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Abstract

Aims: Dystrophin, the protein product of the DMD gene, plays a critical role in muscle

integrity by stabilising the sarcolemma during contraction and relaxation. The DMD gene

is vulnerable to a variety of mutations that may cause complete loss, depletion or trunca-

tion of the protein, leading to Duchenne and Becker muscular dystrophies. Precise and

reproducible dystrophin quantification is essential in characterising DMD mutations and

evaluating the outcome of efforts to induce dystrophin through gene therapies. Immuno-

fluorescence microscopy offers high sensitivity to low levels of protein expression along

with confirmation of localisation, making it a critical component of quantitative dystro-

phin expression assays.

Methods: We have developed an automated and unbiased approach for precise quantifi-

cation of dystrophin immunofluorescence in muscle sections. This methodology uses

microscope images of whole-tissue sections stained for dystrophin and spectrin to mea-

sure dystrophin intensity and the proportion of dystrophin-positive coverage at the

sarcolemma of each muscle fibre. To ensure objectivity, the thresholds for dystrophin

and spectrin are derived empirically from non-sarcolemmal signal intensity within each

tissue section. Furthermore, this approach is readily adaptable for measuring fibre

morphology and other tissue markers.

Results: Our method demonstrates the sensitivity and reproducibility of this quantifica-

tion approach across a wide range of dystrophin expression in both dystrophinopathy

patient and healthy control samples, with high inter-operator concordance.

Conclusion: As efforts to restore dystrophin expression in dystrophic muscle bring new

potential therapies into clinical trials, this methodology represents a valuable tool for

efficient and precise analysis of dystrophin and other muscle markers that reflect

treatment efficacy.
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INTRODUCTION

The dystrophinopathies are a group of X-linked muscular dystrophies

caused by mutations in the DMD gene. DMD encodes dystrophin, a

key protein for maintenance of sarcolemmal integrity during muscle

contraction. Due to the large size of the gene, comprising 2.4 million

bases and 79 exons, DMD mutations are relatively common and very

diverse. Duchenne muscular dystrophy (DMD) represents the most

severe end of the dystrophinopathy spectrum and is generally associ-

ated with very little residual dystrophin expression, whereas the

milder Becker muscular dystrophy (BMD) often involves partial

expression of a variety of functional dystrophin isoforms.

Western blotting has generally served as the primary quantitative

assay of dystrophin levels, with immunofluorescence microscopy

playing an adjunctive role for qualitative confirmation of relative dys-

trophin levels and localisation. Modern microscopy techniques, how-

ever, have benefited from hardware and software advancements that

deliver important advantages in pursuit of reliable dystrophin quantifi-

cation. Most noteworthy among these are exceptional sensitivity to

small and highly localised changes in dystrophin signal, the opportu-

nity to assess whole tissue expression on the basis of individual mus-

cle fibres and the ability to measure dystrophin levels in situ without

the confounders of extraction or transfer steps.

The development of molecular therapeutics in recent years has

brought a renewed interest in dystrophin quantification methods. Cur-

rently approved therapeutics restore only 1–6% of normal dystrophin

levels by western blot, highlighting the need for accurate and unbi-

ased quantification of low levels of dystrophin expression [1–4].

Although the amount of dystrophin resulting in clinical benefit is

unclear—especially among therapeutically expressed dystrophins,

which may be only partially functional—levels of 0.5–3.2% of normal

as assessed by western blot may drive meaningful differences in

phenotype [5, 6]. Controversy prominently surrounded the matter of

low-level dystrophin quantification during regulatory approval of

eteplirsen, the first exon-skipping antisense oligonucleotide, unde-

rscoring the importance of methodological rigour and objectivity in

immunofluorescence quantification of trial biomarkers [7–9]. Outside

of clinical trials, sensitive and reproducible dystrophin quantification

would also be a powerful tool for understanding genotype–phenotype

correlations and the clinical benefits associated with various levels of

dystrophin expression in dystrophinopathy patients.

Multiple groups have now developed dystrophin immunofluores-

cence analysis methods that strive for objectivity and sensitivity across

different operators and laboratories [10–16]. These methods differ in

the use of whole sections or small regions of interest (ROIs), the

degree of automation, software platforms and accessibility in terms of

cost and learning curve. Some of the approaches have focused on

dystrophin intensity metrics, whereas others can also produce positiv-

ity measurements. The good reported intra- and inter-laboratory

reproducibility of these methods supports the use of immunofluores-

cence microscopy as a primary basis of dystrophin quantification [17].

Nonetheless, there remain opportunities for improvement with regards

to objectivity, utility and accessibility of these approaches.

