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Continuous expression of utrophin protein by a utrophin modulator could be a disease 
modifying treatment for Duchenne muscular dystrophy (DMD) patients regardless of their 
dystrophin mutation. At least 3 biomarkers (a fibre identification biomarker, a regeneration 
biomarker, and utrophin biomarker) are needed to separate utrophin expression resulting 
from therapeutic intervention with a utrophin modulator from the pathophysiologic utrophin 
expression associated with muscle fibre regeneration. 

Technical challenges of multiplex assay development and analytical validation for 3 or more 
biomarkers limit the utility of such assays in clinical trials. Having successfully completed 
the analytical validation of utrophin-laminin α2 (merosin) and developmental myosin heavy 
chain (MHCd)-laminin α2 duplex immunohistochemical-Computational Tissue Analysis 
(IHC-cTA™) based assays, we have developed a fibre-based image analysis software to 
  co-register consecutive and non-consecutive serial biopsy sections. The co-registration assay 
was developed utilising DMD, Becker muscular dystrophy (BMD), and control muscle biopsy 
sections obtained from the Wellstone Muscular Dystrophy Cooperative Research Center 
stained with each duplex assay highlighted above. Co-registration quality was numerically 
evaluated, and visually assessed by a veterinary pathologist. We demonstrate that the cTA™ 
approach reproducibly detects biomarker signal features (e.g., mean signal intensities), tissue 
morphometrics (e.g., fibre minimum diameter), and fibre classification (e.g., utrophin+/MHCd-) 
in whole-slide images of muscle cryosections at an individual muscle fibre resolution. This 
facilitates understanding of architectural and functional relationships between multiple 
biomarkers throughout biopsy specimens, and may provide valuable assessment of 
therapeutic efficacy in on-going and future clinical trials. 

Abstract

Samples
Patient Age at Time 

of Biopsy, year
Patient 

Sex
Biopsied 
Muscle DMD MutationDiagnosis & 

Specimen ID
Estimated 
Severity

DMD3 Moderate 6 M Quad Unknown
DMD6 Moderate 3 M Quad Stop exon 7

DMD15 Moderate 4 M Quad Del exon 45-52
DMD8 Moderate 6 M Quad Frame shift exon 6
DMD4 Moderate 7 M Quad Unknown

DMD16 Severe 6 M Unknown Dup exon 2
DMD2 Severe 6 M Quad Dup exon 50-55

DMD17 Severe 11 M Ant tib Stop exon 6
DMD1 Severe 1 M Unknown Stop exon 14
DMD7 Severe 1 M Quad Stop exon 10
BMD2 Mild 4 M Quad Unknown
BMD6 Mild 5 M Quad Intron 61 pseudoexon
BMD8 Mild 11 M Quad Intron 9 pseudoexon

BMD10 Mild 4 M Quad Del exon 14-27
BMD7 Mild 12 M Quad Intron 44 pseudoexon

BMD11 Moderate 22 M Deltoid Unknown
BMD9 Moderate 1 M Quad Exon 2 c.79G>C, p.A27P

BMD12 Moderate 6 M Quad Del exon 45-57
BMD4 Moderate 8 M Quad Exon 11 c.1310C>G, p.A437G

BMD13 Moderate 14 M Quad Del exon 45-51
BMD14 Severe 8 M Quad Dup exon 3-4
BMD5 Severe 4 M Quad Exon 14 c.2380G>A, p.E794K

BMD15 Severe 8 M Quad Dup exon 3-4
BMD16 Severe Unknown M Triceps Unknown
CTRL5 NA 9 F Unknown NA
CTRL8 NA 14 M Quad NA
CTRL7 NA 7 F Quad NA
CTRL6 NA 3 F Quad NA
CTRL2 NA 20 M Quad NA
CTRL9 NA 11 F Quad NA

Table 1. Study Sample Cohort

The study sample cohort (Table 1) included frozen skeletal muscle biopsies from DMD, BMD, 
and non-DMD/BMD control patients (CTRL) that exhibited significant heterogeneity in apparent 
pathology. The CTRL muscle originated from patients presenting with a clinical neuromuscular 
phenotype that warranted a muscle biopsy; however, these patients were ultimately not 
diagnosed with either DMD or BMD. Samples were provided by the University of Iowa’s Paul 
D. Wellstone Muscular Dystrophy Cooperative Research Center (MDCRC).

