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Abstract

The advent of micro-computed tomography (microCT) has provided significant advance-
ment in our ability to generate clinically relevant assessments of lung health and disease

in small animal models. As microCT use to generate outcomes analysis in pulmonary pre-
clinical models has increased there have been substantial improvements in image quality
and resolution, and data analysis software. However, there are limited published methods
for standardized imaging and automated analysis available for investigators. Manual quanti-
tative analysis of microCT images is complicated by the presence of inflammation and
parenchymal disease. To improve the efficiency and limit user-associated bias, we have
developed an automated pulmonary air and tissue segmentation (PATS) task list to segment
lung air volume and lung tissue volume for quantitative analysis. We demonstrate the effec-
tive use of the PATS task list using four distinct methods for imaging, 1) in vivo respiration
controlled scanning using a flexiVent, 2) longitudinal breath-gated in vivo scanning in resolv-
ing and non-resolving pulmonary disease initiated by lipopolysaccharide-, bleomycin-, and
silica-exposure, 3) post-mortem imaging, and 4) ex vivo high-resolution scanning. The accu-
racy of the PATS task list was compared to manual segmentation. The use of these imaging
techniques and automated quantification methodology across multiple models of lung injury
and fibrosis demonstrates the broad applicability and adaptability of microCT to various lung
diseases and small animal models and presents a significant advance in efficiency and stan-
dardization of preclinical microCT imaging and analysis for the field of pulmonary research.

Introduction

Micro computed tomography (microCT) is a state-of-the-art tool that can provide a highly rel-
evant preclinical assessment of pulmonary disease. MicroCT has been previously been shown
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to accurately correlate with pulmonary physiology and histological features in several disease
models [1-5]. Thus, microCT has become a valuable addition to a broad variety of laboratory
based pulmonary research outcomes, particularly with the ability to image animals longitudi-
nally throughout a study capturing more than end-of-study data. Technological advancements
have improved the utility of microCT for basic and translational animal studies, allowing for
increased resolution of images, improved scanning efficiency and reduced radiation exposure
for live and longitudinal imaging [6-11]. However, several challenges for animal imaging
remain, including 1) a lack of standardized imaging methodologies that can be applied across
disease pathology [2, 12]; 2) reduced resolution of images due to respiratory and cardiac move-
ment artifact [13, 14]; 3) a limited ability to automate segmentation of tissue volume fractions
with currently available analysis platforms [12] and 4) a lack of a standardized and automated
analysis pipeline between laboratories. In particular, these challenges have broadly limited the
ability to generate reproducible and quantitative parameters for the often heterogenous disease
patterns that are characteristic of animal models which develop a patchy distribution of lung
disease [15]. In 2017, a workshop report on the Use of Animal Models for the Preclinical
Assessment of Potential Therapies for Pulmonary Fibrosis concluded there was not sufficient
evidence to recommend microCT scanning for preclinical assessment of antifibrotic therapy
as a routine methodology [15]. As the need for rapidly translatable preclinical data increases,
the importance of addressing these challenges and developing and adopting standardized
methodologies becomes critical [16].

Implementing standardized approaches accelerates the acquisition of accurate, reproduc-
ible, highly sensitive and dynamic preclinical data in rodents. These techniques can be applied
to multiple models of lung disease development and progression, such as tumor studies, lung
transplantation, lung development models, exposure-induced models and in longitudinal
studies involving therapeutic intervention. Several novel techniques for image acquisition and
analysis have been recently published [1, 2, 17-19], however, a standardized method has yet to
be established, and there are currently limited published resources for investigators to deter-
mine appropriate imaging and analysis approaches to meet study requirements. Herein, we
describe four approaches to microCT with detailed methodological information and discus-
sion of advantages and limitations of each approach. While newer image-based gating strate-
gies [10] have significantly improved the ability to obtain high-resolution reconstructions,
movement artifact in live-animal scans still limits image resolution. To address this concern,
we present alternative, novel post-mortem and ex vivo imaging techniques to generate high
resolution images and reconstructions. Further, while aerated lung volumes are readily seg-
mented using standardized automation, quantitative tissue parameters have been limited by
an inability for standard analysis programs to automatically segment the lung tissue volume
fraction, leaving investigators to rely on time-intensive and error prone manual segmentation
techniques.

Thus, microCT data have largely provided qualitative assessment of images with a limited
ability to directly quantitate changes in diseased/inflamed/remodeled tissue and parenchymal
architecture. In models where disease has historically been defined as an increase in lung tissue
volume relative to aerated lung volume using histological analysis methods [20], without the
ability to segment diseased or accumulated inflammation within tissue, compensatory changes
in lung volume may obscure important tissue:volume ratios occurring with disease progres-
sion [12]. Recent studies using manually segmented lungs have shown decreased aerated lung
volume during peak fibrosis in the bleomycin model of pulmonary fibrosis [21], whereas the
silica-induced model of PF resulted in increased aerated lung volume [2]. Automated segmen-
tation of the tissue volume fraction has been challenging since heart tissue, vasculature, and
the diaphragm are similar in density to fibrotic tissue, malignant masses, and inflammatory
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infiltrates [11]. Therefore, we sought to develop an automated task list for pulmonary air and
tissue segmentation (PATS) using three models of pulmonary injury and disease. The PATS
task list has overcome the need for manual segmentation and lack of reproducibility across
laboratories by providing a method for automated segmentation of the air volume as a total
region-of-interest (ROI), and subsequent analysis of the tissue parameters within the air-ROL.
Through this method, the efficiency of quantifying tissue volume, air volume, and changes in
the pulmonary microarchitecture is substantially improved, while the automated approach
reduces bias and error. The ability to reconstruct high-resolution scans of in vivo, intact post-
mortem, and ex vivo lung tissue has provided a unique opportunity to assess the whole lung,
thereby overcoming the challenge of heterogeneity of disease and sampling that occurs using
standard post-mortem histological methods [16, 22, 23]. These approaches address major chal-
lenges in the field including application of a standardized and automated analysis pipeline
which can be applied to multiple disease models, providing a quantitative analysis of air and
tissue volumes, high quality image resolution, whole lung assessment, and three-dimensional
(3D) reconstruction capabilities.

Materials and methods
Animals

Male C57BL6/]J mice (Stock #00064, Jackson Laboratories, Bar Harbor, ME) 8-10 weeks of
age, 20-30 g bodyweight. Animals were provided with food and water ad libitum, routine hus-
bandry, standard housing, and 12-hour light/dark cycle.

Models of lung disease and injury

To induce pulmonary fibrosis, mice were anesthetized with isoflurane (Baxter Pharmaceuti-
cals) and were intratracheally instilled with silica (0.2g/kg) in sterile saline (0.9%, 60 l), as
described previously [24], or bleomycin (50 pl, 1.5U/kg, Amneal Biosciences) [22, 25]. Control
animals received saline (0.9%, 60 pl) or were naive. To induce acute lung injury, 20 ug LPS

(E. coli 055:B5, Sigma Aldrich, St Louis, MO) in sterile saline (0.9%, 50 pl), was administered
intratracheally [26].

Micro-computed tomography

MicroCT images were obtained on a Bruker Skyscan 1176 at the Ralph H. Johnson VA Medi-
cal Center or on a Skyscan 1276 at National Jewish Heatlh (indicated in figure legends, Bruker
MicroCT, Kontich, Belgium). Longitudinal and, respiration-controlled studies images were
acquired at 35 pum and post-mortem studies images were acquired at 9 um resolution, with a
0.5 mm Aluminum filter, and 0.7° rotation step. Scans were reconstructed using NRecon soft-
ware (Bruker, v1.17.7). Analysis and generation of VOIs was performed using CTAn software
(Bruker) or by Amira-Avizo software (Thermo Fisher Scientific, version 2022.1) as indicated
in the text. CTVol software (Bruker) was used to create 3D surface renderings from surface
model files. Method-specific task lists and considerations are provided (S1 Methods).

