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Synopsis  Skeletal muscle is responsible for voluntary force generation across animals, and muscle architecture largely deter-
mines the parameters of mechanical output. The ability to analyze muscle performance through muscle architecture is thus a
key step towards better understanding the ecology and evolution of movements and morphologies. In pennate skeletal mus-
cle, volume, fiber lengths, and attachment angles to force transmitting structures comprise the most relevant parameters of
muscle architecture. Measuring these features through tomographic techniques offers an alternative to tedious and destructive
dissections, particularly as the availability of tomographic data is rapidly increasing. However, there is a need for streamlined
computational methods to access this information efficiently. Here, we establish and compare workflows using partially auto-
mated image analysis for fast and accurate estimation of animal muscle architecture. After isolating a target muscle through
segmentation, we evaluate freely available and proprietary fiber tracing algorithms to reconstruct muscle fibers. We then present
a script using the Blender Python API to estimate attachment angles, fiber lengths, muscle volume, and physiological cross-
sectional area. We apply these methods to insect and vertebrate muscle and provide guided workflows. Results from fiber tracing
are consistent compared to manual measurements but much less time-consuming. Lastly, we emphasize the capabilities of the
open-source three-dimensional software Blender as both a tool for visualization and a scriptable analytic tool to process dig-
itized anatomical data. Across organisms, it is feasible to extract, analyze, and visualize muscle architecture from tomography
data by exploiting the spatial features of scans and the geometric properties of muscle fibers. As digital libraries of anatomies
continue to grow, the workflows and approach presented here can be part of the open-source future of digital comparative
analysis.

Resumo [Brazilian Portuguese] O musculo esquelético é responsavel pela geracido de for¢a voluntdria em animais, e a
arquitetura muscular determina em grande parte os pardmetros de performance mecéinica. A capacidade de analisar o de-
sempenho muscular através da arquitetura muscular é, portanto, um passo fundamental para uma melhor compreensio da
ecologia e evolu¢do dos movimentos e morfologias. No musculo esquelético penado, o volume, o comprimento das fibras e os
angulos de fixagdo as estruturas de transmissdo de forga constituem os pardmetros mais relevantes da arquitetura muscular. A
medigdo dessas propriedades por meio de técnicas tomograficas oferece uma alternativa as dissecgdes tediosas e destrutivas,
especialmente pelo rapido aumento na disponibilidade de dados tomograficos. No entanto, ha uma necessidade de métodos
computacionais otimizados para acessar essas informac¢des de forma eficiente. Aqui, estabelecemos e comparamos fluxos de
trabalho usando anadlise parcialmente automatizada de imagem para estimativa rapida e precisa da arquitetura muscular em
animais. Ap6s isolar um musculo alvo por meio de segmentagao, avaliamos os algoritmos disponiveis gratuitamente e pagos
para o rastreamento de fibra (Fiber Tracing) para reconstruir as fibras musculares. Apresentamos um script que usa a API do
Blender Python para estimar os angulos de ligamento, o comprimento da fibra, o volume do musculo e a sec¢io transversal
fisiologica. Aplicamos esses métodos aos musculos de insetos e vertebrados e fornecemos instrugdes detalhadas de uso. Os
resultados do rastreamento de fibra sdo consistentes em compara¢io com as medi¢oes manuais, mas requerem menos tempo.
Finalmente, enfatizamos a capacidade do software de modelagem de cédigo aberto Blender 3D tanto como uma ferramenta de
visualizagdo programavel quanto uma ferramenta analitica para processar dados anatomicos digitalizados. Para muitos organ-
ismos, € possivel extrair, analisar e visualizar a arquitetura muscular, explorando as caracteristicas espaciais das tomografias e as
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propriedades geométricas das fibras musculares. A medida que as bibliotecas de anatomia digital continuam a crescer, os fluxos
de trabalho e a abordagem apresentados aqui podem fazer parte do futuro da andlise comparativa digital de codigo aberto.

Resumen [Spanish]  El musculo esquelético es responsable de la generacion de fuerza voluntaria en los animales y la arqui-
tectura muscular determina en gran medida los parametros de producciéon mecdnica. La capacidad de analizar el rendimiento
muscular a través de la arquitectura muscular es, por tanto, un paso clave hacia una mejor comprension de la ecologia y evolu-
cion de los movimientos y morfologias. En el musculo esquelético pennado, el volumen, la longitud de las fibras y los angulos
de fijacion a las estructuras de transmision de fuerza comprenden los parametros mas relevantes de la arquitectura muscular. La
medicion de estas caracteristicas mediante técnicas tomograficas ofrece una alternativa a las disecciones tediosas y destructivas,
sobre todo porque la disponibilidad de datos tomogréficos estd aumentando rapidamente. Sin embargo, existe la necesidad de
métodos computacionales optimizados para acceder a esta informacién de manera eficiente. Aqui, establecemos y compara-
mos flujos de trabajo utilizando anilisis de imdagenes parcialmente automatizados para una estimacion rapida y precisa de la
arquitectura del musculo animal. Después de aislar un musculo objetivo a través de la segmentacion, evaluamos algoritmos
de trazado de fibras (“Fiber Tracing”) patentados y gratuitos para reconstruir las fibras musculares. Presentamos un script que
utiliza la API de Blender Python para estimar los angulos de penacidn, la longitud de las fibras, el volumen muscular y el drea
de seccion transversal fisiologica. Aplicamos estos métodos a los musculos de insectos y vertebrados y proporcionamos flujos
de trabajo guiados. Los resultados del rastreo de fibras son consistentes en comparacion con las mediciones manuales, pero
requieren mucho menos tiempo. Por ultimo, enfatizamos las capacidades del software 3D de codigo abierto Blender como
herramienta de visualizacién y herramienta analitica programable para procesar datos anatémicos digitalizados. Por muchos
organismos, es factible de extraer, analizar y visualizar la arquitectura muscular mediante la explotacion de las caracteristicas
espaciales de las tomografias y las propiedades geométricas de las fibras musculares. A medida que las bibliotecas digitales de
anatomias contintan creciendo, los flujos de trabajo y el enfoque presentados aqui pueden ser parte del futuro de codigo abierto
del andlisis comparativo digital.