We have developed a new dystrophin quantification methodology

that has a modest learning curve and requires minimal operator input

to collect precise measurements of fibre dystrophin expression across

entire muscle sections. These measurements include both fibre-level

dystrophin intensity at the sarcolemma and the proportion of the fibre

sarcolemmal coverage with positive dystrophin signal, hereafter

referred to as positivity. Collecting detailed positivity data in this

fashion allows for easy calculation of the percentage of dystrophin-

positive fibres (PDPF) retrospectively using any chosen positivity

cut-off for considering a fibre positive for dystrophin. To facilitate

visualisation and auditing of the results, this method also creates

detailed and informative heatmap images reflecting dystrophin inten-

sity and positivity for each fibre. In the present study, we have used a

large set of dystrophinopathy and healthy control muscle samples to

demonstrate that this method displays remarkable sensitivity and

reliability between replicates. We further show that the approach can

be adapted for quantification of other sarcolemmal markers and mus-

cle fibre morphology. Together, these validation studies support the

adoption of the described immunofluorescence quantification method

in characterising a wide range of mutations and clinical trial outcomes.

MATERIALS AND METHODS

Muscle samples

We selected 15 archived biopsy tissue samples (labelled A–O)

obtained from male dystrophinopathy patients who had undergone

biopsies of the vastus lateralis (n = 13) or gastrocnemius (n = 2)

between 2015 and 2020. Most of the biopsies were performed at

Nationwide Children’s Hospital, and two were received from exter-

nal institutions. In anticipation of detecting a wide range of dystro-

phin expression, samples were selected based on a range of clinical

severity from patients classified as DMD, BMD or intermediate mus-

cular dystrophy (IMD), using clinical characterisation we have

Key Points

• We developed a novel automated and unbiased immuno-

fluorescence analysis methodology for quantifying dys-

trophin positivity and intensity in muscle.

• Using this methodology, we quantified a wide range of

dystrophin, spectrin, and laminin expression levels across

15 dystrophinopathy muscle samples and 6 healthy con-

trol samples.

• The described approach demonstrated good sensitivity

and excellent reproducibility between serial tissue sec-

tions and between different operators.

• An accessible, robust, and high-throughput dystrophin

quantification method is a valuable tool for preclinical

and clinical studies in dystrophinopathies.
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described elsewhere [18]. The patients harboured a variety of

duplication, deletion, nonsense and splice site mutations, resulting in

a range of expected dystrophin expression levels (Table 1). Three

male (HC1–3) and three female (HC 4–6) healthy control samples

were collected from the hamstrings during anterior collateral

ligament repair surgery. All subjects (or their parents, for minors)

provided written informed consent to the use of their samples,

under protocols approved by the Nationwide Children’s Hospital

Institutional Review Board.

All samples had been frozen in isopentane chilled with liquid

nitrogen according to standard techniques [19]. Samples were

sectioned on a cryostat at 10-μm thickness, and at least four serial

sections were collected for each round of staining. Slides were stored

at �20�C for 1–3 days prior to staining.

Immunofluorescence staining

Immunofluorescence (IF) staining was performed using a cocktail of

the following primary antibodies: rabbit polyclonal anti-dystrophin

(Abcam ab15277; 1:200), mouse monoclonal anti-spectrin (Leica NCL-

Spec1; 1:100) and rat monoclonal anti-laminin (Sigma L0663; 1:400).

The following secondary antibodies were used at 1:500 dilution: goat

anti-rabbit IgG highly cross-adsorbed antibody with Alexa Fluor Plus

647 (Invitrogen A32733), donkey anti-mouse IgG highly cross-

adsorbed antibody with Alexa Fluor 568 (Invitrogen A10037) and

AffiniPure F (ab0)2 fragment donkey anti-rat IgG with Alexa Fluor 488

(Jackson ImmunoResearch 712-546-153). Spectrin and laminin were

co-stained as sarcolemmal markers to assess whether the choice of

either marker leads to any meaningful differences in quantification.

The C-terminal antibody ab15277 was selected to label dystrophin due

to its frequent use for staining human and mouse tissue, use in previ-

ous quantification studies [12, 14, 15] and high signal-to-noise ratio.

Sections were outlined in PAP pen, incubated in primary antibody

solution in phosphate-buffered saline (PBS) for 1 h, washed twice in

fresh PBS for 5 min, incubated in secondary antibody solution in PBS

for 30 min and washed again twice for 5 min. One section from each

slide was incubated in PBS instead of primary antibody solution. Cov-

erslips were mounted using ProLong Gold antifade mountant with

DAPI (Invitrogen P36935). All incubations were performed at room

temperature, and stained slides were allowed to set for ≥30 min

before storing at 4�C overnight.

