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Abstract
Serial muscle biopsies within clinical trials for Duchenne muscular dystrophy (DMD)
are critical to document therapeutic responses. Less invasive means of sampling mus-

cle are needed. We analyzed a retrospective consecutive case-series cohort of
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vacuum-assisted core needle muscle biopsy procedures performed on healthy and
dystrophic individuals at a single institution assessing for safety and reliability of
obtaining sufficient high-quality biopsy tissue for histologic assessment in adult and
pediatric subjects. Of 471 muscle cores from 128 biopsy procedures, 377-550 mg of
total muscle tissue was obtained per procedure with mean core weight of 129 mg
(SD, 25.1 mg). All biopsies were adequate for histological assessment. There were no
significant adverse events. This core needle biopsy approach, when combined with
improved sample processing, provides a safe means to consistently obtain muscle

samples for diagnostic and clinical trial applications.

KEYWORDS

clinical trials, Duchenne muscular dystrophy, muscle biopsy, needle biopsy, skeletal muscle

Abbreviations: BB, biceps brachii; BMD, Becker muscular dystrophy; BSA, bovine serum albumin; CDMD, Center for Duchenne Muscular Dystrophy; DAPI, 4’,6-diamidino-2-phenylindole; DMD,
Duchenne muscular dystrophy; GN, gastrocnemius; H&E, hematoxylin and eosin; IHC, immunohistochemistry; IRB, Institutional Review Board LN2, liquid nitrogen; NSAA, North Star Ambulatory
Assessment; PBS, phosphate buffered saline; TA, tibialis anterior; UCLA, University of California at Los Angeles; VL, vastus lateralis.

Florian Barthelemy and Jeremy D. Woods contributed equally to this work.

M. Carrie Miceli and Stanley F. Nelson contributed equally and share senior authorship.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2020 The Authors. Muscle & Nerve published by Wiley Periodicals LLC.

688 wileyonlinelibrary.com/journal/mus Muscle & Nerve. 2020;62:688-698.


https://orcid.org/0000-0002-9896-9551
https://orcid.org/0000-0002-3988-9324
https://orcid.org/0000-0002-2483-3205
https://orcid.org/0000-0002-8460-8616
mailto:snelson@ucla.edu
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/mus

BARTHELEMY ET AL.

1 | INTRODUCTION

Prior to the advent of genetic testing, open muscle biopsy was a main-
stay of diagnosis for Duchenne muscular dystrophy (DMD). The first
documented biopsies of living subjects were performed by an ingenious
needle devised over 150 y ago to identify the histopathologic cause of
pseudohypertrophy.! Since the discovery of the genetic basis of DMD
and highly accurate and robust genetic testing from blood, there has
been a dramatic reduction in the need for diagnostic muscle biopsies.?*
Even in the context of more rare forms of muscular dystrophy, broad-
based genetic testing is often an efficient means of diagnosis.”

Despite the decreased reliance on muscle biopsy for clinical diag-
nosis, clinical trials for investigational new drugs for DMD are increas-
ingly mandating muscle biopsies to obtain target tissue, especially in
the case of therapeutic interventions intended to induce dystrophin
expression in DMD skeletal muscle, such as exon skipping, nonsense
readthrough, or microdystrophin replacement or dystrophin correc-
tion.>® Successful observation of dystrophin induction in humans thus
far has relied on open muscle biopsies in clinical trials, because of the
need for sufficient material of high quality.>” Core needle biopsies
have not been used substantially in clinical trials because there is a
perceived risk that these muscle biopsies may be too small or dis-
torted to allow robust observation of myofibers in cross-section for
various quantitative assays. However, clinical trials often require mul-
tiple sequential muscle biopsies to demonstrate drug response, and
when open biopsies are employed, the sites of muscle biopsy are
rotated because of the invasive nature of open muscle biopsy. Thus,
sampling the same muscle group on the same side of the body is more
challenging with open biopsy and may introduce unknown variations
from comparison of dominant versus non-dominant muscle. As an
example of the need for biopsy, most pediatric patients enrolled in the
phase Il trial for eteplirsen underwent four open muscle biopsies.®?
We should seek to minimize risks of these necessary samplings espe-
cially in the context of therapies of unknown benefit. Thus, there is
ample reason to develop, and to evaluate the safety and success, of
less invasive means for serial muscle sampling in adults and children
with muscle disease.