Kurzfassung [German] Die Skelettmuskulatur ist verantwortlich fiir die willentliche Krafterzeugung in Tieren und die
Muskelarchitektur bestimmt weitgehend mechanisch relevante Parameter. Die Muskelleistung anhand der Muskelarchitek-
tur analysieren zu kénnen ist daher ein Schliissel zum besseren Verstindnis der Okologie und Evolution von Bewegungen und
Morphologien. In gefiederten Muskeln sind Volumen, Faserlangen, und Ansatzwinkel an kraftiibertragenden Strukturen die
wichtigsten Parameter der Muskelarchitektur. Diese Eigenschaften durch Verfahren in der Tomographie zu erfassen, bietet eine
Alternative zur aufwendigen und irreversiblen Sektion, zumal die Verfiigbarkeit tomographischer Daten rasch zunimmt. Es
besteht jedoch ein Bedarf an standardisierten digitalen Analysemethoden, um effizient auf diese Informationen zuzugreifen. In
dieser Arbeit entwickeln und vergleichen wir Abfolgen von Arbeitsschritten fiir eine genaue und schnelle Analyse der Muske-
larchitektur. Nachdem ein Zielmuskel durch Segmentierung digital isoliert ist, werten wir sowohl frei verfiigbare als auch kom-
merzielle Algorithmen der Faserverfolgung (“Fiber Tracing”) aus und rekonstruieren so Muskelfasern. Wir prasentieren ein
Skript, welches die Blender-Python-API zur Berechnung von Ansatzwinkeln, Faserlangen und Physiologischer Querschnitts-
fliche verwendet. Wir wenden diese Methoden auf Insekten- und Vertebratenmuskel an und stellen dafiir detaillierte Anleitun-
gen zur Verfiigung. Die Ergebnisse der Faserverfolgung stimmen mit manuellen Messungen {iberein, sind aber viel weniger
zeitaufwéndig. Zuletzt betonen wir hier die Méglichkeiten der Open-Source Software Blender fiir sowohl 3D Visualisierungen
als die auch automatisierte Analyse in der Verarbeitung digitalisierter anatomischer Daten. Fiir verschiedenste Organismen
besteht die Moglichkeit die Muskelarchitektur aus Tomographien zu extrahieren, analysieren und zu veranschaulichen, indem
Bildeigenschaften von Scans und der gleiche Aufbau von Muskelfasern ausgenutzt werden. Bibliotheken, die die Anatomie
digital katalogisieren, wachsen, und Arbeitsschritte und Anwendungsmdéglichkeiten, die wir hier vorstellen, konnen Teil der
offeneren und faireren Zukunft der digitalen vergleichenden Analyse sein.
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Introduction

The rise of X-ray computed micro-tomography (XCT)
techniques in organismal research has led to an increase
in quantifiable, digital morphological data (Friedrich
et al. 2014; Buser et al. 2020). Now, the rate of process-
ing the large amounts of raw images is limiting research
more than their acquisition (Mufioz and Price 2019).
Skeletal muscle is relevant to analyze for various ques-
tions in organismal biology, it can be resolved three-
dimensionally (3D), but it is difficult to quantify effec-
tively. Skeletal muscle as a hierarchically organized fi-
brous tissue that contracts to generate force is present
across the animal kingdom (Huxley and Niedergerke
1954; Huxley and Hanson 1954; Hodge 1956; Pringle
1967), and the quantitative analysis of muscle can link
form with function. Muscles are resolved in XCT when
contrast-enhancing agents are used to stain specimens,
and protocols have been developed for various animals
(Metscher 2009a; Faulwetter et al. 2013). Using con-
trolled drying methods or synchrotron XCT, staining is
not even necessary (van de Kamp et al. 2015). So far,
however, only a few studies tackled a more thorough
quantitative analysis of muscle regarding its fibrous
structure using XCT (Kupczik et al. 2015; Dickinson
et al. 2018; Nyakatura et al. 2019; Sullivan et al. 2019;
Peeters et al. 2020; Piiffel et al. 2021). The hierarchi-
cal fibrous nature of muscle offers possibilities to apply
standardized computational methods to quantify this
functionally relevant tissue across taxa.

Muscle architecture

Skeletal muscle is characterized by a hierarchical orga-
nization of fibrous, contractile units on different scales,
and a highly variable composition of these units. The
explanatory power of muscle anatomy for performance
is degraded when muscle is quantified purely based on
volume or weight (Sacks and Roy 1982). A reliable,
anatomy-based approach to estimate function and per-
formance of skeletal muscle is to quantify muscle archi-
tecture (Sacks and Roy 1982; Powell et al. 1984; Lieber
and Friden 2000; Lieber and Ward 2011). Muscle archi-
tecture is defined as the arrangement of muscle fibers
and fascicles, which are bundles of fibers (Gans and
Bock 1965; Lieber and Friden 2000). Muscle volume,
varying fiber length and, if the muscle is pennate, at-
tachment angle are the most encountered metrics of

muscle architecture. Small changes in pennation an-
gle and fiber lengths result in significant differences in
force output (Stark et al. 2008). Comparing pennation
angles alone is useful due to an inherent trade-off of
more parallel attaching fibers transmitting force more
efficiently with obliquely attaching fibers utilizing space
constraints better (Gans and Bock 1965; Sacks and Roy
1982; Paul and Gronenberg 1999). Physiological cross-
sectional area (PCSA) is a summary value calculated
from muscle architecture parameters to estimate per-
formance as it was found to be proportional to force
generation (Powell et al. 1984; Lieber and Ward 2011).
Total muscle force can be estimated from PCSA by mul-
tiplication with muscle-specific tension, which is the
muscle’s force generation capability per unit area (Sacks
and Roy 1982; Powell et al. 1984). A single value for
specific tension has been suggested for all mammalian
muscle, and benchmarks exist for the variation found in
muscles of other animal groups (Lieber and Ward 2011;
Weihmann et al. 2015). However, a unified model for
skeletal muscle has not been achieved and it might be
impossible to do so, emphasizing the importance of ef-
fectively gathering various muscle architecture param-
eters (Winkel 2020). Skeletal muscle is heterogeneously
arranged at all levels, but the principles of hierarchical
muscle structure can be exploited to estimate function
from anatomy.

Muscle architecture is usually estimated based on
dissections, but several imaging-based methods have
been popularized. The reconstruction of muscle archi-
tecture is most advanced in the biomedical field, where
dissection techniques can be substituted with sonomi-
crometry or diffusion-based imaging to allow for in
vivo measurements of human muscle (Franchi et al.
2018; Bilston et al. 2019). The most common method
to reconstruct 3D muscle architecture in biomedical ap-
plications is through muscle diffusion tensor imaging
(mDTI) whose key strength is that orientation infor-
mation is stored in each image increment during acqui-
sition (Damon et al. 2017). However, mDTI is expen-
sive and exclusively tailored towards humans. Measur-
ing muscle architecture through dissections has been
extended to invertebrates. For example, by cutting tissue
in the position of apodemes, endoskeletal cuticle serv-
ing similar functions to tendons, the pennation angle of
mandible muscles was compared across ants (Paul and
Gronenberg 1999; Paul 2001). As dissections are highly



destructive and in vivo techniques are difficult to realize
in animals, ultimately, non-invasive XCT imaging tech-
niques harbor the potential to analyze muscle architec-
ture more completely across animal taxa.