Microscopy

Three stained sections from each sample were imaged at 10x magnifi-

cation within 36 h of staining (except for sample C, which had

unacceptable artefact in one section in Round 1). Whole-section

multichannel images were captured using a Nikon Ti2-E motorised

T AB L E 1 Sample information

Sample Sex Biopsy site Age at Bx (years) Phenotype (age at last exam) Mutation

A M Vastus lateralis 7 DMD/IMD (8) c.4610dupA (p.N1537fs)

B M Vastus lateralis 12 IMD/BMD (12) Duplication of exons 8–13

C M Vastus lateralis 6 DMD/IMD (7) Duplication of exons 3–43

D M Vastus lateralis 6 DMD (9) Duplication of exon 2

E M Vastus lateralis 4 DMD (4) c.9224 + 5G > A

F M Vastus lateralis 3 DMD 6) Deletion of exon 5

G M Gastrocnemius 22 BMD (19) Deletion of exon 44

H M Gastrocnemius 18 BMD (19) Deletion of exon 51

I M Vastus lateralis 2 DMD (5) Deletion of exons 3–29

J M Vastus lateralis 7 DMD (10) c.4600C > T (p.Gln1534X)

K M Vastus lateralis 5 DMD (8) c.186 + 1G > A

L M Vastus lateralis 14 BMD (17) Deletion of exons 3–7

M M Vastus lateralis 8 BMD (8) c.4294C > T (p.Glu1432X)

N M Vastus lateralis 8 BMD (10) Deletion of exons 13–18

O M Vastus lateralis 4 BMD (6) Deletion of exons 13–36

HC1 M Hamstring 15 HC --

HC2 M Hamstring 16 HC --

HC3 M Hamstring 15 HC --

HC4 F Hamstring 13 HC --

HC5 F Hamstring 16 HC --

HC6 F Hamstring 14 HC --

Abbreviations: BMD, Becker muscular dystrophy; DMD, Duchenne muscular dystrophy; IMD, intermediate muscular dystrophy; HC, healthy control.
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microscope with a Lumencor SOLA LED light engine (at 50% power),

a Hamamatsu ORCA Fusion camera (in 16-bit ultra-quiet mode) and

Nikon Plan Apochromat Lambda objectives. Final image resolution

was 0.64 μm/pixel.

All exposures were chosen by the trained operators based on best

microscopy practices of avoiding signal saturation while maximising

the useful range of intensity values detected by the camera in healthy

control samples. Identical imaging settings were used for all sections

within the same round of staining and imaging. Operators selected

exposures independently in Rounds 1 and 2, which approximates the

degree of variation that is likely to arise between images collected in

different laboratories using different microscopy equipment. For

Round 3, the imaging operator was required to use the same exposure

settings as those used in Round 1.

IF expression analysis

Image quantification was performed using a custom automated analy-

sis process developed in NIS-Elements AR software (v5.30) with the

General Analysis 3 module (Nikon). Analysis was performed on the

whole tissue area except for a 100-μm border region along the tissue

edges. The only step of the analysis requiring operator input was the

manual exclusion of significant artefacts (e.g., tissue folds, mounting

bubbles, obvious tissue damage, etc.) from the analysed tissue region.

All images were processed using rolling ball background correction with

a 30-μm radius for the dystrophin channel and a 10-μm radius for the

spectrin and laminin channels. Individual muscle fibres were detected

using sarcolemmal signal (spectrin or laminin), and measurements of

marker positivity and intensity were collected along the perimeter of

each muscle fibre (Figure 1), as detailed below. The average combined

automated analysis time was <3.5 min per section. A more detailed

description of the method is provided in the Supporting Information.

Conventional muscle fibre segmentation

The sarcolemmal marker (either spectrin or laminin) was used to iden-

tify muscle fibres by conventional segmentation. A rough automatic

threshold was first applied to segment sarcolemmal image regions,

and this binary layer was then inverted and filtered by size and shape

to identify likely sarcoplasmic regions. The spectrin/laminin signal

intensity was measured in these sarcoplasmic regions and used to cal-

culate the precise threshold for final sarcolemmal pixel segmentation

for each image. The final sarcolemmal binary layer was lightly

processed and inverted, and the resulting binary objects were again

filtered by size and shape for final muscle fibre identification.

AI-dependent muscle fibre segmentation

Spectrin was used as the sarcolemmal marker for artificial intelligence

(AI) module training and AI-dependent fibre segmentation. A set of six

sample images (A, E, H, K, O and HC1) from Round 1 was selected for

AI training, covering a range of disease severity and morphology. One

rectangular region measuring 1 � 2 mm was cropped from the tissue

in each image, and an additional region representing mostly back-

ground was cropped from the HC1 image. Muscle fibres were manu-

ally identified in each image to create the ground truth for training.

Using the NIS-Elements module Segment.ai, a convolutional neural

network was trained on this training set for 500 iterations, reaching a

final training loss of 0.00388. Whole-section images were then

processed through fibre segmentation by the trained Segment.ai, and

the binary objects generated by the AI were filtered by size and shape

using the same filter parameters as conventional segmentation. The

AI trained on image crops from Round 1 was successfully used for

fibre segmentation from both Rounds 1 and 2.

