRC LE prox (n:

=16)

MRC LE dist (n:

=19)

BMWT (n=20)
Sit to stand (n

=18)

Rise from chair (n:

=19)

Rise From Supine (n:
=16)
=19)
=19)

10m run (n:
4 stairs (n
8 stairs (n

MRI

2D MSOT

ROI placement

ROI placement

DMD (7 years)

TSC map

ICwS map

o
IS
ICwS Ca.u.)

Collagen/Lipid

Collagen
Lipid
RUCT

Collagen

Collagen
Lipid
RUCT



Component 2 (12.8%)

WT

DMD

0 10 20

-10

b c
- o Ischiadic tuber >e ——6\
Histolo o :
MSOT MSOT MSOT Proteoms Stite joint \ Shouderoint
* * —_ Elbow joint
g
i | | | S 50 Biceps muscle  Triceps muscle
T T T 1 S
Week 1 2 3 4 @ -
0 T T T T 1 N .
0 5 10 15 20 25 -
Days elapsed
e All scans Completed scans
Week 1 Week 2 Week 3 Week 4 2D collagen, .. 3D collagen, ... 2D collagen, .. 3D collagen, ...
P=1.07x107 P=1.34x10"" 480
= 7 p=. <16 30
307 P=7.84x107 P=4.10x10 » P=5.87x10%
~25 i =1. 525
3 Tiolp=8.20x10n PTLEMXI0%
S . T e L
- - =20 . e £20
E g9 pPmpamaon] ¢ 3
. . 215 8] . © 515
- - *
= =
010 . Q10
2 2
5 - .. M 5
. o2 a
- - 0 - = N i o TN-12
N=12 N=8 N=8 N=8 N=20 N=8 N=8 N=8 N=8
wl w2 w3 wd wl w2 w3 w4 wa
9 Macroscopy TriC (10/40x) SirR (10/40x)
. . - . Total collagen/
Trichrome staining Sirius Red staining total protein content
O P=4.94x10° P=3.63x10°
[ O 50 P=9.00x10% 50 P=7.45x10" 500 P=3.70x10*
= g . 8 g .
I < _ 7 °
5 40 = 404P=9.70x10", S150 ) .
3 & £
_ 30 =30 = .
£ £ § 100 .
820 820 g :
@ @ s
o o
g - 210 210 o ¥ %
@ @
a 0o oog, g .
| r%z k
[e]sIelelelelels}
L week week s
5222290090000 ; i
PODDODDDEsssss=s 8 Lower abdundance Higher abdundance gy Lower abdundance Higher abdundance
DDDDDDD D o0 ddD . . N .
LN WTweekl RARRAPRAAOCOOOODB D in DMD in DMD in DMD in DMD
¢ WTweek4 GLIsisfRfiRifR . :
* DMDweekl 8338383823238 g3 A
1 DMDwecks BEEBERREE83882450 Dystrophin °,
BBEERETB 6 6l .
™ Dystrophin . LI
O o
J 3 S
K K
3 =
o o
o4 o
2= >
1 o S
‘ Y T T
|
| 4 °
] v 2
v Y
J |
T T T T T 0
-40 -20 0 20 40 -8 -6 - -2 2 4 -6 -4 -2 2 4 6 8
Component 1 (40%) log2 fold change (DMD/WT) log2 fold change (DMD/WT)
























	Repository Version
	Figure 3
	Extended Data Figure 1
	Extended Data Figure 2
	Extended Data Figure 3
	Extended Data Figure 4
	Extended Data Figure 5
	Extended Data Figure 6
	Extended Data Figure 7