Digitally analyzing muscle architecture using XCT

Across animals, the hierarchical structure, and the ho-
mogeneity in voxel colors along fibers paired with a
contrast to the surrounding tissues depicts fibrous tis-
sue as such in XCT images. Vertebrate muscle fibers
are bundled into fascicles that are sheathed by perimy-
sium. Using iodine staining and sufficient resolution,
these fascicles and perimysium show different contrasts
and the fibrous structure of muscle is revealed with
XCT (Jeffery et al. 2011). Successful attempts to resolve
muscle fascicles have been made for diverse vertebrate
taxa, such as rats and mice, squirrels, dogs, pigs, mon-
keys, and birds (Jeffery et al. 2011; Kupczik et al. 2015;
Dickinson et al. 2018; Nyakatura et al. 2019; Sullivan
et al. 2019). Using the right XCT setup, it is even pos-
sible to resolve contrast between myofibers and their
very fine surrounding sheaths of endomysium below
resolutions of 10 pm per voxel (Jeffery et al. 2011). Re-
solving individual muscle fibers for whole muscles is
easier when the organism is smaller. Scans of small-
bodied invertebrates routinely resolve muscle fibers as
resolution is often below 5 um. Effective staining is easy
to implement in small-bodied animals and exoskele-
tons provide a natural protection from deformations
(Metscher 2009a). Following best practices to resolve
fibrous tissues in tomograms in addition to publish-
ing the data on open-source platforms, the availabil-
ity of XCT scans that resolve muscle fibers or fascicles
will continuously increase to allow broader comparative
scales.

To process these large, volumetric images and quan-
tify fibrous tissue, several automatic techniques have
been developed. A wider array of solutions exists
for two-dimensional (2D) images, for example, im-
plemented in the freely available image analysis soft-
ware ImageJ (Encarnacion-Rivera et al. 2020). The only
program of our knowledge developed for muscle ar-
chitecture analysis in 3D is ImageXd (Kupczik et al.
2015). Sullivan et al. (2019) used a fiber tracking ap-
proach within the software Avizo to trace fascicles in
several muscles around the pectoral girdle of a star-
ling. This approach was applied to thoracic muscles in
ants to compare workers and queens in the sister soft-
ware Amira (Peeters et al. 2020). The algorithm was
developed focusing on microtubuli (Redemann et al.
2014; Westenberger and Blanc 2016). Amira/Avizo fiber
tracing requires a template, which corresponds to the
fraction of fiber that is then algorithmically placed
across the tomogram constrained by several input pa-
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rameters. ImageXd in contrast directly estimates pos-
sible directionality in voxels based on the texture and
stores the resulting values as vectors (Kupczik et al.
2015; Dickinson et al. 2018). Puffel et al. (2021) de-
signed a custom tracing method for near linear fibers
that requires nothing but segmentations of highly re-
solved target anatomy. Automated fiber tracing tech-
niques using XCT data give the advantages of repro-
ducible and extensive digital measurements and access
to the 3D structure of specimens without the neces-
sity to destroy specimens. If these automated techniques
produce reliable results, they hold the potential to en-
able analysis of muscle architecture across the tree of
life.

Quantifications of anatomy and biomechanics using
XCT data are still scarce, but comparative studies ben-
efit from muscle architecture as data to correlate with
other traits. Muscles between closely related, yet ecolog-
ically divergent squirrels differ corresponding to their
life histories (Nyakatura et al. 2019). Intra-colony anal-
ysis of muscle architecture in leafcutter ants showed
that these polymorphic ants tend to capitalize on mus-
cle volume to generate stronger individuals (Piiffel et al.
2021). Architectural parameters of thoracic muscles of
ponerine ant workers indicate adaptations for strength
as compared to their queens (Peeters et al. 2020). Ex-
tending such analyses to more comparative datasets can
give important insights into the evolution of behaviors
and ecological adaptations.

Aims of this paper

Here, we present and compare methods to analyze and
visualize muscle architecture from XCT. As a case study,
we estimate muscle architecture of the pharaoh ant
Monomorium pharaonis, an insect that only measures
about 2.5 mm in total. We trace muscle fibers using Im-
ageXd as a freely available software and Amira XTrac-
ing as a proprietary software. We further include the re-
cently published methods from Piiffel et al. (2021). We
aim to establish that soft tissue tomographic data will
yield consistent results when subjected to different ar-
chitecture reconstruction techniques as we compare the
three approaches to manually measured validation data.
Additionally, we use the published results from Sullivan
etal. (2019) to extend analysis from insect to vertebrate
muscle and compare our findings to theirs. We cover
both an invertebrate and a 50.000 times more volumi-
nous vertebrate muscle to test the workflows on phylo-
genetically distant and physiologically different speci-
mens. We then provide detailed summaries of the fiber
tracing workflows to promote the future use of muscle
architecture as a collection of traits in comparative anal-
yses.
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Fig. I Contrast-enhanced XCT resolves individual muscle fibers in the M. pharaonis head. (A, B, C) Axial, sagittal, and coronal slices through
the M. pharaonis left closer muscle. Apodeme highlighted as green arrow pointing in direction of force generation. Red lines and dots indicate
muscle fibers. (D) Volume rendering of the M. pharaonis head visualizing the closer muscle that occupies much space in the left hemisphere.

Materials and methods

To compare and validate fiber tracing and muscle archi-
tecture estimation, we chose a specimen of the ant M.
pharaonis and focused on the mandible closer muscle
(M. craniomandibularis internus M.11/0md1). Due to
the small size of M. pharaonis, it has a tractable number
of muscle fibers to manually count and measure attach-
ment angles relative to the direction of force produc-
tion. Specimen CASENT0709255 is part of the Global
Ant Genomics Alliance (GAGA) project (Boomsma
et al. 2017). The specimen resided in 99% ethanol un-
til it was transferred to iodine staining solution (2%)
for several weeks. Prior to scanning, we washed the
specimen in 99% ethanol and chose a plastic pipette
tip filled with 99% ethanol as a specimen holder. We
scanned M. pharaonis using a Zeiss Xradia 510 Versa
3D X-ray microscope equipped with a 20x magnifica-
tion lens. As the model for testing various techniques
of muscle architecture reconstruction, we cropped the
scan towards the volume of the left closer muscle and

rotated the scan so that the y-axis is in line with the
apodeme to manually estimate muscle architecture pa-
rameters (Fig. 1). The tomogram is characterized by
isometric voxel resolution of 0.67 pm® with acquisi-
tion settings of 13 s exposure time, 50 kV at 4 W, and
18 mm distance between X-ray source and microscope.
To save computation time for the free software fiber
tracing approach, we resampled the image stack and re-
duced resolution down to 2 pm? voxel size in 3D Slicer
(URL: https://slicer.org; Fedorov et al. 2012; Kikinis
et al. 2014). Prior to resampling, we enhanced contrast
using an unsharp mask in Fiji (sigma 5 px, weight 0.75;
Schindelin et al. 2012).