Dystrophin positivity analysis

Image pixels positive for dystrophin and spectrin/laminin were identi-

fied using thresholds derived from sarcoplasmic signal intensities in

each image. Fibre dystrophin positivity was calculated as a ratio of the

combined length of dystrophin-positive to spectrin/laminin-positive

segments within a 4-μm-wide perimeter region around each fibre. The

perimeter rings of adjacent fibres were non-overlapping to ensure

little to no overflow of dystrophin signal from one fibre to another

(Figure S1). The analysis automatically exported the exact %

dystrophin-positive perimeter per fibre, a frequency table of the fibre

counts in each decile bin (0–10%, 10–20%, etc.), and a heatmap of

colour-coded fibre perimeters reflecting the results (Figure 2A).

Muscle fibres with ≥30% dystrophin-positive perimeter were

considered overall positive and used to calculate the PDPF for each

tissue section. This criterion is largely consistent with those used in

the two most comparable methods that also evaluate fibre positivity

[10, 14], while erring on the side of minimising the rate of false

positive fibres.

Dystrophin and spectrin/laminin intensity analysis

Raw fibre dystrophin intensity was calculated as the mean signal

intensity of the pixels within the 4-μm perimeter region covering the

sarcolemma around each fibre. To correct for tissue autofluorescence

and low-level nonspecific signal, the mean sarcoplasmic signal inten-

sity in a given tissue section was also measured and subtracted from

each fibre’s raw sarcolemmal intensity to produce the final fibre inten-

sity value. The median fibre intensity value for each healthy control

replicate was then calculated, and the average of the male control

median intensities was input as the denominator for quantification of

normalised dystrophin intensity for all fibres in all samples. The analy-

sis automatically exported the exact raw and normalised dystrophin

intensity per fibre and a heatmap of colour-coded fibre perimeters

reflecting the results (Figure 2A). Spectrin and laminin intensities were

calculated using the same method.
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F I GU R E 1 Dystrophin immunofluorescence analysis methodology. (A) The dystrophin positivity analysis uses spectrin signal to locate muscle
fibre perimeters (grey rings) and identifies the spectrin-positive segments (green) and dystrophin-positive segments (magenta) along the fibre
perimeter based on the respective channel images. The combined dystrophin-positive segment length is divided by the spectrin-positive segment
length to calculate the dystrophin positivity around the perimeter of each fibre, and the fibre perimeter rings are colour-coded based on the
positivity conversion scale to produce the dystrophin positivity heatmap. (B) The dystrophin intensity analysis uses spectrin signal to locate
muscle fibre perimeters (grey rings) and measures the mean dystrophin signal intensity for the pixels belonging to each fibre perimeter. The fibre
perimeter rings are then colour-coded based on the intensity conversion scale to produce the dystrophin intensity heatmap
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Inter-operator reproducibility study design

To assess reproducibility, different operators performed IF staining,

microscopy and image analysis in three rounds of the study

(Figure 3A). For Rounds 1 and 2, operators A and B independently

selected imaging exposures. For Round 3, operator A captured images

using the exposures selected by operator B in Round 1. Each analysis

operator performed quantification on images captured by the other

operator, and operator A also repeated the analysis of Round 1 images

to assess reproducibility of the method for two operators using an

identical image set.

Comparison to prior dystrophin quantification method

The dystrophin image quantification methodology previously devel-

oped by our laboratory for ROIs captured via confocal microscopy

[15] was adapted for use with widefield whole-section images based

on the original description of the method. The method (hereafter

referred to as the ‘adapted Taylor method’) was implemented in NIS-

Elements AR software and applied to Round 1 images using spectrin

as the sarcolemmal marker and an automatic threshold for creating

the sarcolemmal mask to ensure objectivity.

Muscle fibre size analysis

Fibre size quantification was automatically performed alongside dys-

trophin expression quantification during the Dystrophin Positivity

Analysis. Minimum Feret’s diameter was used as the primary fibre size

metric to minimise the impact of oblique fibre orientation. The fibre

size results were automatically exported during the analysis for each

fibre, and mean fibre size and the coefficient of variation (CV) were

then calculated for each sample.

Data and statistics

All analysis results were automatically exported as tables of numeric

data and heatmap images with binary layers overlaid on original image

channels. Custom Python scripts were used to automate aggregation

and organisation of numeric data and to facilitate calculation of the

percent dystrophin-positive fibres, but such scripts are not required to

complete data processing. All data presented are collected from

Round 1 images analysed using conventional fibre segmentation

based on spectrin, unless otherwise noted.

GraphPad Prism software was used for graphs, descriptive statis-

tics and statistical comparisons. All pairwise comparisons were made

using the non-parametric Mann–Whitney test due a small sample size

of healthy controls.

RESULTS

Dystrophin quantification

As expected, patient samples showed a wide range of dystrophin posi-

tivity and intensity levels (Figure 2). Using a criterion of ≥30% positive

perimeter for classifying a fibre as positive, all controls had �100%

PDPF. Among dystrophinopathy samples, the PDPF ranged from 1%

to 100%, with five samples having a PDPF <10% and five others hav-

ing a PDPF >95% (Figure 2B). In contrast, the mean fibre dystrophin

intensity in the dystrophinopathy samples was diminished. Because

mean fibre dystrophin intensity was 35% higher in male than female

controls, patient data were normalised to male controls only.