Longitudinal studies

Animals were maintained under isoflurane (3-5%) and were imaged in supine position.
Image-based respiratory gating was used to sort images at exhalation to minimize movement
artifact in the final reconstruction [10, 27]. Individual animals were tracked over time and data
for multiple animals were averaged at each time point. Aerated lung volume was quantified at
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exhalation using image-based sorting. n = 3/group for LPS and n = 5/group for bleomycin and
silica.

Respiration-controlled

Animals were anesthetized with ketamine (100 mg/kg)/xylazine (15 mg/kg)/Acepromazine
(10 mg/kg) by intraperitoneal injection, and an 18G catheter was inserted into the trachea via
surgical cutdown. Animals were connected to a flexiVent FX-2 (SCIREQ, Inc., Montreal, Que-
bec, Canada) and were mechanically ventilated using a mouse default profile (109 breaths/
min, 10 mL/kg, 3 cmH,0 PEEP [28]. Pancuronium (1 mg/kg) was administered to inhibit
spontaneous breathing efforts. Flexiware software (v8.1, SCIREQ, Inc.) was integrated with the
Bruker Skyscan 1276 to deliver 0.2 second breath holds in time-sequence for triggered image
acquisition [2]. n = 5/group (naive and bleomycin).

Post-mortem nitrogen-inflation

Anesthetized mice were mechanically ventilated using the flexiVent, as described above. A
lethal dose of ketamine (400 mg/kg)/xylazine (50 mg/kg) was administered via intraperitoneal
injection. When the heart rate declined as detected via EKG (Physiosuite, Kent Scientific, CT,
USA), nitrogen gas was delivered via the flexiVent in-port and ventilation was continued for
1-3 minutes at 3 cmH,0 PEEP [17, 29, 30]. A deep lung inflation to 30 cmH,0 was performed
over 3 seconds and the trachea tied off at maximum inflation. Following rigor mortis, animals
were imaged by microCT. n = 4/group naive and 6/group silica.

Ex vivo preparation and imaging

Lungs of euthanized, exsanguinated mice were inflated with 4% paraformaldehyde at 25
c¢mH,0 and fixed in 4% paraformaldehyde overnight at 4°C. Lungs were chemically dried
[31]. As an alternative method, lungs can be air inflated to a pressure of 20 cm H,O, perfusion
fixed and dried at 30°C for 3 days [22, 32]. Scans were reconstructed into cross-sectional
images with an isotropic voxel size of 9 pum. MicroCT acquisition parameters were: X-ray tube
voltage 50 kV, current 500 pA, exposure time: 900 ms with 0.5 mm Al filter and a 0.3° rotation
step. n = 4/group naive and 6/group silica.

Manual ROI generation

Scans from three naive and three bleomycin-treated lungs (3 wks post exposure) were used to
generate manual ROT’s from two independent investigators. Using the CTAn software, ROIs
were manually drawn on every other image throughout the entire lung. Manual segmentation
took an average of 60 minutes per mouse when performed by a veterinarian or a researcher
with expertise in small animal imaging.

Pulmonary Air and Tissue Segmentation (PATS) task list

The automated steps of the PATS task list are provided and the function of each operation is
detailed (Table 1). Gray highlight indicates automated steps for aerated lung volume segmenta-
tion. The full task list is required for automated segmentation of vessel and lung tissue ROI.
Optional Steps(s) are recommended for samples requiring additional modification to obtain
accurate ROLI. * Indicates parameters where modification may be required or beneficial
depending on individual investigator needs and reconstruction/image settings. Automated
segmentation took an average of 10 minutes per mouse when performed by a veterinarian or a
researcher with expertise in small animal imaging.
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Table 1. PATS task list of operations. Operations listed use terminology for CT An software (Bruker). Similar operations are found in other analysis software. For
Amira-Avizo software (ThermoFisher): Remove island command in Amira = despeckle operation in CTAn. The lung volume was calculated with the material statistics
command in Amira. Grow and shrink volume commands in Amira = morphological operation in CTAn.

Operation
Thresholding
ROI shrink-wrap
Reload
Thresholding

Bitwise Operations

Despeckle

OPTIONAL STEP
Despeckle

Comment

Save Bitmaps

3D Analysis
3D Model
Morphological Operations

OPTIONAL STEP Bitwise
Operations

OPTIONAL STEP Save
Bitmaps
Reload
Thresholding
Morphological Operations

Bitwise Operations
Comment

Save Bitmaps
3D Analysis

3D Model

Parameters
Global 55-255*
2D space, stretch over holes, diameter 4 pixels*
Image
Global 0-55*
ROI = Image and ROI

Sweep, 3D space, all except the largest object”, ROI
Sweep, 3D space, all except the largest object”, ROI

The following model and data are for aerated lung

ROI, BMP, Aerated lung ROI, convert to monochrome, copy
shadow projection, copy dataset log file

Basic values, save file as aerated lung
.stl, ROI, binary, marching cubes 33, voxel
Closing, 2D space, Round, 40%, ROI
ROI = Image and ROI

ROI, BMP, save as ROI for modification, convert to monochrome,
copy shadow projection, copy dataset log file

Image
Global 55-255*

Erosion, 2D space, round, radius 1, apply to image

ROI = ROI and image
The following data and model are for vessels and dense tissue

ROI, BMP, Automated ROI for lung tissue, convert to
monochrome, copy shadow projection, copy dataset log file

Basic values, Additional values (structure thickness, structure linear
density), save as tissue volume results

.stl, ROI, binary, marching cubes 33, voxel

https://doi.org/10.1371/journal.pone.0281452.t001

Statistics

Result
Segments body from air in image
Defines ROI as body
Reloads image within the body ROI
Segments air in image

Defines the ROI as the image within the ROI (ROI = air within the
body)

Removes outside objects included in ROI

Removes outside objects such as less dense body tissue included in
ROI

Annotates data file for reference

Saves ROI created from the task list

Analyzes parameters based on Aerated lung ROI
Builds and saves 3D model file for automated aerated lung ROI
Fills-in holes in aerated lung ROI
Sets ROI to image inside ROI

Saves ROI for manual modification—useful for more severe models,
or models with peripheral tissue/inflammation

Reloads image
Segments tissue within ROI

Erodes peripheral tissue (Note: some tissue within lung may be
removed with this step)

Sets ROI to image inside ROI
Annotates data file for reference

Saves ROI created from the task list

Analyzes parameter based on automated lung vessels and dense
tissue ROI

Builds and saves 3D model file for automated lung vessels and
dense tissue ROI

Statistical analysis was performed using GraphPad Prism9 (GraphPad Software, San Diego,
CA). The mean +SEM are presented for longitudinal data. Unpaired two-tailed ¢-test with
Welch’s correction was used to compare groups with p<0.05 considered significant. The Pear-

son correlation coefficient (r) and coefficient of determination (R?) were determined between
every dataset pair. Experiments have been designed to provide >80% power to detect an effect
size of 1.6 with a Gaussian distribution (2-sided t-test, p<0.05).

Ethics

The data generated did include human samples and therefore did not require IRB approval.
All experiments involving live animals were carried out in accordance with the National Insti-
tutes of Health Guide for Care and Use of Laboratory Animals and were reviewed and received
written approval by the Institutional Animal Care and Use Committee (IACUC)s at the Ralph
H. Johnson VAMC, Charleston, SC, or National Jewish Health, Denver, Colorado.
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Results
Respiration-controlled imaging and automated task list assessment

Naive and bleomycin- instilled lungs (3 weeks post-instillation) were imaged using respira-
tion-controlled, flexiVent-triggered acquisition (Fig 1A and S1B Fig). Density-based 3D recon-
struction of aerated lung (gray) and lung tissue (blue) volume allows for visualization of
fibrotic changes versus control (Fig 1A). Histological sections stained with Masson’s Tri-
chrome (Fig 1B) show substantial fibrosis indicated by collagen deposition and loss of normal
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Fig 1. Respiration-gated imaging in bleomycin induced fibrosis. (A) microCT images from a respiration-gated scan
of a saline and a bleomycin-instilled mouse 3 weeks post-instillation imaged on a Bruker Skyscan 1276 at 35 pm
resolution. Representative images of coronal (top left), transverse (bottom left), and sagittal (bottom right) slices and a
3D surface rendering of aerated (gray) and tissue (blue) volume overlay (top right) are shown. (B) Representative
images of lung tissue sections stained with Masson’s Trichrome (Magnification 2X (left) and 20X (right). (C)
Hydroxyproline content in lungs. PATS task list quantification of (D) lung tissue volume (E) aerated lung volume and
(F) structure linear density. Scatterplots of comparing (G) lung tissue volumes and (H) aerated lung volumes calculated
from automated ROI generation (Auto 1 = CTAn (Bruker) and Auto 2 = Amira-Avizo (ThermoFisher) compared
ROIs generated manually by two individuals. Open symbols = naive lung values. Closed symbols = bleomycin lung
values. n = 5 mice/group. Graphed as box and whisker plot (min, max with mean). *p<0.05, **p<0.01, ***p<0.001,
2-tailed t-test with Welch’s correction.

https://doi.org/10.1371/journal.pone.0281452.g001
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Table 2. Comparison of aerated and lung tissue volume between automated and manual ROI generation.