We further accessed a tomogram of the starling Stur-
nus vulgaris (URL: https://morphosource.org, Speci-
men ID: 000S30577) to estimate the bird’s M. supra-
coracoideus muscle architecture. Details of specimen
preparation and scanning are elaborated in Sullivan
etal. (2019). Briefly, soft tissue of S. vulgaris was stained
with iodine and the resolution of this scan is isometric
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with 43.86 um? per voxel, which resolves muscle fasci-
cles.

All workflows we present here require segmenta-
tion, the digital dissection of tissues. To save time and
improve results, we used Biomedisa to drastically re-
duce segmentation effort and improve accuracy (URL:
https://biomedisa.de; Losel et al. 2020). Here, only ev-
ery nth slice (in this case, every fifth) requires preseg-
mentation and after uploading the segmentation to the
platform, the full segmentation is interpolated. Mask-
ing is a crucial step for fiber tracing where segmenta-
tion is used to extract only the areas of the tomogram
that show the target tissue. The principle of masking is
to preserve the gray values of segmented voxels and re-
place the values of all non-segmented voxels with 0 (re-
sulting in the color black), and to save the result as a
new, cleaner image stack. Optionally, image filters can
be applied to the image before or after masking to en-
hance contrast, sharpness, or reduce artifacts and noise.

Voxel-transformation-based fiber tracing methods

Fascicles or individual muscle fibers are traced accord-
ing to patterns in the texture of XCT images. Both
ImageXd and Amira XTracing process the grayscale
voxel data to instead produce new 3D images, where
regions corresponding to fibrous structures are high-
lighted. The algorithms exploit the assumption that in
a digital image, contrast between neighboring voxels
along fibers is lower than in perpendicular directions.
Fibers are tracked within the newly generated images
and are stored as connected points in a 3D space of the
same dimensionality as the original image stack.

The Supplements feature detailed walkthroughs on
how to estimate muscle architecture by voxel-based
fiber tracing using proprietary or free software. At the
initial step of both workflows, we expect that X-ray
projections have already been reconstructed into an
XCT image stack. The last steps to retrieve muscle
architecture parameters from fiber files are identical
using our custom Blender-Python script.

ImageXd version 4.1.3 (Heiko Stark, Jena, Germany, URL:
https:/ /starkrats.de)

ImageXd is a freely available software to process volu-
metric data. By writing out a script (imagexd.macro),
the fiber tracking analysis can be performed based on
the approach presented in Kupczik et al. (2015). The ba-
sic principle of ImageXd fiber tracing is to form stream-
lines from a field of orientation vectors. The orientation
vectors derive from individual voxels, where a sphere
with a given voxel radius is computed to find the direc-
tion of least variation in contrast. Streamlines are the
most plausible connections of vectors. The only data
input ImageXd requires to trace fibers from XCT data
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is an image stack in NIfTI-format showing the fibrous
tissue. After loading the stack, a vector field is calcu-
lated in a computationally demanding step. For large
files and depending on the computer available, it may be
advisable to resample the image stack to reduce compu-
tation time. However, the number of vectors relates to
voxels. Hence, higher resolution results in a more de-
tailed vector field. Upon processing the vector field, it
should be smoothed to facilitate the tracing of stream-
lines. Streamlines are traced from seed points set all
throughout the masked vector field. To make stream-
line calculation more biologically adequate and easier
to handle for visualization, streamlines can be pruned
based on various parameters and number and location
of seeds can be constrained.

Workflow using Fiji, 3D Slicer, and ImageXd
(see Supplements)

For this workflow, Fiji as an extended Image] is most
important for changing file types and to process the
image stack to adjust contrast. Here, we applied un-
sharp masking and Gaussian blurring to emphasize the
fibrous texture. We recommend using 3D Slicer to fur-
ther adjust the image stack, perform muscle segmenta-
tions, and trace the direction of force production. In 3D
Slicer, we produced pre-segmentations limited to voxel
intensity thresholds that we chose to interpolate with
Biomedisa. Alternatively, 3D Slicer on its own possesses
an extensive set of segmentation tools. From complete
muscle segmentation, we used the “Mask Volume” tool
(“SegmentEditorExtraEffects” extension) to obtain an
isolated version of the muscle within the image stack.
This masked stack is then exported to NIfTT file for-
mat. For S. vulgaris, we further segmented the tendon,
used the “Margin” segmentation tool to grow the seg-
mentation, and exported the resulting region to NIfTI
to constrain seed points in ImageXd. To trace the orien-
tation of the tendon/apodeme, we use the “Create and
Place - Fiducial” tool and export the four points into
FCSV-format that our custom script can read in.
ImageXd is best executed via command line and
works with adjusting an “imagexd.macro” script.
Within ImageXd, there are several parameters to limit
the final number of streamlines and restrict the fiber
tracing based on a priori information. We set input
and output to the desired file names and set muscle-
specific parameters. To compute the transformation of
greyscale-voxels into vectors without border artifacts,
the regular image stack or a generously masked mus-
cle can be used. The vector field is then smoothed and
subsequently masked with the muscle segmentation
to constrain seeds and to reduce border artifacts. We
sampled references lengths from the image stack and
set those values to constrain the streamlines to avoid
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unrealistically short or long fibers. We further con-
strained the tracing of streamlines by allowing each
path to only be occupied by one streamline and lim-
ited segment angles. In the case of S. vulgaris, we re-
stricted the seeds to the area surrounding the tendon
and we found it necessary to allow streamlines to be
traced more easily. Otherwise, resulting fibers were con-
sistently too short. ImageXd can produce various file
formats to represent fibers. For our custom script, we
set the output to SWC (Cannon et al. 1998).

Amira 2019.2 XTracing (FEI, Thermo Fisher Scientific)

Template-based fiber tracking in Amira searches for
as many fibers as possible matching the given con-
straints of a cylindrical template and expected contrast
(Redemann et al. 2014; Westenberger and Blanc 2016).
Presegmentation is carried out in the “Segmentation
Editor,” data are masked either with the “Mask” or
“Arithmetic” tools, and various image filters are avail-
able if necessary. Fibers are tracked based on contrast
within the masked correlation result, the orientation
from template fitting and other input parameters, such
as expected curvature, length of fibers, and distance
between fibers.