Many muscle disease clinicians have some experience using Ber-
gstrom needles to obtain sufficient muscle cores for histologic diagno-
sis, but these needle biopsies are typically not selected for clinical trials
as they can be technically challenging to perform and because there is
high risk of distortion of the histologic appearance and a small and
highly variable amount of muscle obtained.*®*? In contrast, vacuum-
assisted core biopsy systems offer attractive features for the study of
muscle: they require only one individual to perform the procedure, and
have resulted in larger muscle core biopsies.**'>¢ O’Sullivan et al.
reported that 80% of 40 muscle biopsies from individuals with
suspected neuromuscular disease were able to provide a diagnosis
using a 14-gauge vacuum-assisted core needle without any complica-
tions.'® Gallo et al. reported that 92% of biopsies from the biceps bra-
chii (BB) muscles of 102 adults using a 10-gauge vacuum-assisted core
needle were sufficient for diagnosis.*® Thus, there is experience using

core needle biopsy systems for muscle disease diagnosis; however, the

AN E WiLEY L

ability of core needle biopsies to produce consistent muscle specimens
of sufficient quantity and quality for assessments needed in pediatric
DMD clinical trials has not been adequately described. Here, we
describe a retrospective consecutive case-series cohort analysis of core
needle biopsies performed to assess to the reliability of obtaining suffi-
cient muscle cores using a 10-gauge core needle biopsy coupled with a

simplified cryopreservation system.

2 | METHODS

2.1 | Muscle biopsy consent

Healthy individuals with no history of muscle or other chronic disease
and individuals genetically confirmed to have DMD or Becker muscu-
lar dystrophy (BMD) were biopsied as part of ongoing research stud-
ies in the Center for Duchenne Muscular Dystrophy (CDMD) on five
different University of California at Los Angeles (UCLA) Institutional
Review Board (IRB) protocols (18-001366, 19-000076, 19-000090,
18-001770, or 15-001919). Informed consent was obtained for
128 procedures from 94 human subjects. Initial biopsies starting in
June 2016 were performed under IRB 15-001919 to assess the use of
a vacuum-assisted core needle muscle biopsy in healthy and dystro-
phic individuals. All biopsies were performed between June 2016 to
February 2020 at UCLA by physician co-authors S.F.N., J.D.W., or
JW. SF.N. taught J.D.W. the procedure, which was readily trans-
ferred. Of the 128 procedure, 72 were performed during the final
12 mo of this case-series.

2.2 | Representative subject selection description
Eight individual biopsies were used to represent histologic appearance
of muscle with a range of dystrophinopathy severity, including one

healthy adult female (see Table 1).

3 | VACUUM-ASSISTED CORE NEEDLE
BIOPSY SYSTEM

The Vacora Breast Biopsy System Driver (VF2019, Bard Biopsy, USA)
was used with the Vacora Biopsy Probe 10G x 118 mm needle
(VB10118, Bard Biopsy, USA). A new probe was inserted into the
driver for each biopsy session and covered in a sterile sleeve (Bard
Finesse Ultra Biopsy Driver - Sterile Instrument Cover - FO1CVR,
Bard Biopsy, USA).

4 | CONSCIOUS SEDATION,
ULTRASOUND, AND MUSCLE BIOPSY

In 23 instances (children between ages 2-7 y), sedation was used with

intravenous fentanyl and propofol at standard doses by intravenous
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Patient characteristics

TABLE 1

DMD mutation

Steroid use

Loss of ambulation (y)

Age at diagnosis (y)

Sex Diagnosis

Biopsy (y)

22
27

Subject ID
8020
8010

Exon 2 duplication

No

Ambulatory

BMD

Exons 51-52 deletion

No

Ambulatory

13

27

BMD

€.649_650insAGTGAATTTCACACCTCTCCTTT

Yes

DMD

18

8017

TGAAAGATTCATTTCTATGAATTTGGGACAGC
TTCCTAGTATGATATTCCATCT)Y

¢.10171C>T, p.Arg3391*

Yes

Ambulatory

DMD
DMD
DMD

1612

¢.10402G>T, p.Glu3468*
¢.4100_4100delA,

Ambulatory No

17

1.5

1622
8009

)

p.1367GIn>Arg*14

Yes

14, 15,17

None

No

Not relevant

11

Not relevant

2.5

Healthy
DMD

57

8021

Exons 46-47 deletion

Yes

20

8022

Abbreviations: BMD, Becker muscular dystrophy; DMD, Duchenne muscular dystrophy, F, female; M, male.
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(IV) push by a pediatric intensivist or an anesthesiologist with cardio-
respiratory monitoring until alert.