Aerated Lung Volume (mm?®) Mean +SEM p value
Automated CTAn Automated Amira Manual 1 Manual 2
Naive 860 + 13.44 847.8 + 31.00 813.5 + 54.69 844 +28.92 ns between groups
Bleomycin 604.4 £19.38 802.2 £ 27.29* 782 + 52.61* 730.7 + 18.26 *p<0.01 compared to CTAn
Tissue Lung Volume (mm®) Mean +SEM p value
Automated CTAn Automated Amira Manual 1 Manual 2
Naive 65.43 + 3.845 70.77 + 3.66 90.99 +7.893 71.72 + 6.006 ns between groups
Bleomycin 89.37 +8.599 110.1 +9.49 162.1 + 33.34 88.38 +2.547 ns between groups

Automated ROI’s were generated using CTAn (Burker) and Amira-Avizo (ThermoFisher). n = 3 mice/group.

*p<0.05,

**p<0.01 2-tailed t-test with Welch’s correction between groups.

https://doi.org/10.1371/journal.pone.0281452.t1002

lung architecture. Increased hydroxyproline content also demonstrated significant fibrotic dis-
ease (Fig 1C). Segmentation and quantitation of the aerated lung and tissue volumes using the
PATS task list (Table 1) demonstrated an increased tissue volume within the lungs at 3 weeks
post-bleomycin (Fig 1D) and decreased aerated lung volume (Fig 1E). Additionally, quantita-
tion of structure linear density, demonstrated a decrease in structure complexity, indicative
of the loss of normal lung architecture (Fig 1F). Structure linear density is a parameter that
defines the number of structures that cross a vector, providing a 3D quantitation of the paren-
chymal microarchitecture. To compare tissue and aerated lung volumes calculated from ROIs
generated between the automated PATS task list using CTAn (Bruker) and Amira-Avizo
(ThermoFisher) software and those generated by manual segmentation, two independent
investigators experienced in microCT and small animal anatomy, generated ROI from the
scans of three naive and three bleomycin-treated mice (Fig 1G and 1H and Table 2).

R? and Pearson’s correlation coefficient values (r) were generated. (Fig 2A and 2B). For
both the aerated lung volumes and tissue lung volumes, there was variable but overall moder-
ate to strong correlations (r) between the automated values and manual scorers with  values
covering a significant range based on manual scorer and the absence/presence of disease (Fig
2B). Overall, this indicates significant variably between the users and the manual generation of
ROIs when compared to the ROIs generated from the PATS task list.

Validation of PATS task list in multiple models of pulmonary Injury
through longitudinal imaging

Longitudinal assessments of three models of lung injury; LPS, bleomycin, and silica, were per-
formed using the PATS automated task list (Table 1, SIA-S1C Fig). Disease progression and
resolution were examined for LPS and bleomycin, pre-treatment (day 0) and at maximal dis-
ease (7 days post-instillation for LPS, and 3 weeks for bleomycin), and at an endpoint following
resolution (day 14 for LPS, and 8 weeks for bleomycin). Silica treated mice were imaged after 8
and 12 weeks in this progressive model. 3D rendered images from defined 3D volumes of
interest (VOI) of LPS-instilled lungs demonstrated increased lung opacity indicative of inflam-
mation at 7 days, followed by resolution at day 14 (Fig 3A). To confirm the accuracy of the
PATS task list generated regions of interest (ROI) used to quantify these parameters, the air
volume ROI (red, left) and lung tissue (red, right) volume ROI were each overlayed with the
original microCT images (Fig 3A). Quantification indicated a significant increase in aerated
volume at endpoint, a non-significant increase in tissue volume at day 7, and a significant
decrease in structure linear density at day 7 returning to baseline at endpoint (Fig 3B).
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Fig 2. Correlation analysis between automated and manually generated ROIs. Respiration-gated Imaging in bleomycin
induced fibrosis. Heat maps of: (A) aerated lung volume comparisons by R* and R (Pearson’s correlation) for naive and
bleomycin-treated mice. (B) Lung tissue volume comparisons by R* and R (Pearson’s correlation) for naive and bleomycin-
treated mice. Auto 1 = CTAn (Bruker) and Auto 2 = Amira-Avizo (ThermoFisher) automated generation of ROI. Manl
and Man2 = two independent generations of manual ROIs.

https://doi.org/10.1371/journal.pone.0281452.9002

Bleomycin-instilled lungs exhibited a significant decrease in aerated lung volume and structure
linear density with a significant increase in lung tissue volume at 3 weeks followed by resolu-
tion at 8 weeks post-instillation (Fig 3C and 3D). The increased tissue volume corresponding
with the development of tissue fibrosis detected by Masson’s Trichrome staining (Fig 3C).
Three-dimensional rendering and quantitation of aerated lung volume at each timepoint
allows for visualization of longitudinal changes in lung capacity (Fig 3C). Silica-instilled lungs
also exhibited a decrease in structure linear density and a significant increase in tissue density
at 8 and 12 weeks corresponding to the development of silicotic nodules identified by Masson’s
Trichrome staining (Fig 3E and 3F). However, there was not a reduction in aerated lung vol-
ume (Fig 3F). This aligns with a previous study by Dekoster et al., which also demonstrated an
increase in both aerated lung and tissue volumes due to increased airway size after silica [2].

Application of PATS task list to multiple microCT imaging methods

Post-mortem nitrogen-inflation imaging. Intact nitrogen-inflated lungs of naive and sil-
ica-instilled animals were assessed after 8 weeks (Fig 4A, S2 Fig). Aerated lung and tissue VOIs
were generated and analyzed using the PATS automated task list (Table 1). Representative 3D
model overlay of aerated (gray) and tissue volume (blue) shows increased volume of dense
tissue in silica-instilled lungs (Fig 4A). Quantitative 3D analysis showed a non-significant
increase in aerated lung volume in silica-instilled, versus naive lungs (Fig 4B). Lung tissue vol-
ume was significantly increased in silica-instilled lungs (Fig 4C) and structure linear density
was significantly decreased (Fig 3D), indicative of fibrotic deposition. Overlay of PATS task
list generated ROP’s verifying accurate segmentation of pulmonary air and tissue volumes
(S2 Fig).