Amira workflow (see Supplements)

As with 3D Slicer, we interpolate from a voxel-intensity-
limited presegmentation using Biomedisa. Alterna-
tively, Amira itself offers several segmentation tools. We
attach a “Cylinder Correlation” module from the Amira
XTracing extension to the image stack and sample a
template either by adjusting a visual example or using
previously measured parameters. To generate the out-
puts from the “Cylinder Correlation” module, we rec-
ommend using a grown mask or the full image stack to
not generate border artifacts. We recommend masking
after running the cylinder correlation because mask-
ing after cylinder correlation reduces border artifacts.
For fiber tracing, we set necessary values, particularly
minimum fiber length and distance from fiber to fiber.
The last step is to export the fibers to SWC. The ten-
don/apodeme is sampled in Amira using the “Land-
mark Editor” and exported to ASCII format. All mod-
ules used here should also exist in Avizo under slightly
different names (Sullivan et al. 2019). In both programs,
however, purchasing an extension to the base program
is necessary.

Fibers projected from seeds; Piiffel et al. (2021)

For M. pharaonis, we include the fiber tracing method
recently published in Piiffel et al. (2021), which was ap-
plied to mandible muscles of the polymorphic ant Atta
vollenweideri. Here, the muscle segmentation is inter-
sected with a surrounding, dilated cuticle segmentation.

When the muscle fibers are highly resolved, the inter-
secting area represents muscle fibers as discs. The cen-
ter points of these discs are then used as seeds to project
straight lines towards the apodeme within the muscle
segmentation to optimize fiber length and pennation
angle.

Complete fiber segmentation to validate automated
fiber tracing

To verify the automated fiber tracing methods, we sam-
pled the muscle fibers of M. pharaonis manually. First,
we individually segmented each fiber. We created sev-
eral copies of the original XCT scan rotated around
the y-axis to sample pennation angles manually. Slices
showing the apodeme allowed us to estimate the di-
rection of force production as a simple 2D projection.
We manually measured pennation angles in fibers sum-
ming up to 305 measurements from 171 different fibers.
We then averaged the resulting angles from multiple
measurements of the same fiber. We further used the
complete segmentation of muscle fibers to estimate in-
dividual fiber lengths in Blender (https://www.blender.
org). We converted the segmentations into meshes and
as the muscle was previously oriented along the y-axis,
we measured the distance between those vertices having
the most extreme values in y for each fiber. As muscle
fibers shrink individually in ethanol-stored insects and
XCT methods can resolve the space in between mus-
cle fibers in good contrast, calculating muscle volume
from segmenting fibers alone does not present a reliable
value. Therefore, in Amira, we used the “Grow” oper-
ation on the fiber segmentation until the space in be-
tween fibers was filled. We then subtracted a segmen-
tation of the head cuticle from this dilation to remove
excess material and measured volume as number of seg-
mented voxels times voxel volume.

Blender Python script to estimate muscle
architecture

With a custom script, we use the point data from au-
tomated approaches to estimate, summarize, and vi-
sualize muscle architecture using the Python API of
the open-source 3D software Blender. Traced fibers are
stored and read into Blender first as arrays of individ-
ual points that make up the fiber. We included several
steps into the script to improve the quality of the fiber
dataset (listed and explained in the Supplemental Data
Sheet). The summed distances of all subsequent points
per fiber constitute fiber length. To estimate pennation
angles, we use the orientation of fibers in 3D space and
define the direction of force production through lo-
cating the tendon/apodeme. We estimate muscle vol-
ume with an input parameter referring to fiber thick-
ness. We convert the fiber curves to a mesh, remesh it
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Table I Commonly encountered metrics for muscle architecture are calculated and written out by our custom Blender-Python script.

Output file Data

Explanation

out_angles.csv Pennation angles [deg]

out_lengths.csv Fiber lengths [mm]
out_summary.csv Volume [mm3]
Average length [mm]
Average angle [deg]
N fibers

PCSA2 [mm2]

Calculated pennation angle for each fiber as angle towards tendon/apodeme
Calculated fiber length for each fiber as sum of point-to-point distances
Muscle volume from muscle fibers recalculated as single mesh

Sum of fiber lengths by n fibers

Sum of pennation angles by n fibers

Total number of fibers

PCSA as PCSA; = volume*cos(angle)/avg length

according to fiber diameter, and then extend the result-
ing volume by fiber diameter. By using a loose unifica-
tion of fibers, we include space in between fibers and
account for tissue shrinkage. Remeshing is carried out
with the “Remesh Modifier.” Subsequently, the mesh is
copied, smoothed (“Subsurface Modifier”), and grown
by fiber diameter (“Shrinkwrap Modifier”). Lastly, as a
measure of performance, we calculate PCSA; based on
Sacks & Roy (1982) as:

PCSAz — VX1C0507

where V is muscle volume, ® is mean pennation angle,
and / is mean fiber length. Running the script results in
a Blender scene and several .csv files that contain indi-
vidual fiber parameters to calculate statistics and a sum-
mary including PCSA, (Table 1).

Visualization

The Blender scene initially shows fibers and tendon in
three versions: normalized to length 1 at the scene ori-
gin, as connected points, and straight from start- to
endpoint. The curves are shown as “NURBS,” which
allows smooth visualization. In the script, we included
code that sets two panels in the “Scene Properties” tab
in Blender to change the colorization of straightened
fibers from gold to a gradient based on pennation an-
gle or fiber length in “Render View” (see Fig. 4). The
“Color Ramp” defining the gradient colors can be mod-
ified in the “Shader Editor.” The tendon/apodeme is
visualized in default color green at scene origin and
where the points were sampled. The blender scene can
be customized further with additional data input, such
as meshes from segmentations. The usage of Blender
for visualizations is then subject to user preference and
skills in Blender.

Statistical methods to compare the three fiber
tracing approaches

We used statistical tests to compare the distributions of
pennation angles and fiber lengths (see Supplemental

Data R Code). We used the Shapiro-Wilks statistic to
test for non-normality in the distribution (R Core Team
2019). We then chose t-tests, Kolmogorov-Smirnov,
and Mann-Whitney tests to compare the resulting dis-
tributions of angles and lengths against the references
and against each other in R (R Core Team 2019). For M.
pharaonis, we further computed the Kullback-Leibler
divergence (R package “philentropy”; Drost 2018) of
random samples from fiber tracking results against
the manual measurements to estimate what approaches
yielded results closer to the ground-truthed distribu-
tion of pennation and fiber lengths. In addition, we plot-
ted the distributions to visually inspect the differences
in results from the fiber tracing approaches.