Muscle biopsy was performed in a supine position (Figure 1B). Since,
unlike open muscle biopsy, vacuum-assisted needle biopsy does not allow
for direct visualization of the anatomy, we used ultrasonography to target
muscle and avoid neurovascular structures.** Ultrasonography of the GN
and VL was always unremarkable, however, a branch of the anterior tibial
artery was often observed by ultrasonography in the TA requiring adjust-
ment of needle placement to lessen risks of hemorrhage. The VL was
sampled at approximately two-thirds of the length of the thigh distal from
the hip with insertion through skin distal to the main mass of muscle. The
TA biopsy site was approximately one-third of the length of the tibia distal
from the knee. The GN insertion site was just distal to the most distal
aspect of the muscle at the most medial position of the gastrocnemius
(GN). The BB insertion site was at the most distal edge of palpated biceps.

The skin was sterilely prepped and draped. 3-10 mL of 1% Lidocaine
was infused intradermally, subdermally, and in a wide peri-fascial region
of the muscle to be biopsied.*®*” The 10-guage core needle, in the
extended position, was introduced through a 3 mm skin incision at a 30°
angle and pushed through the fascia with the sharp cutting edge of the
needle until the distal edge of cutting window was judged to be 5 mm
past the fascia, which requires the tip of core needle to be inserted at
least 25 mm into the muscle. The automated cutting and vacuum system
was then engaged to obtain a core of muscle. Subsequent samples could
then be obtained through reinsertion of the needle through a single skin
incision. Samples were processed within minutes of biopsy (Figure 1C,D).
Internal and external bleeding was controlled with local pressure for
5-10 min after the procedure, followed by surgical strip closure of the
3 mm wound, bandage, and pressure dressing was applied for 2-4 h. Pro-

cedural time for each biopsy was approximately 15 min.

5 | COREBIOPSY HANDLING, FREEZING,
AND SECTIONING

All initial biopsy handling procedures were performed at room tempera-
ture in the procedure room immediately upon retrieval. All surfaces were
cleaned with Sanizide (Safetek, USA) and RNAse Zap (Thermofisher,
USA). Each core muscle biopsy was trimmed of adhered fat and connec-
tive tissue and any blood removed. Each core cylinder (20 mm length
and 3 mm diameter) was cut with scalpel into three to four smaller cylin-
ders each of about 25-40 mg (Figure 1C). The weight of the core and
each dissected piece was weighed (CS 200[TM], Ohaus). Each piece of
muscle (25-40mg) was individually placed into a pre-labeled
2.5 x 3 x 0.5 cm Swingsette M515 Tissue Processing and Embedding
Cassette (Thermo Fisher Scientific, USA) at room temperature, closed,
and then individually plunged into liquid nitrogen (LN) with a
12-in. forceps for 30 s. Each cassette was then released to sink to the
bottom of the LN tank to submerge all pieces within 10-15 min. Biopsies
were transferred into cryotubes and stored in liquid nitrogen.

For sectioning, the approximately 30 mg muscle specimens were
visually oriented and adhered in Optimal Cutting Temperature com-
pound (OCT, Sakura Finetek, USA) after equilibration within a
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FIGURE 1 Overview of the core needle biopsy procedure, biopsy handling, and storage. Biopsies were obtained from different muscles
including upper (BB) or lower limbs (vastus lateralis, tibialis anterior [TA], and gastrocnemius). Each pass of the 10-gauge needle obtains a piece of
muscle about 3 mm in diameter and about 15 mm in length; image is of a muscle core prior to removal of the muscle core from the needle chamber,
A. A handheld ultrasound system is used prior to all procedures to ensure to avoid blood vessels and nerves; ultrasound static image shows about