Ex vivo imaging. Silica-instilled lungs and naive lungs were harvested and chemically
dried for high resolution microCT imaging. Silica-instilled lungs showed increased opacity
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Fig 3. Longitudinal Imaging during the development, resolution and progression of lung disease. For longitudinal
studies, mice were scanned on a Bruker Skyscan 1276 at 35 um resolution. (A) Representative image of naive mice
scanned prior to instillation with LPS (left panels, pre-treatment), 7 days post-instillation (middle panels), and 14 days
post-instillation (right panels). Images include coronal (top left), transverse (middle left), and sagittal (middle right) slices
and a 3D surface rendering of aerated (gray) and tissue (blue) volume overlay (top right). PATS generated ROI for aerated
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lung (red, left) and lung tissue (red, right) are shown. Representative H&E images (Total Magnification 20X). (n = 3 mice/
group). (B) Quantification of the aerated lung volume, tissue lung volume and structure linear density using the PATS
task list. (C) Representative images of naive mice scanned prior to instillation with bleomycin (left panels, pre-treatment),
3 weeks post-instillation (middle panels), and 8 weeks post-instillation (right panels). Images include coronal (top left),
transverse (middle left), and sagittal (middle right) slices and a 3D surface rendering of aerated (gray) and tissue (blue)
volume overlay (top right). PATS generated ROI for aerated lung (red, left) and lung tissue (red, right) are shown.
Representative Masson’s Trichrome images (Total Magnification 20X). (n = 5 mice/group). (D) Quantification of the
aerated lung volume, tissue lung volume and structure linear density using the PATS task list. (E) Representative images
of naive mice scanned prior to instillation with silica (left panels, pre-treatment), 8 weeks post-instillation (middle panels),
and 12 weeks post-instillation (right panels). Images include coronal (top left), transverse (middle left), and sagittal
(middle right) slices and a 3D surface rendering of aerated (gray) and tissue (blue) volume overlay (top right). PATS
generated ROI for aerated lung (red, left) and lung tissue (red, right) are shown. Representative Masson’s Trichrome
images (Total Magnification 20X). (n = 5 mice/group). (F) Quantification of aerated and lung tissue volumes, tissue lung
volume and structure linear density using the PATS task list. *p<0.05, **p<0.01, ***p<0.001, ##p<0.01 compared to
8-week data. Open circles = aerated lung volume. Close circles = lung tissue volume. Graphed mean+SEM. *p<0.05,
**p<0.01, *** p<0.001, 2-tailed t-test with Welch’s correction.

https://doi.org/10.1371/journal.pone.0281452.g003

(Fig 5A, S1C Fig), and increased dense tissue in 3D reconstructions (Fig 5A). Quantification of
tissue parameters from a VOI containing the lung indicated significantly increased structure
thickness (Fig 5B), increased lung tissue volume (Fig 5C) and significantly decreased structure
linear density (Fig 5D).

Discussion

Integration of microCT imaging into the analysis workflow for disease monitoring in small
animal models is a powerful tool. It provides high quality reproducible quantitative data, can
be conducted on live animals in a longitudinal manner to follow disease progression and
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Fig 4. Post-mortem imaging after nitrogen inflation. (A) microCT images obtained using a Bruker Skyscan 1176 of
the lungs of naive (n = 4) or silica-instilled mice (n = 6) following nitrogen inflation. Representative images of coronal
(top left), transverse (bottom left), and sagittal (bottom right) slices and a 3D surface rendering of aerated (gray) and
tissue (blue) volume overlay (top right). Quantification of the (B) aerated lung volume, (C) lung tissue volume and (D)
structure linear density are provided using the PATS task list. Graphed as box and whisker plot (min, max with mean).
*p<0.05, ns = not significant. 2-tailed t-test with Welch’s correction.

https://doi.org/10.1371/journal.pone.0281452.g004
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Fig 5. Post-mortem imaging of fixed ex vivo lungs. (A) microCT images from chemically dried lungs scanned using
a Bruker Skyscan 1176 at 9 um resolution from naive mice (left panels) (n = 4), and mice 8 weeks post silica-instillation
(right panels) (n = 6). Representative images of coronal (top left), transverse (bottom left), and sagittal (bottom right)
slices and a 3D surface rendering of tissue volume (top right) are shown. Quantification of (B) structure thickness, (C)
lung tissue volume and (D) structure linear density were generated using the ex vivo task list. Graphed as box and
whisker plot (min, max with mean). *p<0.05, ***p<0.001, 2-tailed t-test with Welch’s correction.

https://doi.org/10.1371/journal.pone.0281452.g005

during therapeutic intervention and generates clinically relevant outcomes. Despite these
advantages, microCT imaging is often underutilized due to inherent challenges in quantitation
of tissue parameters in diseased lungs and lack of published standardized techniques for live
animal or fixed-tissue imaging thus requiring expert knowledge of technical CT methodology
including respiration gating techniques and image thresholding as well as expertise in the
interpretation of CT images. While methodologies for the reduction of movement artifact
have been published [14, 33, 34], standardized methods for advanced and automated air:lung
segmentation are not available. Therefore, we sought to develop an adaptable automated task
list (PATS task list) and apply this to defined imaging techniques and parameters to overcome
these challenges creating a set of standardized methodologies for investigators to select an
application specific approach to microCT imaging for automated quantitative analysis
(Table 1 and Fig 6). The PATS task list was developed using CT An software (Bruker), and vali-
dated with the Amira-Avizo software (ThermoFisher) and the operations described are com-
parable across microCT software platforms. Therefore, the PATS task list represents a valuable
starting point for analysis on alternative software programs. The PATS task list allows users to
analyze and quantify lung tissue volumes and lung microarchitecture in addition to the stan-
dard aerated lung volumes typically reported [16]. Given the complexity of air:tissue volume
ratios in animal models of pulmonary pathologies [2, 21], the ability to automate quantifica-
tion of tissue parameters represents a significant improvement over previous analysis methods.
Automation limits user-based variability and labor-intensive manual segmentation providing
precise, reproducible and rapid data quantitation (Fig 2).

Using the PATS task list, the data presented demonstrate significant changes in aerated
lung volume, tissue volume, and complexity of the parenchymal microarchitecture (structure
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Approach

Limitations

«Acute/resolving injury/disease
«Cancer or metastasis studies
*Progressive disease
<Timecourse-based studies
Allows for tidal volume estimates

*Higher-resolution in vivo scans
*Smaller sample numbers
*Challenging segmentation
*Post-mortem tissue analysis
*Endpoint analysis

/\

*Highest-resolution

*Higher throughput

*Challenging segmentation
*Quantification of microarchitecture
*Post-mortem histology

*Endpoint analysis

*Visualization of inflammation,
resolution and disease progression
*Animals are recovered post-
imaging for sensitive analyses

*Reduced post-imaging cell viability
*Semi-sensitive protein analysis
<Allows for collection of blood/serum
or other cells/tissues

*Allows for pulmonary function
testing prior to imaging

Ability to delay imaging
Allows for longer scan times
(increased image resolution)
Allows for pulmonary function
testing prior to imaging

«Ability to delay imaging
Allows for longer scan times
(increased image resolution)
Allows for pulmonary function
testing prior to imaging

Longitudinal imaging

Respiration-gated imaging

Nitrogen-inflation imaging

Ex vivo imaging

sLower resolution (>30 um)
*Repeated (very low dose)
radiation exposure

*Segmentation may be challenging
*Quantification of tissue parameters
may be less accurate or extensive

*Requires ventilation equipment
and EKG monitoring

*Time consuming

*Generally terminal/endpoint
analysis only

*Requires ventilation equipment
and EKG monitoring and access
to nitrogen gas

*Time consuming
<Terminal/endpoint analysis only

*Not suitable for post-imaging PCR,
cell, or protein analyses

Dry time and chemical agents for
drying

Fig 6. Summary and considerations of imaging modalities. A flow chart of assessment for study requirements to determine the appropriate imaging

approach and associated limitations for: longitudinal-, respiration-gated-, nitrogen-inflation- and ex vivo-imaging.

https://doi.org/10.1371/journal.pone.0281452.g006

linear density) in both longitudinal and endpoint analyses. The changes demonstrated by
PATS quantification followed classic disease patterns associated with the 1) acute inflamma-
tion that defines the LPS model of lung injury, 2) resolving nature of single dose bleomycin
injury and fibrosis and 3) the progressive and non-resolving nature of the silica-induced
model of pulmonary. The quantitative data generated by the PATS task list was further vali-
dated by histology and hydroxyproline assay in the bleomycin model. Additionally, the accu-
racy of the PATS task list was validated across four methods of imaging by overlay of air and
tissue regions of interest with original microCT images. For these studies, the PATS task list
was applied to data collected by two different laboratories, using two different microCT imag-
ers and analysis software programs and compared to manual segmentation. Data generated by
manual segmentation, was not significantly different for lung tissue volume than that gener-
ated by the automated PATS task list, but more had more variance suggesting no loss of data
integrity versus the current standard (Table 2). Given the paucity of methods to quantify
lung tissue volumes in vivo, it is challenging to fully verify the accuracy of the tissue volumes
obtained by microCT quantitation (Fig 2) and significant variability between individual users
and manual ROI generation can be anticipated. This remains a limitation whether ROIs are
quantified by manual or automated segmentation. However, automation allows for a standard-
ization of analysis that can be applied cross-laboratories and across studies.

