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Abstract

Background: The quantitative analysis of muscle histomorphometry has been growing in importance in both
research and clinical settings. Accurate and stringent assessment of myofibers’ changes in size and number, and
alterations in the proportion of oxidative (type I) and glycolytic (type II) fibers is essential for the appropriate study
of aging and pathological muscle, as well as for diagnosis and follow-up of muscle diseases. Manual and semi-
automated methods to assess muscle morphometry in sections are time-consuming, limited to a small field of
analysis, and susceptible to bias, while most automated methods have been only tested in rodent muscle.

Methods: We developed a new macro script for Fiji-image] to automatically assess human fiber morphometry in
digital images of the entire muscle. We tested the functionality of our method in deltoid muscle biopsies from a
heterogeneous population of subjects with histologically normal muscle (male, female, old, young, lean, obese) and
patients with dermatomyositis, necrotizing autoimmune myopathy, and anti-synthetase syndrome myopathy.

Results: Our macro is fully automated, requires no user intervention, and demonstrated improved fiber segmentation
by running a series of image pre-processing steps before the analysis. Likewise, our tool showed high accuracy, as
compared with manual methods, for identifying the total number of fibers (r=097, p <0.001), fiber | and fiber Il
proportion (r=092, p <0.001), and minor diameter (r=0.86, p < 0.001) while conducting analysis in ~5 min/sample.
The performance of the macro analysis was maintained in pectoral and deltoid samples from subjects of different age,
gender, body weight, and muscle status. The output of the analyses includes excel files with the quantification of fibers'
morphometry and color-coded maps based on the fiber's size, which proved to be an advantageous feature for the
fast and easy visual identification of location-specific atrophy and a potential tool for medical diagnosis.

Conclusion: Our macro is reliable and suitable for the study of human skeletal muscle for research and for diagnosis in
clinical settings providing reproducible and consistent analysis when the time is of the utmost importance.
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Background

Muscle histology analyses are very effective for the
characterization of morphological parameters to deter-
mine muscular health status and an important tool for the
diagnosis of numerous muscle diseases [1]. For decades,
myopathological diagnosis remained based on purely
qualitative evaluations, notably depending on pathologists’
experience. In the last few years, the growing development
of innovative treatments, including biotherapies, requires
a more stringent stratification of patients, with accurate
quantification of myopathological processes. Physiological
aging and pathological muscle atrophies are characterized
by a reduction of myofibers’ size and number, increased
myofibers’ size variation [2], and alterations in type I (slow
twitch)/type II (fast twitch) myofiber ratio [3, 4]. The con-
ventional procedure for quantifying muscle atrophy in
fixed or frozen tissue consists of manual quantification of
the myofibers’ size (fiber diameter at its narrowest point)
to evaluate muscle morphology. Because of the large
number of myofibers within a muscle section, morphology
evaluation by manual methods is usually limited to a small
representative area (~400 fibers) [5]. However, this pro-
cedure is time-consuming, labor intensive, and subjected
to user bias and may not adequately represent the whole
tissue complexity and/or heterogeneity. An increasing
amount of software for the automated analysis of muscle
images has been recently developed, yet some of these
require extensive human intervention [6], are not publicly
available [7], or have been only tested in rodents [8, 9] or
are not designed for the analysis of human muscle in
medical settings. Here, we provide a reproducible and
accurate automatic image analysis macro script that runs
in an open-access platform (Fiji-Image]) and allows for
the fast quantification and differentiation of human
muscle fiber composition and histomorphometry in diffe-
rent physiological and pathological conditions. Our macro
was designed to assess fiber morphometry in digital
images of the entire muscle. We tested the functionality of
our method in deltoid muscle biopsies from a hetero-
geneous population of patients with histologically normal
muscle (male, female, old, young, lean, obese), patients
with pathological muscle, and a small set of pectoral
samples. Thus, our method provides a potentially
powerful tool for research in the skeletal muscle field
and medical diagnostics.

Methods

Patients

We analyzed deltoid samples from patients who under-
went a muscle biopsy for diagnostic purposes at the
Centre for Neuromuscular Disorders of the Henri
Mondor University Hospital. Fifty-seven patients with
histologically normal muscle (27 males, 30 females; age
16-87 years) were included in the study. Subjects were
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divided into four age (15-29, 30—49, 50—69, and > 70 years
old) and four body mass index (BMI) (17-18.4, 18.5-24.9,
25-29.9, >30kg/m?) groups. Subjects’ characteristics are
summarized in Table 1. For the validation of our tool in
pathological conditions, we obtained deltoid samples from
dermatomyositis (DM, 4 males, 4 females; age 17-84),
necrotizing autoimmune myopathy (NAM, 4 females; age
23-62), and anti-synthetase myopathy (ASM, 2 males, 2
females, age 49-82) patients. Diagnosis of DM, NAM, and
ASM was established by physicians from the Centre for
Neuromuscular Disorders of the Henri Mondor University
Hospital based on the combination of clinical, biological,
electromyogram, and histopathological features following
the European NeuroMuscular Centre (ENMC) criteria
[10]. For the diagnosis of ASM, the presence of circulating
anti-synthetase auto-antibodies was required. In addition,
we evaluated two muscle samples with neurogenic atro-
phy or unspecific myofiber atrophy [11]. Opportunely, a
project in our laboratory exploring pectoral muscle
morphometry in patients undergoing cardiac surgery and
currently on the specimen collection stages allows us
access to some of these biopsies. Thus, we used a set of
ten pectoral muscle samples (nine males, one female; age
29-65 years; BMI 21.9-33.5kg/m®) to test our macro
performance in a muscle type other than deltoid. The
study was conducted in accordance with the French
legislation on muscle samples from the Henri Mondor
Hospital Biological Resource Platform (registration num-
ber in the French Ministry of Health #DC-2009-930;
authorization for research # AC-2014-2056). All patients
gave written consent for their participation.