Normalised mean fibre dystrophin intensity ranged from 6.9% to 56%

of controls (Figure 2C). Suggesting the sensitivity of this method to

detect low-level expressing fibres, all samples with intensity >20%

had nearly 100% PDPF. Only a single dystrophinopathy sample

showed an intensity above 50%, demonstrating significant reduction

of dystrophin expression even in samples with nearly 100% PDPF

(Figure 2A, middle column).

Inter-operator reproducibility

Inter-operator reproducibility was good for both PDPF and intensity

analysis (R2 ≥ 0.94 for all comparisons, Figure 3B,C). The exposures

chosen by operators A and B in Rounds 1 and 2 were 2.7-fold differ-

ent for dystrophin and 1.3-fold different for spectrin. The choice of

imaging exposure did not affect the reproducibility of the intensity

analysis, but the shorter exposure in Round 2 did result in a lower

F I GU R E 2 Dystrophin immunofluorescence analysis results. (A) Representative images and matched positivity and intensity heatmaps
showing normal (control HC6), intermediate (sample M) and minimal (sample C) dystrophin expression. Original images show merged dystrophin
and spectrin, and insets (1 mm2) show only dystrophin. Colour scales indicate the conversions between heatmap colours and fibre dystrophin
positivity or intensity. Muscle fibres with ≥30% dystrophin-positive perimeter are considered overall positive. (B) Cumulative histogram traces
(left) display the fibre positivity profile of each sample. The dotted line at 30% dystrophin-positive perimeter corresponds to the criterion for
overall fibre positivity. The total percent dystrophin-positive fibres is plotted for each of three serial sections per sample (right). Solid lines reflect
the mean for each sample. All triplicates for three male and three female healthy controls were pooled into control male (CM) and control female
(CF) categories. (C) Cumulative histogram traces (left) display the fibre dystrophin intensity profile of each sample. The mean fibre dystrophin
intensity, normalised to healthy control intensities, is plotted for each of three serial sections per sample (right). Solid lines reflect the mean of the
triplicates for each sample. The horizontal dotted line at 100% reflects the average of the median fibre intensities for male healthy controls. All
triplicates for three male and three female healthy controls were pooled into control male (CM) and control female (CF) categories
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PDPF in four samples with intermediate PDPF values (Figure 3B). A

secondary analysis of Round 1 images by an additional operator con-

firmed near-perfect agreement between results from different opera-

tors quantifying the same image set with R2 = 0.9999 (Figure S2).

Fibre segmentation methods

Spectrin- and laminin-based fibre segmentation produced highly con-

sistent results for both PDPF and intensity (R2 ≥ 0.998 for both

F I GU R E 3 Inter-operator reproducibility of the dystrophin analysis. (A) All samples were stained, captured and analysed in three separate
rounds to compare results from different operators. In Rounds 1 and 2, images were captured by different operators using different exposure
times (selected independently by each operator). In Round 3, images were captured by a different operator than Round 1 but using the same
exposure times as Round 1. (B) Percent dystrophin-positive fibres and the mean fibre dystrophin intensity from Rounds 1 vs 2 (left) and Rounds
1 vs 3 (right) are shown for all samples. Round 1 data (grey) are reproduced from Figure 2. Individual points represent each replicate, and the solid
horizontal lines represent the replicate mean for each sample and round. All replicates for three male and three female healthy controls were
pooled into control male (CM) and control female (CF) categories. The black X symbol indicates the sample that was too depleted for use in
Round 3. (C) Correlation plots reflect the concordance between sample dystrophin-positive fibres and fibre dystrophin intensity from Rounds 1 vs
2 (left) and Rounds 1 vs 3 (right), displayed as the triplicate mean for each sample. Healthy control samples are each represented separately on
the correlation plots. The diagonal dotted line is the line of identity
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comparisons, Figure 4A). However, both metrics were slightly

increased with spectrin-based segmentation in most samples (PDPF

by 3.5% and intensity by 2%). Conventional and AI-based segmenta-

tion methods yielded nearly identical results and AI-based segmenta-

tion performed equally well on Rounds 1 and 2 (R2 ≥ 0.997 for all

comparisons, Figure 4B). Comparisons between spectrin-based con-

ventional segmentation and laminin-based conventional segmenta-

tion or AI-dependent segmentation did not reveal any meaningful

differences in total fibre counts identified by any of the methods

(Figure S3).

Consistency with prior dystrophin quantification
methods

A comparison of the current analysis to an adaptation of a previous

dystrophin quantification method described by our group [15] was

performed to ensure that the new methodology performs consistently

with earlier approaches. Because the prior methodology is only able

to measure overall dystrophin fluorescence intensity at the sarco-

lemma, we compared the mean fibre dystrophin intensities obtained

using the new methodology to mean sarcolemmal intensities mea-

sures using the adapted Taylor method. The comparison demonstrates

excellent concordance between the results, with an R2 value of 0.979,

confirming strong consistency between the two methods when

applied to identical images (Figure S4).