While the development of the PATS task list is a significant advancement in microCT anal-

ysis, some limitations remain. There may be cases where it is difficult to segment tissue volume
from the chest wall, heart and diaphragm [35]. This can occur if there is substantial hyperatte-
nuation due to inflammation or advanced fibrosis, during severe fibrotic disease when lung tis-
sue lung cannot be readily distinguished from the chest wall in all images and in animals that
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have a large amount of subcutaneous fat. In cases like this, a rough pre-selection of an ROI can
be manually done followed by the automated PATS task list. In our experience, the additional
recommended steps for challenging data sets provided within the S1 Methods, addressed this
challenge in most cases. A simple overlay within the analysis software of the tissue ROI with
the original images or aerated volume with the original images is sufficient determine the accu-
racy of the automated segmentation. Enhancing image resolution through the alternative
methodologies presented also improves the efficacy of the PATS task list for quantification.

Longitudinal imaging may be preferable to assess lung structure changes in acute lung
injury, such as LPS or infection-induced injury and during fibrosis, emphysema or tumor
development [36-43]. Images with ~30-40 um resolution can be rapidly obtained with very
low dose radiation exposure (average scan <500 mGy) [7, 11] thereby allowing live animals to
be followed as a single cohort. This provides a distinct advantage for therapeutic intervention
studies where pre- and post-treatment scans can be conducted on single animals and images
can used for verification for the inclusion or exclusion of animals from a given study prior to
treatment for improved efficiency and accuracy [2, 12, 16, 44]. In models with incomplete dis-
ease penetrance, the ability to pre-determine cohorts greatly reduces the number of animals
needed to obtain statistical differences [45]. While this method provides images of sufficient
quality for quantification of air volume parameters, and for visualization of processes such as
inflammation, resolution, and fibrotic progression, quantification of more sensitive tissue-
based parameters such as structure thickness and structure separation are best obtained
through alternative microCT strategies that allow for acquisition of high-resolution images
(see Fig 6 for additional considerations) [22, 23, 34, 46].

Increased resolution can be obtained in live animals using respiration-gated imaging
wherein the microCT is coupled with mechanical ventilation and software trigger to control
breathing and obtain images at full inspiration (breath hold) [34] however, this is often only
performed as a terminal study. An advantage of this method is the ability to collect pulmonary
function parameters prior to imaging. Live animal longitudinal and respiration-controlled
imaging are advantageous over post-mortem or ex vivo approaches in that they allow for an
estimation of total lung capacity while maintaining the ability to perform subsequent analysis
of lung cells and tissue.

In instances where high-resolution imaging of intact lungs is required (<30 pm), post-mor-
tem imaging may be preferable. Post-mortem ex vivo imaging provides superior quantification
of lung parameters and is best suited to studies where endpoint assessment is required or
where small differences in disease are anticipated (e.g. tumor size, metastatic area, fibrotic
deposition) [22, 23, 47, 48]. An additional method involves the inflation of lungs with nitrogen
gas [17]. Because the lungs do not efficiently absorb nitrogen gas, this technique can be used to
obtain high resolution images at full inspiration capacity without movement artifact, providing
the ability to quantify total lung volume [17]. We found that this methodology provided effi-
cient quantification of both air and tissue parameters of the whole lung through use of the
PATS task list. Similar to respiration-gated imaging, pulmonary function parameters can be
obtained prior to inflation of the lungs with nitrogen gas, and tissue can be fixed and processed
for histological examination or other post-mortem analyses. However, sensitive studies such
as RNA analysis or primary cell isolation for culture may not be preferable due to the longer
imaging times required. Ex vivo imaging of lung tissue provides a unique opportunity over
basic histology to rapidly examine the whole lung in near histological level high resolution
images which is necessary in heterogeneous disease models where even distribution of disease
is not anticipated, for example in models of silicosis, or lung metastasis studies [5, 37, 42, 48—
50]. In addition, the tissue is preserved for further histological analysis if special stains, or cellu-
lar level analyses are required [32]. Disadvantages include dry time and use of chemicals for
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drying, which prohibits downstream analyses such as PCR, flow cytometric analyses, and
other assays that require live tissue.

There are many factors and considerations that shape the imaging method selected for a
study. A standardized automated methodology to generate reproducible and quantitative
data has been lacking in the field. Therefore, the development and validation of the PATS task
list for automated segmentation of air and lung tissue volumes represents a major technical
advance in the ability to apply state-of-the-art microCT technology to preclinical assessment
of pulmonary disease. Implementation of standardized techniques will allow for cross-study
validation and more rapid advancement of research across laboratories. Comprehensive,
objective and quantifiable preclinical assessment of lung health and disease, is essential for the
effective translation of basic science to patient-related metrics and outcomes. Improving effi-
ciency of analysis, reducing bias, and expanding the number of quantifiable parameters that
can be obtained from preclinical imaging through application of standardized methodologies,
such as those made possible by the use of the PATS task list, are critical toward improving the
utility of microCT for preclinical studies of lung health, disease and therapeutic intervention.

Supporting information

S1 Fig. Schematic of models and timing of microCT imaging. (A) One day prior to instilla-
tion with LPS mice received microCT imaging. Animals were followed longitudinally with
additional scans at day 7 and day 14. Red line depicts the resolving course of disease and
inflammation associated with LPS treatment. (B) One day prior to instillation with bleomycin
mice received microCT imaging. Animals were followed longitudinally with additional scans
at day 21 (3wk) and day 56 (8wk). Blue line depicts the course of resolving disease and fibrosis
associated with bleomycin treatment. Additional naive and fibrotic (day 21 post bleomycin)
animals underwent respiration-gated CT imaging (blue text). (C) One day prior to instillation
with silica mice received microCT imaging. Animals were followed longitudinally with addi-
tional scans at day 56 (8wk) and day 84 (12wk). Green line depicts the course of progressive
disease and fibrosis associated with silica treatment. Additional fibrotic (day 56 post silica) ani-
mals underwent nitrogen-inflation CT imaging or were fixed and imaged ex vivo (green text).
(PDF)

S2 Fig. Aerated and tissue volumes from post mortem nitrogen-inflated imaging. Represen-
tative transverse sections from mice prior to silica instillation (naive), and at 8 weeks post-instil-
lation are shown (top row). The aerated lung volume (red) is overlaid with the image (second
row), and the extracted aerated lung ROI (third row) are shown. Representative overlay of the
tissue volume (red) and image are shown (fourth row), as is the extracted tissue ROI (last row).
(PDF)

S1 Methods.
(PDF)

Author Contributions
Conceptualization: Elizabeth F. Redente, Lindsay T. McDonald.

Data curation: Elizabeth F. Redente, Katrina W. Kopf, Ali N. Bahadur, Annette Robichaud,
Lennart K. Lundblad, Lindsay T. McDonald.

Formal analysis: Elizabeth F. Redente, Katrina W. Kopf, Ali N. Bahadur, Annette Robichaud,
Lennart K. Lundblad, Lindsay T. McDonald.

PLOS ONE | https://doi.org/10.1371/journal.pone.0281452 February 9, 2023 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281452.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281452.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281452.s003
https://doi.org/10.1371/journal.pone.0281452

PLOS ONE

Standardized evaluation of pulmonary mouse MicroCT

Funding acquisition: Elizabeth F. Redente, Lindsay T. McDonald.

Methodology: Elizabeth F. Redente, Katrina W. Kopf, Lindsay T. McDonald.

Writing - original draft: Elizabeth F. Redente, Lindsay T. McDonald.

Writing - review & editing: Elizabeth F. Redente, Katrina W. Kopf, Ali N. Bahadur, Annette

Robichaud, Lennart K. Lundblad, Lindsay T. McDonald.