Preparation of histological specimens

Open biopsies were taken from the deltoid muscle under
local anesthesia. Pectoralis major muscle biopsies (~ 1 x 2 x
1 cm) were obtained from individuals undergoing mitral or
aortic valve surgery at the Henri Mondor Hospital in
Creteil, France. Both deltoid and pectoral muscle biopsies
were carefully collected to avoid the inclusion of tendon, or
intermuscular septa or epimysial components of extracellu-
lar matrix. Muscle samples were placed in a gauze lightly
dampened with saline and conventionally processed for
myopathology analysis. Briefly, muscles were mounted
vertically, maintaining the orientation of the fibers, in a flat

Table 1 Subjects’ characteristics
Males (n=27)
Mean£SEM  Max  Min

Females (n=30)
Mean + SEM Max  Min

Age (years) 494 +37 87 16 482+32 83 21
Height (m) 1.75£0.01 186 162 1.64+001 1.77 148
BW (kg) 743+283 109 53 66.8+3.8 120 40
BMI (kg/m?)  24.1+0.76 322 181 247+£13 425 172

Values are means + SEM (n = 57). BW body weight, BMI body mass index
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piece of cork and held with a 1:1 mix of tragacanth and
water. Samples were flash-frozen in isopentane cooled
with liquid nitrogen and kept at — 80 °C until use. Frozen
muscle samples were cut in 7 um sections using a cryostat
(CryoStar NX70, Thermo Fisher Scientific, Waltham, MA,
USA) with the inner chamber temperature set at — 20 °C.
The cuts were laid on SuperFrost® Plus glass slides
(Thermo Fisher Scientific, Waltham, MA, USA), left at
room temperature for 1 h to dry and fix, and then stored
at — 80 °C until use.

Immunofluorescence staining of muscle samples

Muscle sections were dried at room temperature for 20
min, and a working area was delimited using a DakoPen
(Cat # S200230-2, Agilent, Dako). Samples were hydrated
with 1X PBS for 10 min and permeabilized with 0.5%
Triton for 5 min. The Endogenous Avidin/Biotin Blocking
Kit (Cat # 00-4303, Invitrogen, Life Technologies) was
used to reduce background signal according to the manu-
facturer’s instructions. Samples were rinsed with 1X PBS
and incubated with 10% BSA (Sigma-Aldrich) for 30 min
at room temperature. Overnight incubation at 4°C was
conducted with the primary antibodies: dystrophin rabbit
polyclonal antibody (1:200) (Cat # RB-9024P, Thermo
Scientific) and o-II spectrin rabbit polyclonal antibody
(1:400), to target the cell membrane and the mouse mono-
clonal antibody for myosin heavy chain (MyHC, 1:400)
(Cat # NCL-MHCf, Novocastra, Leica Biosystems) to
target type II myofibers. The next day, the samples were
washed with 1X PBS and incubated with the secondary
antibodies (1:500): goat anti-rabbit FITC 488 (Cat
#A11034, Thermo Fisher Scientific) and biotinylated goat
anti-mouse IgG (Cat # BA-9200, VectorLabs) for 30 min
at 37°C for membrane and fast myosin, respectively.
Samples were rinsed in 1X PBS and incubated with
Dylight 549 Streptavidine Cy3 (1:500) (Cat # SA-5549,
VectorLabs) for 30 min at 37°C. Samples were rinsed
again, mounted, and stored protected from light at 4°C
until visualization. All samples analyzed were processed
by block randomization, and investigators assessing the
experimental outcomes were blinded to age, gender, and
body mass index (BMI) groups.

Image acquisition and image format for the macro

Slides were scanned and digitized using an Axio Imager
D1 Zeiss microscope. Once the sample was in place, the
focus and exposure were adjusted to improve the sharp-
ness of the image and light intensity. The camera used for
image acquisition has a dynamic range of 0-4095 (0 = no
intensity, 4095 = the highest pixel intensity value). Based
on previous experiences, the ideal exposure time to
acquire the images was selected when the intensity of the
signal was ~ 80-85% of the dynamic range (i.e., histo-
gram intensity ~ 3200-3500). Whole muscle sections
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were captured with a x 10 objective in mosaic, using
the tiles option. Once the pictures of the individual
channels (FICT 488 (green) for the membrane and
Cy549 (red) for the MyHC) were acquired, stitch
post-processing was applied to merge the pictures, correct
alignments, and relate the pixel coordinates of one image
to the other. Individual channel- and two channel-merged
images were saved in a TIF format without compression.
Each merged image had a size of approximately 9300 x
9900 pixels and ~ 200 Mb. Original pictures of each chan-
nel (16 bit) were used for the automated analysis.

Automated morphometric analyses using our macro in
Fiji

Morphometric analyses were conducted using Fiji (Fiji is
just Image]), an open-source image processing package
based on Image]® [12], in the digitized images of the
entire muscle section. To automatically detect and quantify
the myofibres in the sections, we generated a customized
macro script for the assessment of human histological
samples in collaboration with the IMRB image platform
(Creteil, France).

Overview of the developed macro

The macro is entirely automated and requires no user
intervention or clicking in dialog boxes during analysis.
The macro can be run in Fiji in a computer with avail-
able Java 8 runtime. The image processing is compatible
with Windows 64-bit (XP, Vista, 7, 8, and 10), Mac OS
(X 10.8), Mac OS X, and Linux (x 64 and x 86 architec-
tures). The pipeline of the macro instructions is depicted
in Fig. 1. After selection of a folder containing the indi-
vidual channel images (one for the membrane: C1; one
for type II fibers: C2) of each sample, the program will
automatically load the files within the selected folder to
conduct the analysis.