3 cm insertion of needle into TA at maximal insertion prior to vacuum-assisted coring, B.2* Each muscle core is dissected into 25 to 35 mg pieces,
each of which can be used for either histologic assessments, protein analyses, RNA analyses, and we thus consider “interchangeable,” C. All small
pieces are stored in liquid nitrogen (not depicted). Each piece is preserved in liquid nitrogen until sectioning. Once retrieve from liquid nitrogen, the
muscle is mounted directly on the chuck. After 10 um thick sectioning onto glass slides, we remove the excess OCT such that the remaining muscle
can be replaced in the cryovial for long-term storage in liquid nitrogen. Sections on slides are stored in —80°C, D

microtome. As the initial cross-sectional orientation of the small tissue
pieces, which do not have clear anatomic references, was performed
by eye, an initial 10um thick section was assessed under 20x
brightfield illumination to confirm orientation. If oblique sections were
obtained, which occurs about 10% of the time, the muscle is
repositioned to obtain myofibers in cross-section. After cutting,
excess OCT is trimmed and samples stored in LN (Figure 1D). In this
process, if samples are retrieved for additional sections, the orienta-
tion is already marked by the remaining OCT and cut surface.

6 | MUSCLE BIOPSY HISTOLOGY AND
IMMUNOFLUORESCENCE

Transverse 10 pm cryosections on glass slides were stained by hema-
toxylin and eosin (H&E). Other 10 um thick sections were processed
for immunohistochemistry (IHC) with an initial incubation in 3% bovine
serum albumin (BSA) in phosphate buffered saline (PBS) for 1 h at room
temperature, changed to primary antibody in PBS-3% BSA at 4°C

overnight with the following antibodies: dystrophin C-terminal (NCL-
DYS2, 1:50, Leica Biosystems, USA) or dystrophin Rod domains (NCL-
DYS1, 1:50, Leica Biosystems, USA), Laminin (L9393, 1:25, Sigma-
Aldrich, USA), or migG1 (554 121, 1:100, BD biosciences, USA). Pri-
mary antibodies were detected by secondary antibodies: FITC donkey
anti-mouse (715-095-150, Jackson immunology, USA, 1:300) and
Texas red anti-rabbit (711-076-152, Jackson immunology, USA,
1:300). All Vectashield-DAPI
(4,6-diamidino-2-phenylindole; Vector Laboratories, USA) and visual-

sections were mounted in

ized using an Axioplan 2 microscope (Carl Zeiss Inc, USA).

7 | RESULTS

7.1 | Vacuum-assisted needle biopsy system for
dystrophic and healthy muscle

A total of 471 core muscle samples were obtained from 128 biopsies

(Table 2). Each physician was able to obtain high-quality tissue after
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TABLE 2 Healthy and DMD/BMD core needle biopsy characteristics and yield

Muscle  Weight (mg) Cores/subjects
Healthy volunteers TA 147.67 +/— 18.61* 45/15

VL 146.84 +/— 23.25 78/29
DMD/BMD GN 119.61+/— 15.47 132/34

TA 116.31 +/—23.82*  145/38

VL 128.51 +/— 48.06 21/7

BB 134.01 +/- 15.90 3/1

‘P < .001 (Student’s t test).

their first procedure. In healthy volunteers, J.D.W. obtained a mean
core weight of 153 mg vs 139 mg for S.F.N. The coefficient of variance
of core weight was similar for J.D.W. (0.11) and S.F.N. (0.15). F-test of
the core weight variance between S.F.N. and J.D.W. showed no statis-
tically significant difference (F = 0.63, 95% Cl = 0.22-1.5, P = .29). We
obtained human muscle biopsy specimens across a wide age range
(2-66 y of age) with a mean age of 12.9 y. A total of 83 subjects were
less than 18 y of age. Eighty-four biopsies were performed on individ-
uals with a diagnosed dystrophinopathy between 2 and 26 y of age.

Biopsy was performed most frequently within the UCLA Clinical
Translational Research Center with adjustable height bed and suffi-
cient space for set up of muscle tissue inspection, dissection into indi-
vidual pieces, labeling, and submersion into LN. However, the
flexibility of the needle approach also allowed biopsy to be performed
in pediatrics clinic, operating room, and inpatient hospital beds. Mus-
cles biopsied included the medial GN, tibialis anterior (TA), vastus
lateralis (VL), and BB. Some subjects as young as 6 y of age tolerated
the procedure with just local anesthesia and distraction. No individ-
uals over the age of 12 required sedation.