References

1.

10.

1.

12

13.

14.

15.

Wu EK, Eliseeva S, Rahimi H, Schwarz EM, Georas SN. Restrictive lung disease in TNF-transgenic
mice: correlation of pulmonary function testing and micro-CT imaging. Exp Lung Res. 2019; 45(7):175—
87. Epub 2019/07/19. https://doi.org/10.1080/01902148.2019.1636899 PMID: 31318607.

Dekoster K, Decaesteker T, Berghen N, Van den Broucke S, Jonckheere AC, Wouters J, et al. Longitu-
dinal micro-computed tomography-derived biomarkers quantify non-resolving lung fibrosis in a silicosis
mouse model. Sci Rep. 2020; 10(1):16181. Epub 2020/10/02. https://doi.org/10.1038/s41598-020-
73056-6 PMID: 32999350.

Shofer S, Badea C, Auerbach S, Schwartz DA, Johnson GA. A micro-computed tomography-based
method for the measurement of pulmonary compliance in healthy and bleomycin-exposed mice. Exp
Lung Res. 2007; 33(3—4):169-83. Epub 2007/06/15. https://doi.org/10.1080/01902140701364458
PMID: 17558678.

Rodt T, von Falck C, Dettmer S, Halter R, Maus R, Ask K, et al. Micro-computed tomography of pulmo-
nary fibrosis in mice induced by adenoviral gene transfer of biologically active transforming growth fac-
tor-betal. Respir Res. 2010; 11:181. Epub 2010/12/24. https://doi.org/10.1186/1465-9921-11-181
PMID: 21176193.

Vande Velde G, De Langhe E, Poelmans J, Dresselaers T, Lories RJ, Himmelreich U. Magnetic reso-
nance imaging for noninvasive assessment of lung fibrosis onset and progression: cross-validation and
comparison of different magnetic resonance imaging protocols with micro-computed tomography and
histology in the bleomycin-induced mouse model. Invest Radiol. 2014; 49(11):691-8. Epub 2014/05/30.
https://doi.org/10.1097/RLI.0000000000000071 PMID: 24872004.

Berghen N, Dekoster K, Marien E, Dabin J, Hillen A, Wouters J, et al. Radiosafe micro-computed
tomography for longitudinal evaluation of murine disease models. Sci Rep. 2019; 9(1):17598. Epub
2019/11/28. https://doi.org/10.1038/s41598-019-53876-x PMID: 31772203.

Carlson SK, Classic KL, Bender CE, Russell SJ. Small animal absorbed radiation dose from serial
micro-computed tomography imaging. Mol Imaging Biol. 2007; 9(2):78-82. Epub 2007/02/08. https://
doi.org/10.1007/s11307-007-0080-9 PMID: 17285239.

Clark DP, Badea CT. Micro-CT of rodents: state-of-the-art and future perspectives. Phys Med. 2014; 30
(6):619-34. Epub 2014/06/30. https://doi.org/10.1016/j.ejmp.2014.05.011 PMID: 24974176.

Detombe SA, Dunmore-Buyze J, Drangova M. Evaluation of eXIA 160 cardiac-related enhancement in
C57BL/6 and BALB/c mice using micro-CT. Contrast Media Mol Imaging. 2012; 7(2):240—6. Epub
2012/03/22. https://doi.org/10.1002/cmmi.488 PMID: 22434637.

Detombe SA, Dunmore-Buyze J, Petrov IE, Drangova M. X-ray dose delivered during a longitudinal
micro-CT study has no adverse effect on cardiac and pulmonary tissue in C57BL/6 mice. Acta
Radiol. 2013; 54(4):435—-41. Epub 2013/02/26. https://doi.org/10.1177/0284185113475608 PMID:
23436828.

Serkova NJ, Glunde K, Haney CR, Farhoud M, De Lille A, Redente EF, et al. Preclinical Applications of
Multi-Platform Imaging in Animal Models of Cancer. Cancer Res. 2021; 81(5):1189-200. Epub 2020/
12/03. https://doi.org/10.1158/0008-5472.CAN-20-0373 PMID: 33262127.

Vande Velde G, Poelmans J, De Langhe E, Hillen A, Vanoirbeek J, Himmelreich U, et al. Longitudinal
micro-CT provides biomarkers of lung disease that can be used to assess the effect of therapy in pre-
clinical mouse models, and reveal compensatory changes in lung volume. Dis Model Mech. 2016; 9
(1):91-8. Epub 2015/11/14. https://doi.org/10.1242/dmm.020321 PMID: 26563390.

Bartling SH, Kuntz J, Semmler W. Gating in small-animal cardio-thoracic CT. Methods. 2010; 50(1):42—
9. Epub 2009/08/05. https://doi.org/10.1016/j.ymeth.2009.07.006 PMID: 19651213.

Badea CT, Johnston S, Johnson B, Lin M, Hedlund LW, Johnson GA. A dual micro-CT system for small
animal imaging. Proc SPIE Int Soc Opt Eng. 2008; 6913:691342. Epub 2008/04/18. https://doi.org/10.
1117/12.772303 PMID: 22049304.

Jenkins RG, Moore BB, Chambers RC, Eickelberg O, Konigshoff M, Kolb M, et al. An Official American
Thoracic Society Workshop Report: Use of Animal Models for the Preclinical Assessment of Potential

PLOS ONE | https://doi.org/10.1371/journal.pone.0281452 February 9, 2023 15/17


https://doi.org/10.1080/01902148.2019.1636899
http://www.ncbi.nlm.nih.gov/pubmed/31318607
https://doi.org/10.1038/s41598-020-73056-6
https://doi.org/10.1038/s41598-020-73056-6
http://www.ncbi.nlm.nih.gov/pubmed/32999350
https://doi.org/10.1080/01902140701364458
http://www.ncbi.nlm.nih.gov/pubmed/17558678
https://doi.org/10.1186/1465-9921-11-181
http://www.ncbi.nlm.nih.gov/pubmed/21176193
https://doi.org/10.1097/RLI.0000000000000071
http://www.ncbi.nlm.nih.gov/pubmed/24872004
https://doi.org/10.1038/s41598-019-53876-x
http://www.ncbi.nlm.nih.gov/pubmed/31772203
https://doi.org/10.1007/s11307-007-0080-9
https://doi.org/10.1007/s11307-007-0080-9
http://www.ncbi.nlm.nih.gov/pubmed/17285239
https://doi.org/10.1016/j.ejmp.2014.05.011
http://www.ncbi.nlm.nih.gov/pubmed/24974176
https://doi.org/10.1002/cmmi.488
http://www.ncbi.nlm.nih.gov/pubmed/22434637
https://doi.org/10.1177/0284185113475608
http://www.ncbi.nlm.nih.gov/pubmed/23436828
https://doi.org/10.1158/0008-5472.CAN-20-0373
http://www.ncbi.nlm.nih.gov/pubmed/33262127
https://doi.org/10.1242/dmm.020321
http://www.ncbi.nlm.nih.gov/pubmed/26563390
https://doi.org/10.1016/j.ymeth.2009.07.006
http://www.ncbi.nlm.nih.gov/pubmed/19651213
https://doi.org/10.1117/12.772303
https://doi.org/10.1117/12.772303
http://www.ncbi.nlm.nih.gov/pubmed/22049304
https://doi.org/10.1371/journal.pone.0281452

PLOS ONE

Standardized evaluation of pulmonary mouse MicroCT

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Therapies for Pulmonary Fibrosis. Am J Respir Cell Mol Biol. 2017; 56(5):667—79. Epub 2017/05/02.
https://doi.org/10.1165/rcmb.2017-0096ST PMID: 28459387.

Tielemans B, Dekoster K, Verleden SE, Sawall S, Leszczynski B, Laperre K, et al. From Mouse to Man
and Back: Closing the Correlation Gap between Imaging and Histopathology for Lung Diseases. Diag-
nostics (Basel). 2020; 10(9). Epub 2020/08/30. https://doi.org/10.3390/diagnostics 10090636 PMID:
328591083.