Sarcolemmal markers

The mean intensity of sarcolemmal markers varied significantly across

dystrophinopathy samples, ranging from 60% to 250% of healthy con-

trols (Figure 5A,D). The intensity of the two markers was correlated

(Figure 5B), and both were significantly increased in dystrophinopathy

samples compared with the combined male and female control group

(167% of control for spectrin and 140% for laminin, p < 0.05,

Figure 5C). The small number of male controls precluded a compari-

son to male controls only.

Among healthy controls, there was also variation in the intensity

of dystrophin, spectrin and laminin (Figure 6). This variation was seen

between individual fibres within each sample, with an interquartile

range of 26–52%, as well as between samples, with individual sample

means ranging from 63% to 125% of the average of male control

median intensities. All three sarcolemmal markers varied to similar

degrees and correlated within individual samples. Sarcolemmal marker

intensity was higher in males than females, and age is unlikely to

explain these differences due to high similarity within and between

male and female control groups.

Fibre morphology

Mean muscle fibre sizes were smaller in dystrophinopathy samples

than in healthy controls (Figure 7A). While there was an overall

correlation between age and fibre size, the four dystrophinopathy

samples aged ≥12 also showed a mean fibre diameter of 79% of con-

trols (p < 0.05). The mean CV of fibre size was increased to 42% in

dystrophinopathy samples, compared with 28% in controls (p < 0.01,

Figure 7B,D). The degree of variation in fibre size did not correlate

with dystrophin expression. Conventional and AI-based segmentation

methods produced very similar results, but in all samples, fibre size

variability was slightly reduced with AI-based segmentation

(Figure 7C).

DISCUSSION

Unbiased and reliable dystrophin quantification is a high priority for

preclinical studies and clinical trials aiming to restore dystrophin

expression. Past controversy related to dystrophin immunofluores-

cence quantification [8, 9] and relative insensitivity of western blot-

ting at low expression levels [15, 17] underscore the importance of

accessible and objective methods for evaluating baseline dystrophin

expression and therapeutic efficacy. Although use of the more sensi-

tive capillary immunoassay as an alternative to conventional western

blotting may provide the desired improvements in sensitivity [20, 21],

microscopy remains critical for assessing cellular localisation and tis-

sue distribution of markers. Our results demonstrate that the muscle

IF analysis developed on the NIS-Elements software platform can pro-

vide sensitive and reproducible dystrophin quantification across a

large range of expression levels. Importantly, this method is highly

objective and largely automated, allowing for high-throughput analysis

F I GU R E 4 Dystrophin analysis reproducibility between sarcolemmal markers and fibre segmentation methods. (A) All samples were analysed
using either the spectrin or laminin channel as the sarcolemmal marker for muscle fibre segmentation and positivity normalisation, performing all
other steps identically. The percent dystrophin-positive fibres and the mean fibre dystrophin intensity results from spectrin- vs laminin-based
quantification are shown for all samples. The spectrin dataset (grey) is reproduced from Figure 2. (B) All samples were analysed using the spectrin
channel to identify muscle fibres by either conventional segmentation methods or by artificial intelligence (AI)-based segmentation, performing all
other steps identically. The AI was trained using a small set of regions from Round 1 images, then used to quantify both Rounds 1 (left) and
2 (right). The percent dystrophin-positive fibres and the mean fibre dystrophin intensity quantified using conventional spectrin-based
segmentation (Round 1/2 conv.) vs AI-dependent segmentation (Round 1/2 + AI) are shown for all samples. Round 1 conv. and Round 2 conv.
datasets (grey) are reproduced from Figures 2 and 3. In grouped plots, individual points represent each replicate, solid horizontal lines represent
the mean for each sample and all replicates for three male and three female healthy controls were pooled into control male (CM) and control
female (CF) categories. Correlation plots show the triplicate mean for each sample, and all healthy controls are represented individually
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of study samples by personnel not formally trained in muscle

pathology.

In this study, serial sections showed high consistency for PDPF

and dystrophin intensity values, indicating strong intra-operator

repeatability. However, the dystrophinopathy samples with intermedi-

ate PDPF showed the greatest divergence between triplicates in all

rounds, and PDPF showed greater variation between triplicates than

intensity measurements. This likely reflects the binary nature of over-

all fibre positivity, leading to high sensitivity of this measure to small

variations in signal intensities near the threshold for pixel positivity,

especially in samples where many fibres are also close to the cut-off

for fibre positivity. In addition, the mean sample PDPF diverged only

for intermediate dystrophinopathy samples between Rounds 1 and

2, possibly due to the effects of different signal-to-noise ratios in

images from these rounds on analysis parameters.