Complications from needle muscle biopsy were few and minor.
All subjects had some degree of mild pain and discomfort with the
procedure on the day of procedure and the following day regardless
of biopsy location. Ambulation on the biopsied legs was possible the
day of the procedure. None required more than acetaminophen to
control pain. All subjects, including patients with DMD, returned to
baseline function within 3 days of biopsy. There were no instances of
infection. One adult (<1%) had minor local bleeding from incision after
prolonged ambulation within 4 h of the procedure and required
replacement of surgical strips.

Our first goal was to determine the overall mass of muscle that
could be safely and reliably obtained from different muscle groups
(Table 2). In general, there were no significant differences in core
weights obtained from different individuals or from different muscles.
We noted only a lower weight of cores obtained from the TA of indi-
viduals with DMD.

Twelve subjects had biopsies of the same muscle performed
greater than 6 mo apart and demonstrated similar yields. First biopsy
cores of GN had a mean weight of 124.9 mg, and the second biopsy
cores had a mean weight of 118.9 mg (P = .26). First biopsy of TA had
a mean weight of 106.6 mg, and second biopsy cores had a mean
weight of 113.9 mg (P = .47).

Male/female  Age (y) IHC Complication rate
5/10 21.07 +/-2.16 Satisfactory ~ 0/15

13/16 27.00 +/—-23.25 Satisfactory 1/29

34/0 6.12 +/- 3.3 Satisfactory ~ 0/34

38/0 6.52 +/— 3.3 Satisfactory ~ 0/38

7/0 16.0 +/- 5.6 Satisfactory  0/7

1/0 6+/-0.0 Satisfactory 0/1

Adequate amount of muscle for clinical diagnostic work-up of a
suspected inherited muscular dystrophy was obtained from all individ-
uals biopsied. Each core was divided into three to four pieces of
25-40 mg each, with approximate dimensions of 4 mm length by
3 mm diameter (Figure 1C). This size of muscle was sufficient for
orienting on cryotome and obtaining 100 of high quality 10 pm sec-
tions from each 25-40 mg piece. No more than four cores were
needed to obtain at least 400 mg of muscle (Table 2).

7.2 | Development of core needle muscle biopsy
processing and preservation suitable for histology

We assessed different freezing techniques to improve our ability to
efficiently handle and label the many separate pieces of muscle from
each procedure within the procedure room to minimize risks of sam-
ple degradation. The multiple core needle biopsies from a single
healthy volunteer was used to determine if each method resulted in
adequate histology. For the two methods using cassettes, dissected
pieces weighing approximating 30 mg were individually placed into
pre-labeled tissue cassettes and either plunged into LN directly with a
12-in. forceps for 30 s, and then released to sink to the bottom of the
LN dewar (“cassette in LN direct”) or a beaker containing an iso-
pentane bath prechilled to —150°C within a LN bath (“Cassette in iso-
pentane cooled in LN”) (Figure 2). A third sample was frozen without a
cassette after the sample was placed on a piece of cork and plunged
in a beaker containing an isopentane bath prechilled to —150°C within
a LN, bath “OCT/cork in isopentane cooled in LN.” Samples were
then kept on dry ice prior to storage in cryovials in LN.

Cassette-frozen specimens were visually inspected and marked to
orient appropriately in cryotome for cross-sections, by placing a thin
layer of OCT at the base of the muscle piece for adhering to the alu-
minum disk pre-equilibrated to —24°C within a cryotome (Figure 1D,
E). Samples were sectioned at 10 um onto glass slides and stained
with H&E or used for IHC (Figures 2-5). Histologic stains were per-
formed on muscle biopsies that were sectioned from 1-day post freez-
ing to 1y post freezing.

While the direct comparisons of the methods are not comprehen-
sive, all methods resulted in good histologic appearance of the muscle.
The direct comparison of these methods revealed that snap freezing

using the “Cassette in LN, direct” method is of equivalent quality for
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Cassette in LN2 direct