Image processing is conducted using mathematical
morphology. The first steps consist of automatic image
enhancement by (1) eliminating background noise (des-
peckle filter), (2) increasing the contrast of the image, and
(3) subtracting the background (clear out). Then, indi-
vidual fibers’ borders are identified based on the dys-
trophin/spectrin staining of the sarcolemma (Cl—green).
The macro includes a line of command to fill the gaps
within the fibers and a list of user-modifiable exclusion
parameters to improve fiber detection and reduction of
artifacts. These exclusion parameters can be modified in a
pop-up window that appears before the analysis. In the
analyses presented here, the following parameters were
excluded: CSA <200 and > 13,000 um?, circularity < 0.4,
and minor diameter < 1.5 pm. After the cleaning steps, the
program automatically saves the segmentation results as a
flatten image (Fig. 2b). These results are used for the fol-
lowing steps. Among the detected fibers, those positive for
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Fig. 1 Automated analysis pipeline using our macro using Fiji. Automated analysis of immunofluorescence-stained muscle sections using our
developed macro in the Fiji platform. (1) The first step consists of image enhancement by eliminating background noise and increasing the
contrast. (2) The macro includes a line of command to fill the gaps within the fibers and a list of user-modifiable exclusion parameters to improve
fiber detection and reduction of artifacts. (3) Then, individual fibers' borders are identified based on the dystrophin/spectrin staining. (4) Among
the detected fibers, those positive for MyHC are identified and segmented as type Il myofibers. (5) Unlabeled type | myofibers are then calculated
by difference. Fibers' morphology parameters are computed, and the results automatically saved as xls files. The program automatically saves the
segmentation results of all and each fiber type as a flattened image, as well as the color maps for the area and minor diameter size distribution

MyHC (C2—red) are identified and segmented as type II
myofibers (Fig. 2c). Unlabeled type I myofibers were then
calculated by difference (Fig. 2d).

Cross-sectional area (CSA) was determined using a
pixel to micrometer conversion factor estimated with a
precision ruler (0.647 pum/pixel). CSA (um?), perimeter
(um), major (um) and minor diameters (um), and circ-
ularity are computed for all myofibers, and the results
obtained from these analyses are automatically saved as
Excel (xls) files for all, type I, and type II myofibers
separately. Finally, to facilitate visual analysis of fiber size
distribution, a color map for each section was created based
on the myofibers’ size. From smaller to larger, cells were
color-coded as follows for area (Fig. 2E) and minor
diameter (Fig. 2F), respectively: dark orchid, <1000 um?
and <10 um; night blue, 1000-1500 um* and 11-20 pum;
cyan blue, 1501-2000 um® and 21-30 um; dark cyan,
2001-2500 pm? and 31-40 um; dark sea green, 2501—
3000 um? and 41-50 pm; yellow, 3001-3500 um? and 51—
60 um; orange, 3501-4000 um* and 61-70 um; and
red, >4000 um” and >70 um. All output results (images
and xls files), as well as a log file for each sample with

information of the total area of tissue detected (pmz) (ie.,
calculated surface of analysis) and number of total, type I,
and type II fibers, will be saved in the same folder selected
for analysis. The program runs in a loop, and once
analyses are completed, a pop-up message in the
computer screen will appear to inform the user.

Validation of macro’s performance

To validate the sensitivity and accuracy of our macro
compared to manual analysis, we conducted a test in a
small section (~300 myofibers) of a subset of random
samples from healthy patients (# = 10-15). The number
of total, type I, and type II fibers was counted, and the
minor diameter of the fibers was measured either manu-
ally (using the ruler tool of Fiji-Image]) or using our
developed macro (automated analysis). The macro’s
utility in clinical diagnostics was determined in muscle
samples from a wide-ranging cohort of healthy patients
and in a subset of patients with muscle disease, diag-
nosed based on the European NeuroMuscular Centre
(ENMC) criteria [10]. The quality and accuracy of the
output images obtained from all our analysis (single fiber
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Fig. 2 Example of automated analysis results. Human deltoid muscle cross-section analyzed with our macro in Fiji-lmageJ. a Cross-sections are

Segmentation mask

labeled for dystrophin and spectrin (green—channel 1) to outline the fibers and for myosin heavy chain (MyHC) (red—channel 2) to identify type
I myofibers; type | myofibers are unlabeled. Images were acquired with a Zeiss epifluorescence microscope using a x 10 objective and saved in a
16-bit TIF format. Original pictures of individual channels were used for the analysis. b After image enhancement and cleaning steps, channel 1 is

\

used to segment and outline the membrane of all fibers; a flattened image is automatically saved. ¢ Channel 2 is then used to identify labeled
cells within those previously identified cells. d Non-labeled fibers are then calculated by difference, and type | myofibers are segmented. To
facilitate the visual identification of fiber's size distribution, color-coded maps were obtained based on the myofibers. e Cross-sectional area (from
<1000 to > 4000 um?). f Minor diameter (from <10 to > 70 um). Scale bar represents 500 pm

segmentation and fiber type identification) were visually
assessed.

Statistical analysis

The total number of fibers per sample was normalized
by dividing this value by the tissue area (computed by
the macro in pm?) and then multiplying this result by
107, hence obtaining the number of fibers in a 10-mm?
area. For each sample, the averages for CSA, perimeter,
and major and minor diameters were computed and
used for all, type I, and type II fiber analyses. Because
sex-related differences were found to affect muscle archi-
tecture in our population (Additional file 1: Table S1), we

removed the confounding effects of gender on fiber size
and number by conducting a gender-adjusted two-way
analysis of covariance (ANCOVA). The main effects
of age, BMI, and their interactions were assessed for
all, type I, and type II fibers. The data are presented
as least square means with a standard error of the
mean (LSMeans + SEM). Tukey-Kramer post hoc test was
used to determine differences between groups. Pearson’s
correlation coefficients were conducted to establish sig-
nificant associations among the parameters of interest.
Statistical analyses were performed using SAS Enterprise
Guide OnDemand (SAS Institute, Inc., Cary, NC), and
significance was set at p<0.05. For the analysis of
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pathological and pectoral muscle samples, we conducted
basic summary statistics, and to quantify the degree to
which fibers were abnormally small or large in a biopsy,
we calculated atrophy and hypertrophy factors based on
the fiber size distribution. A score was assigned to each of
the fibers in a sample according to its CSA (for atrophy,
CSA <500pum?, score 20; =501 to <1000, 10; >1001
to <1500, 5; > 1501 to <2000, 1; and >2001, 0; and for
hypertrophy, CSA >4501 to <5500 um?, score 1; >5501
to <6500, 5; 26501 to <7500,10; =7501 to <8500, 20;
and > 8501, 30). The sum of these scores was divided by
the number of fibers (all, type I, or II) within a section.
Hence, the higher the score for each factor, the greater the
presence of abnormal fiber size.