This observation highlights the need to define robust standards

and benchmarks for imaging settings that can be generalised across

different instruments and operators when porting this assay between

laboratories. Nevertheless, reproducibility of dystrophin intensity

results between Rounds 1 and 3, which used identical imaging set-

tings, was not better than between Rounds 1 and 2, with different

exposures. This comparison suggests that variation in staining may

have been a stronger source of variability in intensity quantification

than the choice of imaging instruments and settings. This underscores

F I GU R E 5 Quantification of sarcolemmal marker immunofluorescence intensities. (A) The mean fibre spectrin (green) and laminin (purple)
intensities, normalised to healthy control intensities, are plotted for each of three serial sections per sample. Solid lines reflect the mean of the
triplicates for each sample. All triplicates for three male and three female healthy controls were pooled into control male (CM) and control female
(CF) categories. The horizontal dotted line at 100% reflects the average of the median fibre intensities for male healthy controls. (B) Concordance
between mean fibre spectrin and laminin intensities, displayed as the triplicate mean for each sample. Healthy control samples are each
represented separately. The diagonal dotted line is the line of identity. (C) Comparison of mean fibre spectrin and laminin intensities between
dystrophinopathy samples (Dys) and healthy controls (HC), based on the triplicate mean for each sample. Points represent individual samples, and
the bars reflect the mean � standard error. Groups compared using Mann–Whitney test; *p < 0.05. (D) Representative images of spectrin (green)
and laminin (magenta) signal in a typical Duchenne muscular dystrophy (DMD) sample (A), the highest-expressing sample (G), the lowest-
expressing sample (N) and a healthy control. Image region size = 1 mm2
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the importance of optimising and standardising tissue processing and

staining protocols to effectively reduce assay variability. Future work

will focus on validating the consistency of this quantification approach

using images of sections from the same samples captured on different

instruments at separate sites.

AI tools are becoming more common and accessible within image

processing and analysis software [22], and future investigators will be

able to choose between conventional and AI-based approaches.

Although conventional segmentation methods are more transparent

and tuneable than an AI tool, a properly trained AI may perform better

in samples with poorer tissue or staining quality and more interrupted

sarcolemmal perimeters. Our results confirmed that the analysis pro-

duces very consistent data using either conventional segmentation or

a deep-learning-based segmentation AI tool in NIS-Elements. The AI-

based approach performed equally well on tissue from Round 1, from

which the training dataset was derived, and on Round 2, which was

imaged at a different exposure. One minor but consistent difference

between results from different segmentation methods was the slightly

higher fibre size CV using conventional segmentation. By visual

inspection, it appears that the phenomenon of mistakenly identifying

spaces between fibres as additional muscle fibres, although very rare

using either method, happens slightly more often using conventional

segmentation. Despite the infrequent nature of this error, it may have

a detectable impact on fibre size CV.

While some previously published methods also report good sensi-

tivity and reproducibility across a range of dystrophin expression

levels [17], the approach presented here has additional advantages.

Three of the previous methods used ROIs as the basis for sarcolemmal

intensity measurements, which were collected hyper-locally [11], on a

fibre basis [12] or for all sarcolemmal pixels [15]. Although these

methods are highly accessible, use of ROIs for quantification risks ran-

dom or systematic bias in the selection of the ROIs that is avoided

using whole-tissue analyses. Additionally, inability to measure fibre

positivity with these analyses is at odds with the frequent preference

for using PDPF as a primary dystrophin expression metric in many

studies. However, we have confirmed excellent consistency between

mean sarcolemmal dystrophin intensity results obtained using an

adaptation of the method presented by Taylor et al. [15] and mean

fibre dystrophin intensities measured using our new methodology.

Recently, two methods have been described that can perform

quantification of whole tissue sections and measure both dystrophin

positivity and intensity of each fibre [10, 14]. The Flagship

MuscleMap approach employs manually selected thresholds and a

proprietary tuneable algorithm to achieve this [10], while another

method utilising Definiens software automatically derives thresholds

for dystrophin-positive pixels from sarcoplasmic intensities, similarly

to the analysis described here [14]. Despite the considerable strengths

of this Definiens-based approach, it remains less accessible than

NIS-Elements by virtue of its cost and learning curve. The present

method also provides greater detail in the visual heatmaps of dystro-

phin positivity and intensity results on a continuous colour scale, in

contrast to categorical annotations provided by the Flagship and

Definiens approaches. Although published dystrophin quantification

methods were validated using a variety of dystrophin antibodies and

different modes of image acquisition, these aspects are not expected

to have a profound impact on a carefully designed method.

Both laminin and spectrin have been used to define muscle fibres

across published studies, and both markers showed very consistent

results in our analysis and good performance for fibre segmentation

even in potentially problematic tissue regions (Figure S5). However, in

the minority of samples where the spectrin- and laminin-based PDPF

did diverge more noticeably, the spectrin-based PDPF was always

higher. This trend may be related to the fact that dystrophin and

spectrin share the same subsarcolemmal localisation whereas laminin

localises extracellularly, but a more specific explanation is not evident

based on the available data. Overall, dystrophinopathy samples dis-

played a wide range of spectrin and laminin intensities that often fell

above healthy controls and did not correlate with dystrophin

F I GU R E 6 Quantification of healthy control signal intensities. Fibre dystrophin (black), spectrin (dark grey) and laminin (light grey) normalised
intensities are plotted for all healthy controls. The median replicate is plotted for each control sample, with each point representing an individual
muscle fibre in that sample image. The solid lines represent the median fibre intensity for each sample and marker. The horizontal dotted line at
y = 100 reflects the average of the median fibre intensities in male healthy controls
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expression. This finding has been reported previously [13] and

contrasts with earlier work by our group that found no significant

differences in spectrin between patients and controls [15], which may

be explained by differences in the method of quantification and the

number of controls.