Cassette in isopentane cooled
in LN2

OCT/cork in isopentane
cooled in LN2

CDMD 8021-
Healthy volunteer

CDMD 8020 -
DMD Duplication
exon 2

B

FIGURE 2 Comparison of core needle muscle biopsy histology processed using three different freezing techniques. Biopsies from the vastus
lateralis of a healthy volunteer, CDMD 8021, and a patient diagnosed with dystrophinopathy, CDMD 8020 (DMD duplication of exon 2), were
frozen using three different techniques: “Cassette in LN, direct” method, where the samples were directly placed in a tissue cassette with slotted
holes and plunged in LN,. “Cassette in isopentane cooled in LN," method in which the samples were placed in the slotted tissue cassettes and
plunged into isopentane pre-chilled to —150°C using LN,; “OCT/cork in isopentane cooled in LN,” method in which the samples were mounted
on cork using OCT and then plunged into isopentane pre-chilled to —150°C in LN,, which is the most commonly used method for preserving
histology of muscle. Each piece was trimmed of 100 pM depth of muscle tissue before sampling serial 10 pM sections and subsequently stained

with H&E. Images were taken at 20x. Scale bar is 100 pM

histology compared to the standard method, “OCT/cork in isopentane
cooled in LN," (Figure 2). Similarly, this method is appropriate for the
assessment of DMD/BMD muscle, even with fibro-fatty replacement
(Figures 2 and 3). For practical reasons, we favor the “cassette in LN,
direct” method, which allows the labeling and handling of many speci-
mens from each individual, and results in excellent tissue preservation.
Prior reports indicate that fenestrated tubes lessen the potential for
direct submersion of tissue into LN, and our data using the fenes-
trated tissue cassettes supports this observation. All subsequent sam-
ples presented in this manuscript were performed with the “Cassette
in LN, direct” method.

7.3 | Assessment of core needle biopsies for IHC
We sought to determine if sufficient numbers of muscle fibers were
observed from these relatively small pieces from DMD patients to
permit immunohistochemical detection of dystrophin.

To assess the potential heterogeneity across three independent
cores biopsies harvested through the same incision, we visualized
muscle cores taken from the VL of a patient with significant fibro-
fatty replacement using H&E staining. There is a range of histopatho-
logic severity observed within biopsies from the same patient with

DMD (Figure 3), between different individuals, and across the four
muscles surveyed (Figures 3 and 4). Adequate histopathologic exami-
nation of muscle fibers was possible even from biopsies obtained from
patients presenting more with DMD and for whom no dystrophin pro-
tein production is predicted due to out of frame mutation (DMD exon
2 duplication) or nonsense mutations (DMD Arg3391* and Glu3468*)
(Figures 3, 4 and 5). There is variability in the amount of fibro-fatty
replacement in dystrophic muscle, but in the samples sectioned, suffi-
cient numbers of myofibers are observed in TA, GN, and BB and range
from 332 to 632 high quality fibers per section (Figure 4) in those with
a dystrophinopathy.

Similarly, dystrophin and laminin can be assessed at the sarco-
lemmal membrane in sections stained with fluorescently tagged anti-
bodies specific for dystrophin or laminin, with clarity and without
significant background (Figure 5). Sarcolemmal dystrophin is present
at high levels in a muscle biopsy from CDMD8021, a healthy volun-
teer. As expected, no dystrophin was detected for CDMD8017 with
an insertion a pseudo-exon including three stop codons in DMD or
for CDMD8022 (DMD exon 46-47 deletion), whereas laminin
staining is present in all (Figure 5). A higher rate of revertant fibers
was observed in CDMD8009 with DMD ¢.4100_DelA, who lost
ambulation at age 17y, demonstrating a somewhat milder DMD

progression.
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CDMD 8020 - DMD
Duplication exon 2

FIGURE 3 Heterogeneity of pathology across and within different muscle cores taken from the same muscle. Three cores were taken from
the vastus lateralis of patient CDMD 8020 (DMD duplication exon 2) and were all frozen using the “Cassette in LN, direct” method. Each piece
was trimmed for about 100 pM depth of muscle tissue before sampling serial 10 pM sections and subsequently stained with H&E. Images were
assembled as a mosaic at 20x to reveal well-preserved structures and myofibers regardless of the degree of fibro-fatty involvement. Scale bar

is 100 pM

CDMD8022 demonstrates the specific utility of biopsy of the rel-
atively preserved TA in non-ambulatory boys with DMD. This subject
had lost ambulation at age 11 y and was biopsied at age 20 y. He was
able to contract his TA minimally but could not substantially dorsiflex
his ankle. Published MRI data demonstrates that TA has a relatively
slower disease progression than most skeletal muscles.?° Biopsy of his
TA revealed substantial retention of muscle fibers (Figure 3). The
amount of muscle retained would be adequate for dystrophin staining

as previously performed in a trial of eteplirsen for DMD.”