Results

Immunofluorescence staining and automated
morphometric analyses using Fiji

One of the challenges of conducting automated analyses
using immunofluorescence-stained samples is that high
fluorescence signals are required and the myofibers
membrane need to be completely closed to be properly
identified. Moreover, some images need to be pre-treated
to increase brightness and contrast using different image
editing software before analysis, which can be very
time-consuming. We overcame these problems in two
steps: First, the immunostaining protocol used was care-
fully optimized in muscle frozen sections (i) to increase
the fluorescence signal without increasing the background
and (ii) to ensure closure of the membrane, and its follow-
ing identification by our automated program, by combin-
ing two different antibodies to target the sarcolemma.
Second, the macro also includes instructions to enhance
the image automatically, eliminate artifacts, and fill small
gaps within a fiber before analysis, thus improving the de-
tection of individual fibers. Our macro works optimally in
images acquired with a broad range of exposure (from 30
to 170% of the ideal time exposure (see the “Methods”
section)). However, its performance will be compromised,
and detection gradually lost when analyzing images ac-
quired below 20% (low signal) or above 300% (very high
signal) of our reference exposure time.

Macro’s performance and validation

The average time for the automated analysis of a whole
deltoid muscle section (~3000 fibers) for the segmenta-
tion and identification of fiber type populations using our
macro is ~5min. The duration of the analysis is greatly
diminished in comparison with manual (up to 1 h/selected
field of ~400 myofibers), semi-automatic (~ 15 min [6]),
or automated methods that require image editing before
analysis. Compared with the manual analysis (n = 15), our
macro showed high accuracy for identifying the total
number of fibers (r=0.97, p<0.001), the fiber I and
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fiber II proportion (r=0.92, p <0.001), and minor dia-
meter (r=0.86, p <0.001) (Additional file 1: Figure S1).
The variability observed between the macro and manual
approaches for measuring minor diameter could be
mostly due to human error, given the imprecision in
segmentation, arbitrary selection of measure location,
and user bias to which manual analyses are usually
subjected to.

Similarly, the output of the analyses was considered
highly satisfactory when visually comparing the digitized
muscle images with the flattened, segmented masks for
all fibers and each fiber type. The macro analysis
resulted in an overall detection/segmentation of 89.3%
of the total fibers (342/3212 not detected fibers across
10 samples analyzed). However, within the detected
fibers, our tool showed a very high rate of accuracy for
determining fiber type populations, with <1% of the
fibers being wrongly categorized (21/3212). An essential
aspect of this automated method is that the morpho-
metry evaluation is no longer subjected to user-bias.
Thus, inter-user variability is greatly decreased, and the
program ensures consisting and reproducible results
across analyzed samples.

Analysis of human skeletal muscle samples using our
macro tool in Fiji

The proportion of type-specific fibers does not change with
age or BMI

The macro was tested in 57 deltoid samples of subjects
with histological normal muscle across different age
(15-29 (very young), 30-49 (young), 50-69 (middle
age), and > 70 (old) years old) and BMI groups (17-18.4
(underweight), 18.5-24.9 (normal weight), 25-29.9
(overweight), and > 30 kg/m2 (obese)). We analyzed
CSA, perimeter, and major and minor diameters of all,
type I, and type II myofibers, separately. Because
biopsy sizes were heterogeneous in our population
(mean 13.5 + 0.6 mm?, range 3.6 to 24.9 mm?), we normal-
ized the total number of fibers by tissue area. The average
number of fibers (per 10 mm® area) in a deltoid section
was 2283.47 + 109.5 (Additional file 1: Table S2), and in
our population, this value was not different across age
(p =0.72) groups. We observed a trend for a significant
BMI main effect (p = 0.07) towards a smaller number of
fibers/area in the obese vs. lean groups (Additional file 1:
Table S3). We also computed the percentage of type I and
type II myofibers present in each sample based on the total
number of fibers quantified. The average proportion of
myofiber population in adult deltoid muscles was 47.4 + 1.7
and 52.6+1.7% for type I and type II, respectively
(Additional file 1: Table S2). In our population, age did
not significantly affect the percentage distribution of type
I or type II (p=0.47) myofibers (Additional file 1:
Table S3). In the youngest group (15-29years old),
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the distribution of type I/II population was 39.9/60.1%,
while in the oldest group (70—89 years old) was 50.1/49.9%,
respectively (Table 2). We did not observe differences in
fiber population distribution across BMI groups either
(p=0.98) (Additional file 1: Table S3). Underweight
individuals exhibited a 48.4/51.6% of type I/II fibers,
compared to a 459/54.1% found in obese subjects
(Additional file 1: Table S4).

Age results in size decrease of type Il but not type | myofibers
The average cross-sectional area for all fibers was
2399.4 + 106.5 um?, their average perimeter 206.6 + 5 um,
and their major and minor diameters 70.5 + 1.7 and 40.9
+ 1 um, respectively (Additional file 1: Table S2). Overall,
all fibers’ CSA (p = 0.045), perimeter (p = 0.03), and major
(p=0.02) and minor (p =0.0003) diameters were nega-
tively affected by an age main effect (Additional file 1:
Table S3). While there were no differences in the all fibers’
morphometry parameters among the 15-29, 3049, and
50-69 age groups, we found that >70-year-old sub-
jects had significantly smaller CSA (-27.3%, p=
0.036), perimeter (- 16.4%, p = 0.02), and major diameter
(- 16.6%, p=0.013) compared with the 30-49 (young)
group. Likewise, in older individuals, the fibers’ minor
diameter was ~ 20% smaller than in the other age groups
(Table 2).