Additionally, the healthy control samples included in the current

study showed a considerable range of fibre dystrophin intensities

both within and between samples, as has been shown to varying

degrees in previous work [11–13]. These results raise important

considerations regarding normalisation, and suggest that that the

practices of normalising dystrophin expression to sarcolemmal

markers or to only one healthy control may yield misleading results

[13], especially with ROI-based methods. While previous studies had

reported that normal dystrophin levels do not differ by sex [20], we

did find that dystrophin levels in this set of healthy controls appeared

higher in males than females. This difference may be age-dependent,

and additional experiments with a larger set of healthy control sam-

ples of different ages will be needed to characterise dystrophin

F I GU R E 7 Muscle fibre size quantification. (A) Mean muscle fibre size (left) and coefficient of variation (CV; right), measured as the minimum
Feret’s diameter using the spectrin channel, are plotted for each of three serial sections per sample. Solid lines reflect the mean of the triplicates
for each sample. All triplicates for three male and three female healthy controls were pooled into control male (CM) and control female
(CF) categories. (B) Comparison of fibre size variability between dystrophinopathy samples (Dys) and healthy controls (HC), based on the triplicate
mean for each sample. Points represent individual samples, and the bars reflect the mean � standard error. Groups compared using Mann–
Whitney test; **p < 0.01. (C) Correlation plots reflect the concordance in fibre size mean (left) and CV (right) quantification between conventional
fibre segmentation and artificial intelligence (AI)-dependent fibre segmentation for all samples. Correlation plots show the triplicate mean for each
sample, and all healthy controls are represented individually. The diagonal dotted line is the line of identity. (D) Representative images of spectrin
signal demonstrating fibre size in a typical dystrophinopathy sample (A), the sample with the largest mean fibre size and CV (L), the sample with
the smallest mean fibre size and CV (O) and a healthy control. Image region size = 1 mm2
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expression levels in males and females across the lifespan. We never-

theless recommend careful attention to selection of control tissues,

avoiding of the use of histologically normal tissues obtained at clinical

biopsy for neuromuscular complaints (as these cannot necessarily be

presumed to represent truly normal muscle) and attempting to obtain

age- and sex-matched samples whenever possible.

The samples we analysed reproducibly quantified dystrophin

expression levels across a wide dynamic range, but we note that levels

of expression did not correlate with dystrophinopathy disease

classification in all patients (Figure S6). As an example, patient K

(classified as DMD) showed 98% PDPF and 23% intensity, whereas

patient G (classified as BMD) showed 44% PDPF and 17% intensity.

This result is not surprising, as similar findings have been observed in

other studies of IF quantification [15, 17]. It is an informative example

that highlights the risk of using only PDPF as an outcome measure in

therapeutic trials and is likely due to several factors. First, classifica-

tion is based upon clinical features, including most robustly age at loss

of ambulation (LOA); for younger patients, LOA will not have

occurred, making clinical classification less reliable. Second, a growing

body of evidence supports the importance of genetic modifiers of dis-

ease severity, independent of the DMD mutation [23–26]. Third, each

mutation leads to expression of a different dystrophin protein, which

can be expected to have different functional implications. Finally, a

reduction in the routine use of muscle biopsy for dystrophinopathy

diagnosis has led to an overrepresentation of patients with discordant

phenotypes and genotypes among recent biopsies. Importantly, we do

not propose that this method can reliably distinguish DMD from

BMD—a question that this study was not designed to address—but do

propose it is a robust method suitable for measuring fold change of a

given dystrophin protein expressed in response to a therapeutic

intervention, as we have recently shown in a mouse model [27].

Together, our results provide compelling support for the use of

this dystrophin analysis methodology. It is suitable for measuring low

levels and small differences in dystrophin expression in the context of

different DMD mutations, with good repeatability between serial sec-

tions and reproducibility between operators. This analytic method also

has a relatively mild learning curve and is readily portable between

laboratories as a set of algorithm files, requiring relatively little time

and effort to launch at a new site. Future validation work will focus on

confirming the reproducibility of this method using images captured in

different laboratories, and on further investigating dystrophin levels

across age and sex in healthy controls. In the coming years, the wider

adoption of immunofluorescence quantification methods will help

establish the significance of low-level dystrophin expression in clinical

practice and will enable more sensitive and detailed comparisons of

DMD-targeting gene therapies.
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