Results

As a case study, we report below the results from digi-
tally reconstructing muscle architecture parameters for
the ant M. pharaonis against measurements from man-
ual segmentation of individual fibers. We further report
results for the starling S. vulgaris using the same auto-
mated approaches against published results that incor-
porate dissection and the template-based approach that
we reproduced here.

Monomorium pharaonis closer muscle architecture

All muscle fibers are filament-attached, which is one
of three fiber types in ant mandible muscle theo-
rized to capitalize on strength per volume (Paul and
Gronenberg 1999). Configurations including other
fiber types were previously reported for small myr-
micine ants, such as Wasmannia affinis (Richter et al.
2019). The muscle generates force via attaching to a
simple apodeme and is held in place by attaching to
the dorsal and lateral left hemisphere of the head. Mus-
cle fibers even attach to the cuticular carina surround-
ing the eye. They are separated where the optic nerve
connects brain and eye. Further, a dorsomedial por-
tion of the muscle appears disconnected from the main
muscle body, but that might be an artifact of tissue
shrinkage.
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Table 2 Estimated muscle architecture values for M. pharaonis and S. vulgaris from different approaches. Column ‘Script Fiber diam’ relates to

an estimated value of individual fiber/fascicle diameter from sampling fiber width in image slices plus minimally accounting for tissue shrinkage.
Other columns relate to output from the Blender-Python script. Rows S. vulgaris ‘Dissection” and ‘Amira published’ from Sullivan et al. (2019).

“*” indicates volume estimation from segmentation in Amira.

Script
fiber
Muscle PCSA2 diameter
Specimen Method Pennation angle [deg] volume [mm3]  Fiber lengths [mm] [mm?2] [mm] N fibers
Monomorium Manual 27.3 (SD 11.8, min 3.0, 0.0083(*) 0.114 (SD 0.014, min 0.067 - 223
pharaonis max 59.0) 0.064, max 0.155)
Amira 27.3 (SD 12.0, min 2.1, 0.0089 0.106 (SD 0.021, min 0.074 0.018 223
max 59.2) 0.050, max 0.177)
ImageXd 24.7 (SD 11.0, min 2.5, 0.0089 0.106 (SD 0.023, min 0.076 0.018 301
max 57.9) 0.065, max 0.167)
ImageXd- 23.2(SD 10.4, min 1.0, 0.0086 0.111 (SD 0.026, min 0.071 0.018 220
Resampled max 55.1) 0.065, max 0.172)
Puffel et al. 28.01 (SD 12.66, min 0.0083(*) 0.117 (SD 0.023, min 0.063 - 190
(2021) 3.78, max 72.56) 0.049, max 0.186)
Sturnus vulgaris  Dissection 18.7 (SD 8.79) 559 12.7 (SD 3.67) 41.6 - -
Amira 23.5 (SD 12.46) 690 10.3 (SD 3.60) 61.4 - 218
published
Amira 19.76 (SD 9.71, min 1.80, 610.09 10.81 (SD 3.96, min 5.47, 53.11 0.35 226
reproduced max 43.03) (*628.5) max 29.16)
ImageXd 19.72 (SD 11.06, min 616.36 10.23 (SD 3.5, min 4.92, 56.71 0.35 1331
0.63, max 52.22) max 19.99)
Number of fibers The mean of differences in angle between fibers sam-

Through semiautomatic segmentation, we established
that our specimen of M. pharaonis has exactly 223
fibers in its left closer muscle. Using template matching
in Amira XTracing and running our custom script
on the results, fiber tracking results in 223 fibers as
well. Using ImageXd, we overestimate the number of
fibers recovered from using the original-sized dataset
with 301 fibers. However, using the sharpened and
resampled image stack, we retrieve 220 fibers. Using
the intersection of fibers and head for sampling fiber
seeds, we recover 190 fibers.

Muscle volume

We inflated the segmentation of the muscle fibers to
cover all the space occupied by the closer muscle to
account for shrinkage (manual in Table 2). Compared
to this measurement, the script recovers a slightly
larger volume for all approaches. The difference be-
tween manual and automatic calculation is less than
10%. However, as we have no data for a fresh M. pharao-
nis, all data are subject to error resulting from tissue
shrinkage.

Pennation angle

We calculated an average angle of 27.3° (SE = 0.69°)
through manually sampling fibers in axial and sagit-
tal sections with the apodeme fully visible (Table 2).

pled more than once is 1.89°. The Amira and Piiffel
et al. (2021) approaches are nearly identical to this
ground-truthed average pennation angle. Tracing from
ImageXd led to a slightly lower mean of 24.7°. Us-
ing the resampled stack with the same parameters in
ImageXd, the average angle remained lower still at
23.65°. Out of the implemented statistical methods,
only the ImageXd-Resampled approach differs signif-
icantly from the manual measurements and other ap-
proaches. None of the four different approaches can
outcompete the others consistently when calculating
the Kullback-Leibler divergence with all of them falling
around 0.3. Plotting a distribution of pennation angles
from the traced fibers reveals the congruence of the
chosen methods in more detail, as they all recover het-
erogeneity in pennation angles (Fig. 2A). Many fibers
attach at angles around the total mean around 27°.
However, there are other slight second peak at above 40°
that is recovered in all methods and another at 15°.

Fiber lengths

Using the segmentation of each fiber, average length
is at 0.114 mm (SE = 0.001 mm), which agrees with
ImageXd and Amira each at 0.106 mm. Using Im-
ageXd with the resampled image data and the method
from Puffel et al. (2021), the results are even closer
at 0.111 mm and 0.117 mm, respectively. In contrast
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Fig. 2 The distribution of pennation angles for the left M. pharaonis mandible closer muscle is consistent across different approaches whereas
fiber lengths recovered from automated methods tend to have a broader distribution. (A) For attachment, next to the peak around 25°,
all automated methods show bumps at above 40° and 10° angle also present in the manual measurements. (B) Fiber lengths estimated from
individual fiber segmentation (manual) are uniformly distributed whereas all automated methods show local peaks. Horizontal lines show mean

values.

to automated fiber tracing methods, the distribution
of lengths from manual segmentation is just normal
(p = 0.05). From the chosen statistical tests, only the
ImageXd-Resampled approach consistently fails to be
significantly different from the manual measurements.
However, according to Kullback-Leibler divergence,
the Amira and Piffel et al. (2021) approaches are
closer to the manual measurements. Plotting the fiber
length distribution of all approaches reveals the dif-
ferences among the approaches further (Fig. 2B). In
both ImageXd approaches, the curves are flattened,
and the resulting values are more spread than the
manual measurements. The total peak of fiber lengths
is close to the mean in all methods. However, fibers are
always present close to the chosen cutoff lengths and

the voxel-based tracking methods recover a few fibers
longer than reasonable.