When looking at the fiber population analysis, we found
that the effects of aging were fiber type specific. Age had
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no effect on the morphometry of type I (CSA, p =0.94;
perimeter, p =0.94; major diameter, p =0.84; and minor
diameter, p =0.28), whereas the size of the type II
myofibers (CSA, p=0.0008; perimeter, p=0.0009;
major diameter, p = 0.0008; and minor diameter, p < 0.0001)
decreased with aging (Fig. 3, Additional file 1: Table S3).

Similar to our observations in the all-fiber analysis,
there were no significant differences in the type II fiber
size among the groups of individuals younger than 70
years old. Yet, in the older age group (> 70 years), we
found size reductions of 46-48% in CSA, 26-29% in
perimeter, and 25-28% in major and 31-35% in minor
diameters, compared with individuals in the 50-69 and
30-49 age groups, respectively (Fig. 3, Table 2).

Changes in the fiber type size associated with obesity

We observed significant BMI-by-age interactions for all
fibers (CSA, p=0.007; perimeter, p =0.005; major dia-
meter, p =0.002; minor diameter, p =0.002) and type II
morphometry parameters (CSA, p=0.017; perimeter,
p=0.017; major diameter, p =0.008; minor diameter,
p =0.004), and for the major diameter of type I myofibers
(p=0.03). We also found a trend for an interaction affect-
ing the perimeter (p = 0.08) and minor diameter (p = 0.05)
of type I fibers. However, BMI alone did not affect the
morphometry parameters evaluated for either all fibers or
the specific fiber populations (Additional file 1: Table S3).

Table 2 Comparison of mean myofibers’ morphology across age groups

Age group (years old)

Myofibers” morphology 15-29 30-49 50-69 70-89
Number of fibers (by area)* 22257 + 3304 22389+ 190.5 25676+ 2523 2235.5+262.1
Number of type | (%) 399457 467 +33 504+ 4.4 50.1+45
Number of type II (9) 60.1+57 533+33 496+44 499+45

CSA all fibers (um?) 23623 +253.6°° 2568.8 + 146.3° 25348+ 193.7%° 18686+ 201.2°
CSA type | (um?) 2397.5 + 263.1 23716+1518 2279.7 + 201 22368+ 2088
CSA type Il (um?) 23595 +313% 27719+ 180.5° 2654.0 +239.1° 14432 + 2484°
Perimeter all fibers (um) 2057 £11.7% 2141 +67° 2103+£89 % 17904937
Perimeter type | (um) 2050+ 114 2040+6.5 1994 +87 1988+9.0
Perimeter type Il (um) 207.2 +149% 2242 +86° 2154+ 114° 1604+ 11.8°
Major diameter all fibers (um) 70.1 +3.8% 7314220 718+29% 61.0+3.1°
Major diameter type | (Lm) 699 +3.7 69.8+ 2.1 680+28 66.8+ 29
Major diameter type Il (um) 706 +4.9°° 764 +28° 735+3.7° 554+39°
Minor diameter all fibers (um) 412+21° 431 +12° 418+16° 333+1.7°
Minor diameter type | (um) 426+22 421+13 410+17 381+18
Minor diameter type Il (um) 405 +26° 441 +£15° 414+20° 286+ 20°

Morphology of total, type |, and type Il myofibers of deltoid muscle samples evaluated using our macro run in Fiji-ImagelJ. Analysis of covariance (two-way
ANCOVA) results by age group are shown. Averages of each sample were used for all, type |, and Il fiber analysis. Values are LSmeans + SEM. For each parameter,
means in the same row that have no superscript in common are significantly different from each other (Tukey-Kramer test, p < 0.05). CSA cross-sectional area.

+Normalized number of fibers/area (10 mm?)
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We analyzed the relationships among morphometry
parameters and BMI, and while no significant corre-
lations between BMI and type I fiber morphometry
were found (Fig. 4), this was not the case for the type
II population. Type II fibers’ CSA (r=0.3, p=0.03)
and minor diameter (r=0.27, p =0.04) were positively
and significantly correlated with BMI, while a trend
for a positive association was observed for their
perimeter (r = 0.25, p = 0.06) and major diameter (r = 0.25,
p=0.06) (Fig. 5). Similar associations between fiber size
and BMI were observed in the whole fiber population
(i.e., significant CSA (r=0.28, p =0.032) and minor dia-
meter (r=0.27, p=0.039) and a trend for significance
for perimeter (r=0.25, p=0.057) and minor diameter
(r=0.25, p=0.07)). Overall, these data are consistent
with the observation that subjects with greater BMI tend
to have fewer fibers/area compared to leaner individuals
(BMI >30: 1627.6 +316.7 vs. BMI<18.5: 2793.8 + 313.2,
Additional file 1: Table S4).

Color-coded maps of representative pictures from
male lean (43 yo, BMI 21.7, mean CSA 2007 + 9.6 um?),
obese (43 yo, BMI 33.2, mean CSA 3346 + 16.8 um?),
young (34 yo, BMI 21.7, mean CSA 2832+ 13.5 um?),
and old (77 yo, BMI 22.5, mean CSA 2070 + 14.4 um?)
patients analyzed with our macro are shown in Fig. 6,
and their morphometry parameters are depicted in
Table 3.