8 | DISCUSSION
We add to the literature a large case series demonstrating that the
10-gauge core needle biopsy system is a safe and effective method of
obtaining skeletal muscle to aid in the diagnosis and management of
muscle diseases and is particularly well suited to obtain consistent
muscle biopsies in the context of some clinical trials. Our experience
here indicates that the biopsy technique can be readily taught to phy-
sicians to yield consistent muscle sampling.

While open muscle biopsies are proven to be safe and have the
obvious advantage of larger sample sizes, when repeated sampling of

muscles is necessary, core needle biopsy provides a safe and viable

option. The amount of muscle from core needle was about 400 mg in
total and is sufficient for most purposes, and is remarkably consistent.
In some instances, a lower mass was obtained from individuals with
muscle disease relative to healthy individuals, likely due to a higher
proportion of fat and fibrosis within the core volume.

While obtaining individually smaller pieces of muscle than open
muscle biopsies, the core needle biopsy does offer some advantages
over open muscle biopsies, including the ability to sample across
slightly different areas of the same muscle from a single small surgical
wound (see Table 3). Furthermore, in instances where serial muscle
biopsies are required, repeat sampling of the same muscle is possible
as demonstrated in a small subset of our cohort reported here.

Our system of muscle biopsy sample collection, processing and
storage offers some advantages for clinical trial work. First, samples
can be processed quickly in the same room as the biopsy procedure
allowing immediate feedback from the processing technician to the
physician performing the procedure. Second, the biopsy cores are
divided into small individual pieces (approximately 25 mg/piece), typi-
cally 9-12 per procedure, and frozen in liquid nitrogen immediately
after collection. This allows easier distribution of muscle tissue to a
number of assays and reduces the risks of sample loss or spoilage.
Each frozen sample obtained from core needle biopsy has very similar

dimensions and properties, so that technical handling of the biopsy
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FIGURE 4 Needle muscle biopsy and “Cassette in LN," tissue processing provides sufficient muscle for histological analysis of dystrophic and
healthy muscle. Core needle biopsies processed using the “Cassette in LN, direct” method were analyzed for histology quality and number of
myofibers in different muscles: CDMD1612 (DMD c.10171C>T, p.Arg3391*) was sampled from the biceps brachii at age 6 y, CDMD1622 (DMD
¢.10402G>T, p.Glu3468*) was sampled from gastrocnemius at age 6 y, and CDMD8022 (DMD out of frame deletion of exons 46-47) was
sampled from tibialis anterior at age 21 y. Each piece was trimmed for about 100 pM before sampling a 10 uM section for H&E. The whole cross-
section (right panel) was counted for myofibers and the number of fibers is indicated for each cross-section in the lower right corner of the image.
Two higher magnification images (first and second images from the left) from each whole cross-section demonstrate lack of freeze artifact or
distortions in muscles with varying fibro-fatty replacement. Images for whole cross-sections were reconstructed as a mosaic at 20x. Scale bar

is 100 uM

was much more consistent than with open biopsies of variable dimen-
sions, in our experience. Storage in LN allowed for the establishment
of an efficient muscle biobank that minimized risks from subsequent
sample handling and has allowed unused pieces to remain frozen and
preserved indefinitely in LN for later distribution to various assays.
This is important when labile biological molecules may be studied in
the distant future, such as RNA. In our experience, snap freezing and

storing samples using non-volatile LN resulted in excellent samples for

frozen sectioning similar to the more commonly used technique of
freezing muscle in LN-chilled isopentane.

The core needle muscle biopsy procedure was well-tolerated and
had a low complication rate, with no major complications reported
thus far in the literature or in our large experience, but we and others
are limited in that we only attempted to biopsy superficial muscles
due to safety concerns. Issues of concern in planning the needle

biopsy was size of the muscle and safety particularly relative to
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FIGURE 5

Needle biopsies processed using the “Cassette in LN," tissue processing method is suitable for IHC staining of dystrophin.