Physiological cross-sectional area

We approximate force generation capabilities by esti-
mating PCSA. PCSA, calculation, which incorporates
volume, fiber length, and pennation angle resulted in
0.067 mm? using manual measurements and individual
fiber segmentation. In general, the ImageXd and Amira
approaches differ from this value by less than 15%.
ImageXd and Amira result in higher values with 0.076
mm? and 0.074 mm? from the full-sized image-stack,
respectively. Using the resampled image stack with
ImageXd and the Piiffel et al. (2021) method yielded
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Sturnus vulgaris
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Fig. 3 Automated fiber tracing approaches yield consistent results in pennation angles and fiber length distributions for the M. supracoracoideus
of S. wulgaris. Both ImageXd and Amira recover a bimodal distribution of pennation angles and lengths, which fits the bipennate architecture
of the muscle. Amira XTracing does not support a cutoff for maximum length. However, unrealistically long fibers (>20 mm) had a negligible

effect on the results. Horizontal lines show mean values.

the closest PCSA, of 0.071 mm? and 0.063 mm? due to
slightly less estimated volumes and longer fibers.

Sturnus vulgaris M. supracoracoideus muscle
architecture

Similar patterns as in M. pharaonis emerge when
comparing different approaches of estimating muscle
architecture parameters for the starling specimen.
Overall, calculating the parameters with our script
reproduces the results from Sullivan et al. (2019) when
tracing fascicles with Amira and ImageXd (Table 2).
None of the results are normally distributed in ac-
cordance with the bipennate muscle arrangement.
Statistical tests fail to find significant differences be-
tween the pennation angle results (P > 0.05). The same
goes for a Mann-Whitney test on fascicle lengths (P =
0.06). Only the Kolmogorov-Smirnov test is significant
for lengths (P = 0.005). However, the distance metric

remains low between the distributions (D = 0.13).
Looking at the distributions of pennation angles and
fascicle lengths, the different automated approaches
produce almost identical results in the means with
slight differences in distribution shapes (Fig. 3).

Discussion

We compared methods of fiber tracing to estimate
muscle architecture parameters. Our evaluation shows
that ImageXd, Amira, and the methods published in
Piffel et al. (2021) produce results comparable to man-
ual measurements, previously published data using the
same methods, and dissection-based measurements.
The overall consistency between automated approaches
and validations provides evidence that digital muscle
architecture analysis from XCT scans is a reliable
tool to generate comparative data. For S. vulgaris,
reproduced results are comparable with those from
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Sullivan et al. (2019) with both ImageXd and Amira
XTracing showing a tendency to underestimate fiber
lengths given their validation through dissection. Our
method to track the direction of force production
shows pennation angles more in agreement with the
dissection than the Amira XTracing results from the
original publication (see Table 2). In contrast to our
general underestimation, previous fascicle lengths in
mammalian muscles were overestimated using Im-
ageXd, but that may have been due to tissue shrinkage
in the time between scanning and dissection (Kupczik
et al. 2015; Dickinson et al. 2018). For M. pharaonis,
the two workflows yielded accurate results in muscle
architecture compared to our manual measurements.
The Amira XTracing template matching and ImageXd
streamline approaches resulted in less than 15% devia-
tion in PCSA,. In Piiffel et al. (2021), the approach was
validated by sampling fibers across Atta ants and by
estimating the expected error rates. As they found high
accuracy in the method, we also find high agreement
compared to manual measurements in M. pharaonis
with only 6% difference in PCSA,. As we recover
them for bird and ant, pennation angles are often
reported to be heterogeneous within muscles (Paul
and Gronenberg 1999; Lieber and Friden 2000). XCT
image-based analysis of muscle in situ is not only less
destructive, but also offers more measurements than
a sample of dissected fibers/fascicles. Furthermore,
automated approaches are much faster and less labor
intensive than sampling angles manually. As the same
structural principles of muscle apply at different scales,
fiber tracing approaches are versatile enough to study
heterogeneous muscle architecture across organisms.
Especially when the methods from Piiffel et al. (2021) or
ImageXd are applied to trace muscle fibers, only freely
available software is necessary and the only limitations
are available scans, scan quality, and computing power.

However, there are caveats for comparative digital
muscle architecture reconstruction that represent areas
for future work. First, even when the same animal
could be fixed multiple times, results would likely vary
because of artifacts and the state of muscle contraction.
Stark and Schilling (2010) showed that muscle architec-
ture in mammals varies considerably in all parameters
measured here depending on contraction. Further, all
measurements after chemical preservation may be af-
fected by tissue shrinkage and the amount of shrinkage
has been reported to increase over time in mammals
(Hedrick et al. 2018). The extensive methods-oriented
literature on contrast-enhanced XCT targets different
tissues and taxa (e.g., Metscher 2009a, 2009b; Gignac
et al. 2016; Smith et al. 2016; Davies et al. 2017). To
better understand preservation artifacts, future studies
could quantify shrinkage and then improve fixation

J. Katzke et al.

and staining protocols. However, it is possible to select
specimens with muscles fixed in a similar state of ac-
tion using the same chemical agents to hold a potential
error constant in a comparative approach. Until shrink-
age issues are clarified and accounted for, we address
shrinkage in highly resolved fibers by interpolating
over empty space between muscle fibers within our
Blender-Python script.

Second, processing all voxels into directional infor-
mation is computationally demanding, so one might
face a trade-off of accuracy with computation time. To
address this, it is possible to mask regions of interest,
but border artifacts are a threat to accuracy (Kupczik
etal. 2015). For ImageXd, resampling the M. pharaonis
image stack led to slightly worse results as we traded off
contrast against computation time. However, computa-
tion time decreased dramatically from two days to less
than an hour. Sensitivity analysis for Amira/Avizo tem-
plate matching showed that fiber tracking was improved
by investing in heavier computation efforts through
reducing the “Angular Sampling” parameter (Sullivan
et al. 2019). Higher image quality and more compu-
tation time improve results using the automated ap-
proaches and future work could specifically optimize
the trade-off between computation time and data size.