Analysis of diseased human samples using our macro
tool in Fiji

We tested our macro under pathological conditions in
deltoid muscles from male and female ASM, DM, and
NAM patients. We conducted summary statistics of
each group of patients (Table 4). The average number of
fibers per area was 2086.3 + 440.8 for ASM, 3175 + 481
for DM, and 2665.4 + 6759 for NAM patients. The
mean CSA was 1761.3+495.5, 1410.1 +180.6, and
2268.5 + 365 um”> for ASM, DM, and NAM npatients,
respectively. We observed that the overall degree of fiber
atrophy (as calculated based on the size of the fiber’s
CSA) is higher in diseased patients (4.4—6.7) (Table 4)
compared to patients with histologically normal muscle
(0.2-2.1) (Table 3). In addition, we had access to the
samples of two patients with muscle atrophy and a
patient whose muscle exhibited extreme fiber mor-
phology (hypertrophy 3.7 vs. < 0.4 in representative healthy
patients), and along representative pictures of DM, ASM,
and NAM patients, we used these cases to visually highlight
the flexibility of the macro (Table 5, Fig. 7).

We corroborated that our macro still maintains its over-
all performance, as visually assessed in the segmented out-
put images and color-coded maps, and confirmed our tool
applicability across a wide range of human conditions.
Furthermore, the area size maps showed their value for
the fast visual identification of atrophic/hypertrophic
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<1000 ym?

>4000 pm?

myosin heavy chain; yo, years old; BMI, body mass index

Fig. 6 Example of color-coded images as a tool to visually detect changes in myofibers’ size. Color-coded maps were obtained based on the
myofibers' cross-sectional area (from < 1000 to > 4000 um?). Scale bar represents 500 um. Representative images from a lean (male 43 yo, BMI
21.7), b obese (male 43 yo, BMI 33.2), ¢ young (male 34 yo, BMI 21.71), and d old (male 77 yo, BMI 22.5) subjects from the healthy patient cohort.
Characteristics of these patients are described in Table 3. Left: original immunofluorescence-stained section. Right: color-coded image. MyHC,

<1000 pm? >4000 pm?

regions (Fig. 7), thus facilitating first impression diagnos-
tics or verifying a diagnostic in clinical settings.

Analysis of human pectoral samples using our macro tool
in Fiji

A convenient feature of our macro tool is the possibility
of adjusting exclusion parameters for CSA, minor dia-
meter, and circularity by the user to improve the fiber
detection in different physiological (i.e., muscle atrophy

in healthy aging) and pathological conditions (muscle
disease, obesity). For instance, the pectoral muscle has
an overall larger fiber size than deltoid muscle samples.
Thus, we adjusted the exclusion parameters before
analysis as follows: CSA <200 and > 20,000 um? cir-
cularity <0.4, and minor diameter <8 pm. Our macro
was successfully capable of the analysis of pectoral
muscle samples, confirming its broad application
across different muscle samples (Fig. 8). The average

Table 3 Main characteristics of the patients’ samples depicted Fig. 6

All fibers Type | fibers Type Il fibers
Gender Age BMI Mean CSA Atrophy Hypertrophy Atrophy Hypertrophy Atrophy Hypertrophy
(kg/mz) (pmz) factor factor factor factor factor factor
Lean M 43 21.7 2007 £9.6 15 0.01 2.1 0.02 1.1 0.003
Obese M 43 332 3346+ 16.8 02 04 0.2 0.04 02 1.1
Young M 34 21.7 2832+ 135 0.5 0.15 0.7 0.06 04 0.23
Old M 77 225 2070+ 144 2.1 0.07 2.3 0.00 19 012

Deltoid muscle samples from lean, obese, young, and old patients were evaluated using our developed macro in Fiji-lmageJ. Values for CSA are means + SEM.
Atrophy and hypertrophy factors for all, type I, and Il myofibers were computed based on a score for the fibers’ CSA size and normalized by the number of each
fiber population within a section. CSA cross-sectional area. BMI body mass index
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Table 4 Muscle morphometry parameters of patients with pathological muscle

Muscle pathology

Morphometry parameters ASM DM NAM

Number of fibers per area™ 20863 +4408 3175.1+481.0 26654 + 6759
Number of type | (%) 495+46 539+42 503+53
Number of type I (%) 505+46 46.1+42 49.7+53

CSA all fibers (umz) 17613 +£4955 1410.1 £180.6 22685+ 3650
CSA type | (pmz) 2022.2+4350 1569.0 + 183.7 27221 £5269
CSA type Il (um?) 15084 + 5913 11716+ 1918 17474+ 1493
Perimeter all fibers (um) 168.7 255 156.8+11.3 196.6 + 14.1
Perimeter type | (um) 183.9+ 199 165.1+£11.1 216.1+ 186
Perimeter type Il (um) 153.1+326 1444+124 1745+93
Major diameter all fibers (um) 573+79 540+3.7 66.6+50
Major diameter type | (Lm) 62.2+57 566+35 732+68
Major diameter type Il (um) 521105 498 +4.1 593+30
Minor diameter all fibers (um) 33.7+59 306+19 383+30
Minor diameter type | (um) 373+49 329+19 431 +44
Minor diameter type Il (um) 301£73 27321 327+1.1
Atrophy factor all fibers 6.7+25 64+10 44+06
Atrophy factor type | 46+15 52+10 28+06
Atrophy factor type |l 9.1+37 82+14 62+08
Hypertrophy factor all 0.09+0.05 0.04+£0.03 052+03
Hypertrophy factor type | 0.10+£0.06 0.05+0.03 0.65+04
Hypertrophy factor type |I 0.10+0.07 0.03+0.03 036+02

Morphology of total, type |, and type Il myofibers of deltoid muscle samples from dermatomyositis (DM), necrotizing autoimmune myopathy (NAM), and anti-
synthetase myopathy (ASM) patients evaluated using our macro run in Fiji-lmagelJ. Averages of each sample were used for all, type |, and Il fiber analysis. Atrophy
and hypertrophy factors were computed based on a score for the fibers’ CSA size and normalized by the number of each fiber population within a section. Values
are means + SEM. CSA cross-sectional area. +Normalized number of fibers/area (10 mm?)

size of a pectoral biopsy was 12.7 + 1.5 mm?, ranging
from 2.9 to 18.2 mm?. The mean cross-sectional area
of all fibers was 4574.8 + 403.2 um? (vs. 2399.4 + 107 pm>
in deltoid samples), with an average of 1277.7 +234.6
fibers/1I0mm” area. The morphometry data of these
patients for all, type I, and type II fibers are depicted
in Table 6.