Eisenhauer P, Earle B, Loi R, Sueblinvong V, Goodwin M, Allen GB, et al. Endogenous distal airway
progenitor cells, lung mechanics, and disproportionate lobar growth following long-term postpneumo-
nectomy in mice. Stem Cells. 2013; 31(7):1330-9. Epub 2013/03/28. https://doi.org/10.1002/stem.1377
PMID: 23533195.

Jonckheere AC, Seys SF, Steelant B, Decaesteker T, Dekoster K, Cremer J, et al. Innate Lymphoid Cells
Are Required to Induce Airway Hyperreactivity in a Murine Neutrophilic Asthma Model. Front Immunol.
2022; 13:849155. Epub 2022/04/05. https://doi.org/10.3389/fimmu.2022.849155 PMID: 35371094.

Tsui HC, Decaesteker T, Jonckheere AC, Vande Velde G, Cremer J, Verbeken E, et al. Cobalt expo-
sure via skin alters lung immune cells and enhances pulmonary responses to cobalt in mice. Am J Phy-
siol Lung Cell Mol Physiol. 2020; 319(4):L641-L51. Epub 2020/07/30. https://doi.org/10.1152/ajplung.
00265.2020 PMID: 32726143.

Testa LC, Jule Y, Lundh L, Bertotti K, Merideth MA, O’Brien KJ, et al. Automated Digital Quantification
of Pulmonary Fibrosis in Human Histopathology Specimens. Front Med (Lausanne). 2021; 8:607720.
Epub 2021/07/03. https://doi.org/10.3389/fmed.2021.607720 PMID: 34211981.

De Langhe E, Vande Velde G, Hostens J, Himmelreich U, Nemery B, Luyten FP, et al. Quantification of
lung fibrosis and emphysema in mice using automated micro-computed tomography. PLoS One. 2012;
7(8):€431283. Epub 2012/08/23. https://doi.org/10.1371/journal.pone.0043123 PMID: 22912805.

Redente EF, Black BP, Backos DS, Bahadur AN, Humphries SM, Lynch DA, et al. Persistent, Progres-
sive Pulmonary Fibrosis and Epithelial Remodeling in Mice. Am J Respir Cell Mol Biol. 2021. Epub
2021/01/07. https://doi.org/10.1165/rcmb.2020-0542MA PMID: 33406369.

Scotton CJ, Hayes B, Alexander R, Datta A, Forty EJ, Mercer PF, et al. Ex vivo micro-computed tomog-
raphy analysis of bleomycin-induced lung fibrosis for preclinical drug evaluation. Eur Respir J. 2013; 42
(6):1633—45. Epub 2013/03/23. https://doi.org/10.1183/09031936.00182412 PMID: 23520313.

McDonald LT, Johnson SD, Russell DL, Young MRI, LaRue AC. Role of a novel immune modulating
DDR2-expressing population in silica-induced pulmonary fibrosis. PLoS One. 2017; 12(7):e0180724.
Epub 2017/07/13. https://doi.org/10.1371/journal.pone.0180724 PMID: 28700752.

Redente EF, Chakraborty S, Sajuthi S, Black BP, Edelman BL, Seibold MA, et al. Loss of Fas signaling
in fibroblasts impairs homeostatic fibrosis resolution and promotes persistent pulmonary fibrosis. JCI
Insight. 2020; 6(1). Epub 2020/12/09. https://doi.org/10.1172/jci.insight. 141618 PMID: 33290280.

Mould KJ, Barthel L, Mohning MP, Thomas SM, McCubbrey AL, Danhorn T, et al. Cell Origin Dictates Pro-
gramming of Resident versus Recruited Macrophages during Acute Lung Injury. Am J Respir Cell Mol Biol.
2017; 57(3):294—-306. Epub 2017/04/20. https://doi.org/10.1165/rcmb.2017-00610C PMID: 28421818.

Corporation BB. Lung Analysis in vivo after Synchronized Scanning. Bruker-MicroCT Method Note
[Internet].

SCIREQ. Gated thoracic image acquisition using the flexivent system. SCIREQ TechNote [Internet].
2017; 009:[1-21 pp.].

Lundblad LK, Thompson-Figueroa J, Allen GB, Rinaldi L, Norton RJ, Irvin CG, et al. Airway hyperre-
sponsiveness in allergically inflamed mice: the role of airway closure. Am J Respir Crit Care Med. 2007;
175(8):768-74. Epub 2007/01/27. https://doi.org/10.1164/rccm.200610-14100C PMID: 17255559.

Lundblad LK, Thompson-Figueroa J, Leclair T, Sullivan MJ, Poynter ME, Irvin CG, et al. Tumor necrosis
factor-alpha overexpression in lung disease: a single cause behind a complex phenotype. Am J Respir
Crit Care Med. 2005; 171(12):1363-70. Epub 2005/04/05. https://doi.org/10.1164/rccm.200410-
13490C PMID: 15805183.

Corporation BB. Chemical Drying of Specimens to Enhance Contrast. Bruker-MicroCT Method Note
[Internet].[1-8 pp.].

Vasilescu DM, Knudsen L, Ochs M, Weibel ER, Hoffman EA. Optimized murine lung preparation for
detailed structural evaluation via micro-computed tomography. J Appl Physiol (1985).2012; 112
(1):159-66. Epub 2011/08/06. https://doi.org/10.1152/japplphysiol.00550.2011 PMID: 21817110.

LiHZH.; Tang Z.; Hu G. Micro-computed tomography for small animal imaging; Technological details.
Progress in Natural Science. 2008; 18:513-21.

Namati E, Chon D, Thiesse J, Hoffman EA, de Ryk J, Ross A, et al. In vivo micro-CT lung imaging via a
computer-controlled intermittent iso-pressure breath hold (11BH) technique. Phys Med Biol. 2006; 51
(23):6061-75. Epub 2006/11/18. https://doi.org/10.1088/0031-9155/51/23/008 PMID: 17110770.

PLOS ONE | https://doi.org/10.1371/journal.pone.0281452 February 9, 2023 16/17


https://doi.org/10.1165/rcmb.2017-0096ST
http://www.ncbi.nlm.nih.gov/pubmed/28459387
https://doi.org/10.3390/diagnostics10090636
http://www.ncbi.nlm.nih.gov/pubmed/32859103
https://doi.org/10.1002/stem.1377
http://www.ncbi.nlm.nih.gov/pubmed/23533195
https://doi.org/10.3389/fimmu.2022.849155
http://www.ncbi.nlm.nih.gov/pubmed/35371094
https://doi.org/10.1152/ajplung.00265.2020
https://doi.org/10.1152/ajplung.00265.2020
http://www.ncbi.nlm.nih.gov/pubmed/32726143
https://doi.org/10.3389/fmed.2021.607720
http://www.ncbi.nlm.nih.gov/pubmed/34211981
https://doi.org/10.1371/journal.pone.0043123
http://www.ncbi.nlm.nih.gov/pubmed/22912805
https://doi.org/10.1165/rcmb.2020-0542MA
http://www.ncbi.nlm.nih.gov/pubmed/33406369
https://doi.org/10.1183/09031936.00182412
http://www.ncbi.nlm.nih.gov/pubmed/23520313
https://doi.org/10.1371/journal.pone.0180724
http://www.ncbi.nlm.nih.gov/pubmed/28700752
https://doi.org/10.1172/jci.insight.141618
http://www.ncbi.nlm.nih.gov/pubmed/33290280
https://doi.org/10.1165/rcmb.2017-0061OC
http://www.ncbi.nlm.nih.gov/pubmed/28421818
https://doi.org/10.1164/rccm.200610-1410OC
http://www.ncbi.nlm.nih.gov/pubmed/17255559
https://doi.org/10.1164/rccm.200410-1349OC
https://doi.org/10.1164/rccm.200410-1349OC
http://www.ncbi.nlm.nih.gov/pubmed/15805183
https://doi.org/10.1152/japplphysiol.00550.2011
http://www.ncbi.nlm.nih.gov/pubmed/21817110
https://doi.org/10.1088/0031-9155/51/23/008
http://www.ncbi.nlm.nih.gov/pubmed/17110770
https://doi.org/10.1371/journal.pone.0281452

PLOS ONE

Standardized evaluation of pulmonary mouse MicroCT

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Morita S, Ueno E, Masukawa A, Suzuki K, Machida H, Fujimura M. Hyperattenuating signs at unen-
hanced CT indicating acute vascular disease. Radiographics. 2010; 30(1):111-25. Epub 2010/01/20.
https://doi.org/10.1148/rg.301095052 PMID: 20083589.