Study Samples
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Representative images were taken from DMD8 skeletal muscle sections stained with the MHCd–laminin α2 assay (A), and the utrophin–laminin α2 slide image was overlaid 
with the coregistration markup (B). An algorithm-generated image was used to assess the global image alignment (C). Myofibres identified in the MHCd–laminin α2 image (pink 
dots) were overlaid with myofibres identified in the utrophin–laminin α2 image (turquoise dots). Perfect alignment results in only turquoise visualization. A high magnification 
region from panel B (D). Expression of utrophin and MHCd was analyzed from duplex assays alone and after coregistration (E). Annotations in A: solid green lines, inclusion 
annotations; dotted green lines, exclusion annotations. Staining in A: blue, MHCd; yellow, laminin α2. Staining in B and D: blue, utrophin; yellow, laminin α2. Markups in B and 
D: green dots, myofibre identified in MHCd–laminin α2 image and matched to a myofibre in utrophin–laminin α2 image; yellow, blue, and red dots, matches excluded from 
analysis due to artefacts. Scale bar is 500 µm in A and B, 300 µm in D.
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Duplex Staining and Coregistration in BMD and Control
BMD CTRL

Representative images of BMD2 (A) and CTRL9 (C) sections were stained with the utrophin–laminin α2 assay and overlaid with the coregistration markups. An algorithm-
generated image was used to assess the global image alignment (B, D). Scale bar is 300 µm.
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Analytical Validation Study Design

Performance 
Specification Performance Criteria Performance Results Pass / Fail

Accuracy Spearman correlation 
statistically significant > 0.0

Utrophin: 0.99 (P value < 0.001)
MHCd: 0.97 (P value < 0.001)

Pass

Reportable Range NA Utrophin: 1.9 – 98.9% positive
MHCd: 0.0 - 23.0% positive NA

Precision

Lower confidence limit on 
ICCs are 
≥ 0.4 (intrarun) and 
≥ 0.3 (interrun)

Utrophin: 
Intrarun: 0.81 (95% CI, 0.58-0.92)
Interrun: 0.79 (95% CI, 0.54-0.91)
MHCd:
Intrarun: 0.95 (95% CI, 0.86-0.98)
Interrun: 0.94 (95% CI, 0.83-0.98)

Pass

Accuracy, Sensitivity, Specificity, Reportable Range

Interrun precision

Intrarun precision

A B

Table 2. Validation Study Results

Slide images from the utrophin–laminin α2 and MHCd–laminin α2 duplex assay validation studies 
(see poster #P.392) were coregistered and the percentages of biomarker-positive myofibres 
measured during coregistration were compared with the percentages measured during the 
duplex validation studies (the reference standards) to evaluate the analysis according to the 
analytical validation criteria. (A) Samples were divided into 3 groups based on use within the 
study: orange, grey, and black. The reportable range, accuracy, sensitivity, and specificity (RASS 
parameters) of each assay and coregistration analysis were evaluated on all 30 samples (grey, 
orange, and black circles); interrun precision was evaluated on 15 samples over 3 days (grey, 
and orange circles), and intrarun precision was evaluated on 5 samples over 3 sections (orange 
circles). (B) Utrophin–laminin α2 slide images were coregistered with MHCd–laminin α2 slide 
images from consecutive sections, and sections separated by 110 µm, or 150 µm. The validation 
study results are summarized in Table 2.
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% Positive Myofibres, 
Duplex Assay Analysis

% Positive Myofibres, 
Duplex Assay Analysis
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The Spearman correlation between biomarker-positive myofibres 
detected from coregistration analysis and from the reference standard 
was high and exceeded the performance criteria. 

Intrarun and Interrun Precision
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Detection of biomarker-positive myofibres from slides stained across 3 days (interrun) and from 3 
slides stained within the same run (intrarun) was highly clustered and exceeded the performance 
criteria. 
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Utrophin and MHCd Expression by Diagnosis

Dual-Positive Dual-Negative Utrophin–
MHCd+   

Utrophin+
MHCd– 

Examination of utrophin and MHCd subpopulations reveals fewer dual-negative fibres and more 
utrophin+/MHCd– fibres in DMD samples than in BMD and CTRL samples. Differences in dual-
positive and utrophin–/MHCd+ fibres are much smaller between diagnoses. Error bars represent 
the standard error of the mean (SEM).

Measuring Subpopulations to Evaluate Disease

Conclusions
Coregistration analysis facilitates biomarker quantification in consecutive 
and nonconsecutive tissue sections, enabling evaluation of biomarkers in 
the same myofibres when multiplex assays are infeasible or impossible. 

This cTA™ method can be used to follow changes in biomarker expression 
along the length of individual myofibres, thereby addressing questions 
of heterogeneity, localized events (eg. damage, regeneration), and drug 
effects (eg. extent and uniformity of an effect throughout the tissue).

Simultaneous evaluations of utrophin and MHCd in CTRL, DMD, and 
BMD samples show that (1) utrophin and MHCd expression overlap but 
not completely, and that (2) utrophin+/MHCd– and utrophin–/MHCd+ 
subpopulations are differentially represented in diseased muscle. These 
observations suggest that the regulation of utrophin and MHCd may 
differ temporally during regeneration, and that fibres may be retaining 
utrophin expression in DMD/BMD post-maturation, as there is no binding 
competition with dystrophin.

Coregistration analysis is supporting the evaluation of ezutromid in 
ongoing and planned DMD clinical trials. This analysis may be complex 
due to potential therapeutic effects on a number of fibres needing to 
regenerate and/or on the extent of maintenance of utrophin expression 
in more mature fibres: it will be facilitated by the ability to recognize 
populations expressing one marker, both markers, or neither marker.
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Muscle Fibres in Longitudinal Section
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