Table 5 Main characteristics of the patients’ samples depicted Fig. 7

Discussion

Applicability of the macro analysis and its features across
different samples

Here, we presented an accessible, fast, accurate, and repro-
ducible new tool to conduct automatic analyses of human
histological samples. Our customized tool runs as a macro
in the open-source image processing platform Image]°

All fibers Type | fibers Type Il fibers
Gender Age  BMI Mean CSA Atrophy  Hypertrophy  Atrophy  Hypertrophy  Atrophy  Hypertrophy

(kg/m2> (pmz) factor factor factor factor factor factor
DM F 26 NA 14966+ 104 52 0.002 4.1 0.0004 6.2 0.004
ASM F 71 NA 10514+9.2 9.5 0.004 54 0.008 150 0.000
NAM F 62 NA 19385+ 25.1 4.6 0.04 2.8 0.05 74 0.02
Neurogenic Atrophy  F 55 179 12274+88 6.5 0.000 42 0.000 102 0.000
Type Il atrophy M 76 183 17822+195 48 0.037 1.1 0.07 8.1 0.002
Hypertrophy F 60 27.5 4735+ 354 03 37 03 06 04 7.2

Deltoid muscle samples from dermatomyositis (DM), anti-synthetase myopathy (ASM), necrotizing autoimmune myopathy (NAM), and muscle atrophy patients
(neurogenic and type Il atrophy), as well as a patient with fiber hypertrophy, were evaluated using our developed macro in Fiji-imageJ. Values for CSA are means
+ SEM. Atrophy and hypertrophy factors for all, type |, and type Il myofibers were computed based on a score for the fibers’ CSA size and normalized by the
number of each fiber population within a section. CSA cross-sectional area, BMI mody mass index
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Dermatomyositis

c Necrotizing Autoimmune Myopathy

E Type Il Atrophy + Angulated Fibers

<1000 pm?

>4000 pm?

Anti-Synthetase Myopathy

<1000 pm? >4000 pm?

Fig. 7 Color-coded maps as a tool to visually detect muscle disease and extreme muscle morphometry. Color-coded maps were
obtained based on the myofibers’ cross-sectional area (from < 1000 to > 4000 um?). Scale bar represents 500 pm. Representative
images of deltoid muscle from patients diagnosed with a dermatomyositis, b anti-synthetase myopathy, ¢ necrotizing autoimmune
myopathy, d neurogenic atrophy, and e type Il atrophy with angulated fibers. f Patient showing a large fiber size phenotype.
Characteristics of these patients are described in Table 5. Left: original immunofluorescence-stained section. Right: color-coded

image. MyHC, myosin heavy chain

through the Fiji software project. The functionality of the
macro was demonstrated in deltoid muscle from young, old,
lean, and obese patients, as well as in patients with different
pathological conditions and in pectoral muscle, thus con-
firming that our tool is flexible and broadly applicable to the
analyses of a great variety of samples and supporting its
value for research purposes as well as in clinical settings.
The output color-coded maps based on the fiber’s size
proved to be an advantageous feature for the fast and easy
visual identification of location-specific atrophy or hyper-
trophy and a potentially powerful tool for medical diagnosis.

Method performance
The analysis of muscle morphometry is challenging given
the large number of individual fibers within a section.

Moreover, different populations of fibers are present in
humans, and each of them gives us information about
different aspects of the muscle health status [3]. In the
past 10 years, an increasing number of software packages
for the analysis of muscle images for research purposes
has been developed. However, some of these tools require
manual image pre-treatment before [13] or user interven-
tion during the analysis [6] resulting in greater evaluation
times and prone to bias results.

On the other hand, tools that have demonstrated a
more precise segmentation of fibers have either been
designed for or tested in rodent muscle [8, 9], they do
not run in publicly available platforms [7], or their analysis
capacity is limited to a small muscle field rather than the
whole muscle [13]. Our program runs in a widely available
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<1000 pm?

BMI, body mass index; CSA, cross-sectional area

>4000 pm?

Fig. 8 Color-coded images as a tool to detect changes in myofibers' size in pectoral muscle. Color-coded maps were obtained based on the
myofibers' cross-sectional area (from < 1000 to > 4000 um?). Scale bar represents 500 um. Examples of images of pectoral muscle biopsies. a Male
54 yo, BMI 31.9, and mean CSA 4574.4 + 43 um?. b Male 55 yo, BMI 27.6, and mean CSA 5159.8 +42.5 pm?. Characteristics of this set of patients
are described in Table 6. Left: original immunofluorescence-stained section. Right: color-coded image. MyHC, myosin heavy chain; yo, years old;

<1000 pm? >4000 pm?

Table 6 Pectoral muscle morphometry parameters

Morphometry parameters Mean + SEM
Number of fibers per area® 1277.7 +2346
Number of type I (%) 40.1+3.1
Number of type Il (%) 509+ 3.1

CSA all fibers (um?) 45748 + 4032
CSA type | (um?) 40448 +311.2
CSA type Il (um?) 4954.0 +542.9
Perimeter all fibers (um) 2960+ 16.2
Perimeter type | (um) 2769+ 130
Perimeter type Il (um) 309.6 +20.3
Major diameter all fibers (um) 101.2£57
Major diameter type | (Lm) 949+4.7
Major diameter type Il (um) 1059+ 7.1
Minor diameter all fibers (um) 540+29
Minor diameter type | (um) 513+2.1
Minor diameter type Il (um) 559+37
Atrophy factor all fibers 12+04
Atrophy factor type | 14402
Atrophy factor type |l 1.1+06
Hypertrophy factor all 45+09
Hypertrophy factor type | 27+0.7
Hypertrophy factor type |I 59+16