Biopsies from the vastus lateralis of a healthy volunteer (CDMD8021) and four individuals with dystrophinopathy: CDMD8022 (frameshifting
DMD deletion of exons 46-47), CDMD8017 (frameshifting DMD pseudo-exon inclusion ¢.65039498A>G), CDMD8010 (DMD exon 51-52, in
frame deletion), and CDMD8009 (DMD c¢.4100_DelA) with slower disease progression. Frozen biopsies were sectioned, and dystrophin and
laminin proteins were visualized using antibodies with specificity for the dystrophin rod domain (Dys1) or c-terminus (Dys2) dys (green). Laminin
(red) stains serve to identify the muscle sarcolemma of the in both dystrophin positive and negative samples. Images were taken at 20x. Scale bar

is 100 pM [Color figure can be viewed at wileyonlinelibrary.com]

bleeding risk. The core needle requires that the needle be inserted
about 25 mm into a muscle. Thus, some muscles, particularly in young
children may be too small for this procedure. In other instances, differ-
ent disease processes alter the relative benefit of biopsy of different
muscles. From serial MRI of skeletal muscles of patients with DMD,
the VL has a relatively rapid progression. Thus, at some stage of
DMD, the VL is uninformative for biopsy as all muscle is replaced by
fat and fibrosis. The GN has an intermediate progression and is a com-
monly biopsied muscle groups in individuals with suspected DMD.

The TA has a slower progression and, thus, offers an opportunity to

observe effects of treatment in DMD even in non-ambulant children.
To demonstrate this potential, we performed a core needle biopsy of
the TA on a one boy who lost ambulation about 9 y prior. Despite his
advanced disease, viable myofibers were observable. This may be
important in tracking the longitudinal effect of dystrophin replace-
ment strategies in DMD.

The data presented in this manuscript support the broader use of
vacuum-assisted core needle biopsy for evaluation of muscle, particu-
larly in the context of clinical trials where consistency of sampling is

critical. This study is limited as it does not include a direct comparison
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TABLE 3 Comparison of the advantages and disadvantages of the
vacuum-assisted biopsy system with the Bergstrom and open biopsy
methods

Advantages Disadvantages
Vacuum-assisted e <3 mm scar with e 30 mm depth
core needle no sutures needed insertion needed
biopsy e Consistent sample o Expensive
sizes and quality disposable needles
e Disposable needles
e One operator to
perform
Bergstrom e Small <1 cm scar, e Variable in
one suture sample size
needed! e More variable in
e |nexpensive sample distortion?®
reusable device e Technically more
challenging to
perform as
requires two
operators?

e Recovery may
be 6 d**

e May be more
painful than
vacuum-assisted
method??

Bergstrom or e May be performed ¢ Anatomic

vacuum-assisted in a clinic room structures not

core needle e Shorter two-day directly visualized
biopsy recovery time e Smaller size
e Less need for biopsies may
sedation require multiple
e Multiple cores may cores for adequate
be obtained specimen
collection
e Small/deep
muscles difficult to
biopsy
Open biopsy e Anatomic e Sutures required,
structures directly prolonging
visualized?® recovery, and

e Larger contiguous limiting activity for
amounts of tissue 10-14 d%324
can be obtained'? e DMD patients may
e Smaller muscles have an poor
may be biopsied?® aesthetic
appearance from
healed 5 cm scar
e Operating room
likely required
o Greater need for
sedation

between vacuum-assisted core needle biopsies and other techniques.
However, Table 3 compares advantages and disadvantages of the
vacuum-assisted core needle biopsy procedure we describe here rela-
tive to suction-modified Bergstrom needle biopsy and open biopsy,
as described in the literature. An additional limitation is that the
vacuum-assisted core needle biopsy we describe can only be used to
biopsy superficial muscles of sufficient size. We did not broadly com-

pare all muscles accessible by core needle biopsy or in all dystrophies
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or across multiple disease. Smaller muscles are not readily biopsied
by this approach and the lack of our ability to visualize the muscle

may in some instances lead to inadequate sampling.

9 | CONCLUSIONS

Muscle tissue obtained using a vacuum-assisted core needle biopsy
system in conjunction with sample processing using direct freezing in
LN,, without isopentane, consistently resulted in approximately
400 mg of high-quality muscle per individual from 3 to 4 cores per
procedure, suitable for IHC and other endpoint determination. This
minimally invasive biopsy technique is well-suited to clinical research
activities requiring biopsies of multiple muscles or biopsy of multiple

biopsies of the same muscle at different time points.
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