Al Faraj A, Shaik AS, Alnafea M. Intrapulmonary administration of bone-marrow derived M1/M2 macro-
phages to enhance the resolution of LPS-induced lung inflammation: noninvasive monitoring using
free-breathing MR and CT imaging protocols. BMC Med Imaging. 2015; 15:16. Epub 2015/05/20.
https://doi.org/10.1186/s12880-015-0059-y PMID: 25986463.

Deng L, Xiao SM, Qiang JW, Li YA, Zhang Y. Early Lung Adenocarcinoma in Mice: Micro-Computed
Tomography Manifestations and Correlation with Pathology. Transl Oncol. 2017; 10(3):311-7. Epub
2017/03/23. https://doi.org/10.1016/j.tranon.2017.02.003 PMID: 28325667 .

Rudyanto RD, Bastarrika G, de Biurrun G, Agorreta J, Montuenga LM, Ortiz-de-Solorzano C, et al.
Individual nodule tracking in micro-CT images of a longitudinal lung cancer mouse model. Med Image
Anal. 2013; 17(8):1095—-105. Epub 2013/08/08. https://doi.org/10.1016/j.media.2013.07.002 PMID:
23920346.

Ruscitti F, Ravanetti F, Essers J, Ridwan Y, Belenkov S, Vos W, et al. Longitudinal assessment of bleo-
mycin-induced lung fibrosis by Micro-CT correlates with histological evaluation in mice. Multidiscip
Respir Med. 2017; 12:8. Epub 2017/04/13. https://doi.org/10.1186/s40248-017-0089-0 PMID:
28400960.

Savai R, Langheinrich AC, Schermuly RT, Pullamsetti SS, Dumitrascu R, Traupe H, et al. Evaluation of
angiogenesis using micro-computed tomography in a xenograft mouse model of lung cancer. Neopla-
sia. 2009; 11(1):48-56. Epub 2008/12/25. https://doi.org/10.1593/ne0.81036 PMID: 19107231.

Artaechevarria X, Blanco D, de Biurrun G, Ceresa M, Perez-Martin D, Bastarrika G, et al. Evaluation of
micro-CT for emphysema assessment in mice: comparison with non-radiological techniques. Eur
Radiol. 2011; 21(5):954—62. Epub 2010/10/19. https://doi.org/10.1007/s00330-010-1982-5 PMID:
20953986.

Artaechevarria X, Blanco D, Perez-Martin D, de Biurrun G, Montuenga LM, de Torres JP, et al. Longitu-
dinal study of a mouse model of chronic pulmonary inflammation using breath hold gated micro-CT. Eur
Radiol. 2010; 20(11):2600-8. Epub 2010/06/25. https://doi.org/10.1007/s00330-010-1853-0 PMID:
20574632.

Artaechevarria X, Perez-Martin D, Ceresa M, de Biurrun G, Blanco D, Montuenga LM, et al. Airway
segmentation and analysis for the study of mouse models of lung disease using micro-CT. Phys Med
Biol. 2009; 54(22):7009-24. Epub 2009/11/06. https://doi.org/10.1088/0031-9155/54/22/017 PMID:
19887716.

Barck KH, Bou-Reslan H, Rastogi U, Sakhuja T, Long JE, Molina R, et al. Quantification of Tumor Bur-
den in a Genetically Engineered Mouse Model of Lung Cancer by Micro-CT and Automated Analysis.
Transl Oncol. 2015; 8(2):126-35. Epub 2015/05/01. https://doi.org/10.1016/j.tranon.2015.03.003
PMID: 25926079.

Redente EF, Aguilar MA, Black BP, Edelman BL, Bahadur AN, Humphries SM, et al. Nintedanib
reduces pulmonary fibrosis in a model of rheumatoid arthritis-associated interstitial lung disease. Am J
Physiol Lung Cell Mol Physiol. 2018; 314(6):L998-L1009. Epub 2018/03/16. https://doi.org/10.1152/
ajplung.00304.2017 PMID: 29543042.

Choi JS, Lee HS, Seo KH, Na JO, Kim YH, Uh ST, et al. The effect of post-treatment N-acetylcysteine
in LPS-induced acute lung injury of rats. Tuberc Respir Dis (Seoul). 2012; 73(1):22—-31. Epub 2012/10/
27. https://doi.org/10.4046/trd.2012.73.1.22 PMID: 23101021.

Bidola P, Martins de Souza ESJ, Achterhold K, Munkhbaatar E, Jost PJ, Meinhardt AL, et al. A step
towards valid detection and quantification of lung cancer volume in experimental mice with contrast
agent-based X-ray microtomography. Sci Rep. 2019; 9(1):1325. Epub 2019/02/06. https://doi.org/10.
1038/s41598-018-37394-w PMID: 30718557.

Sharir A, Ramniceanu G, Brumfeld V. High resolution 3D imaging of ex-vivo biological samples by
micro CT. J Vis Exp. 2011;(52). Epub 2011/06/30. PMID: 21712803.

Ruhli FJ, Kuhn G, Evison R, Muller R, Schultz M. Diagnostic value of micro-CT in comparison with his-
tology in the qualitative assessment of historical human skull bone pathologies. Am J Phys Anthropol.
2007; 133(4):1099—-111. Epub 2007/05/29. https://doi.org/10.1002/ajpa.20611 PMID: 17530700.

Albers J, Pacile S, Markus MA, Wiart M, Vande Velde G, Tromba G, et al. X-ray-Based 3D Virtual His-
tology-Adding the Next Dimension to Histological Analysis. Mol Imaging Biol. 2018; 20(5):732—41. Epub
2018/07/04. https://doi.org/10.1007/s11307-018-1246-3 PMID: 29968183.

PLOS ONE | https://doi.org/10.1371/journal.pone.0281452 February 9, 2023 17/17


https://doi.org/10.1148/rg.301095052
http://www.ncbi.nlm.nih.gov/pubmed/20083589
https://doi.org/10.1186/s12880-015-0059-y
http://www.ncbi.nlm.nih.gov/pubmed/25986463
https://doi.org/10.1016/j.tranon.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28325667
https://doi.org/10.1016/j.media.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23920346
https://doi.org/10.1186/s40248-017-0089-0
http://www.ncbi.nlm.nih.gov/pubmed/28400960
https://doi.org/10.1593/neo.81036
http://www.ncbi.nlm.nih.gov/pubmed/19107231
https://doi.org/10.1007/s00330-010-1982-5
http://www.ncbi.nlm.nih.gov/pubmed/20953986
https://doi.org/10.1007/s00330-010-1853-0
http://www.ncbi.nlm.nih.gov/pubmed/20574632
https://doi.org/10.1088/0031-9155/54/22/017
http://www.ncbi.nlm.nih.gov/pubmed/19887716
https://doi.org/10.1016/j.tranon.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25926079
https://doi.org/10.1152/ajplung.00304.2017
https://doi.org/10.1152/ajplung.00304.2017
http://www.ncbi.nlm.nih.gov/pubmed/29543042
https://doi.org/10.4046/trd.2012.73.1.22
http://www.ncbi.nlm.nih.gov/pubmed/23101021
https://doi.org/10.1038/s41598-018-37394-w
https://doi.org/10.1038/s41598-018-37394-w
http://www.ncbi.nlm.nih.gov/pubmed/30718557
http://www.ncbi.nlm.nih.gov/pubmed/21712803
https://doi.org/10.1002/ajpa.20611
http://www.ncbi.nlm.nih.gov/pubmed/17530700
https://doi.org/10.1007/s11307-018-1246-3
http://www.ncbi.nlm.nih.gov/pubmed/29968183
https://doi.org/10.1371/journal.pone.0281452