Morphology of total, type I, and type Il myofibers of human pectoral muscle
samples evaluated using our macro run in Fiji-imageJ. Averages of each
sample were used for all, type |, and type Il fiber analysis. Atrophy and
hypertrophy factors were computed based on a score for the fibers’ CSA size
and normalized by the number of each fiber population within a section.
Values are means + SEM. CSA cross-sectional area. Normalized number of
fibers/area (10 mm?)

and free processing package for scientific image analysis.
It overall demonstrated a good performance when tested
against manual procedures for the detection and identi-
fication of fiber populations, with the advantage of
performing analyses in the whole muscle, increasing the
power of the analyses and reducing partiality in the
results. Some of the limitations of our macro include that
the program has been set up for the analysis of
immunofluorescence-stained slides with the sole identi-
fication of type I and II myofibers. We are currently work-
ing in setting up the evaluation of fiber subpopulation
types (I, Ila, IIx) and hybrid fibers with our macro, but
the immunofluorescence-based approach must face the
wonted non-specificity of the antibodies (i.e., SC-71
antibody from DSHB, for type Ila fibers, also stains type
IIx fibers in humans [14]). Thus, the discrimination of
fiber type subpopulations using the automated system has
not yet completed. Future developments will also extend
the use of the macro for routine immunoperoxidase-
stained slides (used in most hospitals).

The macro demonstrated its functionality in human samples
In cases with normal muscle, we showed that while the
number of myofibers and the type I/type II fiber propor-
tion does not change with age or BMI, their morphology
is affected by the independent and synergistic actions of
these factors. In the analysis of the whole population of
fibers, we found that all morphometry parameters were
affected by age-by-BMI interactions. The fact that the
physiological effects of age and adiposity are intertwined
is not surprising. It has been documented that aging
results in changes in the distribution of adipose tissue
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and increased intramuscular lipid accumulation [15],
whereas obesity accelerates age-related muscle loss [16].

Moreover, both age [17, 18] and obesity [16, 19, 20]
result in decreased muscle strength in humans. In our
study, we found significant associations between larger
muscle fibers (i.e.,, CSA, minor diameter) and a greater
body mass. A larger muscle cross-sectional area is one
of the factors associated with increased fiber force and
gain in muscle strength [21]. Therefore, obese subjects
that exhibit larger fiber areas would theoretically have
higher muscle strength compared to lean. While this
had been the case in regard to absolute force values, when
strength is adjusted for body mass, the relative muscle
strength is, in fact, lower in obese than in lean adults
[16, 19]. Thus, in spite of the larger fiber size associated
with it, obesity has a negative impact on muscle function.

We also showed that the adaptive responses to age and
body mass and their interactions are different between fiber
type groups. First, we observed that type II myofibers are
more sensitive to aging and that their size significantly
decreases (ie, smaller CSA, perimeter, and major and
minor diameters) as age increases. Consistent with these
observations, other authors have shown that atrophy of
type 1I fibers and altered fiber shape is a characterizing
feature of aging muscle in healthy individuals [2, 4]. Second,
although in our population BMI alone did not influence
muscle morphometry, we detected significant associations
between a greater size (CSA and minor diameter) of type II
myofibers and obesity, but these relationships were not
significant in the type I population. We also found that the
interactions between BMI and age significantly affected all
type II, but not all type I parameters. Overall, these data
suggest that muscle age- and weight-dependent adaptations
might be driven to a greater degree by changes in the type
II fiber population. Although in our population we did not
observe a slow- to fast-twitching fiber switch (or vice-versa)
in response to adiposity variations, we cannot discard
changes occurring within the type II fiber subpopulations
(ie., IIa, IIx). In line with this view, a recent study in mice
[22] reported the effects of a long-term high-fat diet (12
weeks) in muscle. The diet resulted in muscle lipid infiltra-
tion, impairment of the fast-fiber contractile force, and a
percentage switch within the fast-twitch fiber type sub-
populations, reflected by an increase in type Ila/x fibers, at
the expense of decreased type IIb fibers. In this work, we
only analyzed type I and type II fiber populations. Hence,
the individual effects of BMI on the type II fiber population
could be further dissected by characterizing the mor-
phology of the fast fiber type subpopulations and hybrid
fibers. Furthermore, our findings suggest that the synergis-
tic effects between obesity and aging on muscle are fiber
type specific and could play a role in the development of
sarcopenia. However, this point would need to be inves-
tigated more thoroughly in future research.
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Conclusions

Overall, we demonstrated that our automated image
analysis tool is reliable and suitable for the study of
human skeletal muscle research, particularly in the
context of the study of sarcopenia correlated with aging
and obesity and inflammatory/autoimmune myopathies.
Furthermore, the applications of our tool in the medical
field are innumerable, from the training of health special-
ists to the diagnosis of muscle disease providing repro-
ducible and consistent analysis, when the time is of the
utmost importance.

Additional files

Additional file 1: Figure S1. Validation of our macro performance against
manual analysis. Pearson’s correlation coefficient (r) and p values are shown
for the comparison of our macro vs. manual analysis for the calculation (A)
total number of fibers, (B) number of type | and Il myofibers, and (C) mean
minor diameter of deltoid muscle samples. Mean values of each parameter
obtained per sample are plotted. Values with 95% confidence intervals are
shown. Table S1. Assessment of the effect of gender on deltoid
muscle morphometry using our macro in Fiji-image). Table S2. Muscle
morphometry parameters of patients with histologically healthy muscle.
Table S3. Myofibers' morphology and two-way ANCOVA results. Table
S4. Comparison of mean myofibers’ morphology across BMI groups.
(DOCX 162 kb)

Additional file 2: Macro script used for the analysis of muscle
morphometry. (TXT 10 kb)

Additional file 3: Tutorial for the quantification of muscle fiber
morphometry using the macrolMRB. (DOCX 2541 kb)
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