Third, all automated approaches require manual ad-
justments, which introduces potential error sources.
Chiverton et al. (2018) focused on an algorithmic tech-
nique to estimate fiber diameters from XCT data, which
might be useful to implement into fiber tracing tools.
Fiber diameters within a muscle are variable, which is
especially problematic for Amira template-based track-
ing (Redemann et al. 2014; Sullivan et al. 2019). How-
ever, sensitivity analysis showed overall invariance for
the various set parameters in Amira XTracing (Sullivan
et al. 2019). ImageXd fiber tracing is initially agnostic
calculating vectors and streamlines purely based on im-
age texture, but therefore, streamline numbers need not
represent fiber number. Sensitivity analysis for ImageXd
suggested that a random sample of seed-points does not
considerably affect results in fiber lengths (Dickinson
et al. 2018). However, we initially recovered results bi-
ased to regions of the image where fibers are better re-
solved affecting the means. Therefore, we first use as
many seeds as there are voxels and then reduce stream-
lines based on fiber diameter. To control for excessively
long or short fibers, Kupczik et al. (2015) used the dis-
tribution of lengths of all streamlines to identify un-
realistic accumulations to set cutoffs in fascicle length.
We instead sampled those values directly from the im-
ages. For the masseter muscle analyzed in Kupczik et al.
(2015), a grid in the central part of the muscle was de-
fined to equal number of seeds to fascicles. This was
not feasible here due to the radial arrangement of fibers
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in both muscles. Instead, for the S. vulgaris muscle, we
chose to constrain the location of seeds by using the
tendon. To find an accurate number of seeds, Piiffel
et al. (2021) chose the intersections between muscle
fibers and cuticle to produce geometrically similar ob-
jects whose number represents the number of fibers and
whose centers depict the centers of muscle fibers. This
approach implemented for M. pharaonis shows accu-
rate results in number and should be easily extended to
other arthropod taxa and muscles. For biomechanics,
accurate numbers of fibers could then extend estima-
tions from muscle fiber mechanical analysis (Shi et al.
2021) as an alternative to muscle specific tension and
PCSA. Despite the necessary extra-tasks that come with
the different approaches, they are significantly faster
than segmenting fibers individually or dissecting but
perform equally well in muscle architecture reconstruc-
tion according to our results.

Other tools for fiber tracing

We attempted to implement two other software for fiber
tracing rooted in the material sciences. We tried to trace
fibers using the Python-based quanfima (Shkarin et al.
2019) and the program FeatureScout (Weissenbock
etal. 2014) in the standalone software package Open_iA
(Frohler et al. 2019), which draws from the “Insight
Toolkit” iTk (Yoo et al. 2002; McCormick et al. 2014).
However, both require more intensive pre-processing,
such as individual fiber segmentation or complete skele-
tonization. The segmentation of individual fibers intro-
duces a serious bottleneck that has been approached
by multiple methods in the field of material sciences
(Salaberger et al. 2011; Heinzl et al. 2018). In our spec-
imens, however, we found fibers to be too heteroge-
nous, so sophisticated preprocessing algorithms would
be necessary to separate fibers at areas of little contrast.
Therefore, we only report here results from methods
that require quick segmentations for masking.

Alternative workflows to reconstruct muscle
architecture

We present a custom Blender-Python script to specif-
ically retrieve muscle architecture parameters directly
including volume without a necessity to rearrange
the entire image stack. However, it is possible to re-
trieve muscle architecture parameters using other pro-
grams. The Graphical User Interface software Cloud2
(Heiko Stark, Jena, Germany, URL: https://starkrats.
de) is scriptable and can process data generated from
ImageXd or other applications. Within Cloud2, it is
possible to calculate further properties of the fibers
and estimate muscle architecture. For calculations re-
garding pennation, this must be done towards the
axis planes of the image stack coordinate system

59
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Fig. 4 Monomorium pharaonis mandible closer muscle fibers colored
according to attachment angle embedded in a rendering of the head
cuticle. Fiber attachment angle: high = red, low = blue. Apodeme =
green. Gradient extremes are set between minimum and maximum
pennation angle. All head colors and material properties are artificial
based on microscope photographs of M. pharaonis.

(Dickinson et al. 2018). To align muscle and tendon ef-
fectively towards these planes, image stacks can either
be readjusted before or the whole coordinate system can
be recalculated in Cloud2. In Amira/Avizo, when the
image stack is aligned correctly towards the direction of
force production, tensors that represent pennation an-
gle can be recovered (Sullivan et al. 2019). For a fiber
object in Amira, errors can be cleaned by manipulat-
ing the object and a spreadsheet can be displayed with
information for each tracked fiber. We here provide an
alternative to rearranging a whole image stack by track-
ing the direction of force production directly as a vec-
tor and provide a script for Blender that is dedicated to
calculating muscle architecture parameters including
volume from fibers.

Visualizing muscle architecture

When working with 3D organismal data, it is often im-
portant to produce figures that effectively visualize the
data and convey further information to the reader im-
mediately. Alternative to Blender, Amira can dynami-
cally change the thickness of fibers, and color can be
set according to fiber properties (Sullivan et al. 2019).
Cloud2 not only offers to visualize fibers as streamlines
but can further convey information on the vector field
(Kupczik et al. 2015). Despite an initial steep learning
curve, Blender is an excellent tool to consider because
only few settings will generate high-quality renders with
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the options to employ more realistic materials and light-
ing. In Blender, one has a variety of options to mod-
ify the data into formats for 2D figures, simple anima-
tions or animations for movement simulation also con-
sidering physical properties, interactive 3D models, and
meshes for 3D printing. Our final image rendering of
M. pharaonis shows data directly calculated within the
script. It has the goal to be aesthetically pleasing but also
effectively convey the information of heterogenous pen-
nation angles within the closer muscle through a color
gradient (Fig. 4).

Conclusions

Access to data after publishing in online repositories,
the rise of high-throughput XCT, and large-scale digiti-
zation efforts are offering researchers the opportunities
to analyze soft tissue anatomy for more taxa and larger
numbers of datasets. Based on our results, digital fiber
tracing is a reliable tool to make use of these datasets
for which we lay out analysis workflows that allow esti-
mating muscle architecture and function comparatively
at intra- and interspecific levels or within specimens for
different muscles. Existing fiber tracing tools offer op-
portunities to gain deeper knowledge about muscle ar-
chitecture in a digital image-based approach. We hope
here to promote the usage of those and provide an addi-
tional tool to analyze and visualize digitally traced mus-
cle fibers or fascicles for comparative biology. Image-
based analysis of skeletal muscle can become a powerful
addition to the repertoire of techniques within biome-
chanics and comparative biology. Especially when re-
searchers aim to gain insight into the evolution of mus-
culature, muscle architecture is a key variable to be
quantified. Digital muscle architecture reconstruction
not only improves accuracy but also amplifies the pos-
sibilities of measuring muscle architecture on larger
scales across the tree of life.
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