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Scientific Approach: Description of Study Sample and Progress Made

Objective 1: To characterize, for the first time, cortical bone microstructural changes in a rabbit opioid
model.

Activity 1 — Ethics application, animal handling training, animal ordering, acclimation
Dates: 1 January — 30 April 2019
Progress: 100% Complete

A detailed animal protocol (Protocol #: 18-11-12 ARC) was written by Dr. Andronowski and approved by
The University of Akron Institutional Animal Care and Use Committee (IACUC) on 12/10/2018
(Appendix I). Due to the substantial time and effort required for devising animal protocols, and in
conjunction with the IACUC’s monthly meeting schedule, Dr. Andronowski began the protocol writing
process in October 2018 to ensure the necessary approvals were in place for the beginning of the funding
period (01/01/2019). In-person training with The University of Akron Research Vivarium (UARYV)
attending veterinarian, Dr. Stanley Dannemiller, in proper ethical care, handling, and use of laboratory
animals was completed by the PI, Post-doctoral Fellow (Dr. Mary Cole), Graduate Research Assistant
(Reed Davis), Undergraduate Research Assistant (Adam Schuller), and Tiered Mentoring Students/unpaid
undergraduate laboratory volunteers (Gina Tubo and Abigail LaMarca) on 03/11/2019 (Appendix II). In-
person Hazardous Substances training was provided by UA Health and Safety representative, Alex Stakleff,
to Andronowski, Schuller, Davis, Tubo, and LaMarca on 02/01/2019. UARYV facility training was also
provided by vivarium manager, Beth Kenaga, to the above research team members on 02/01/2019, and to
Cole and LaMarca on 03/11/2019.

Skeletally mature, 6-month-old (2.3-3.0 kg), male New Zealand White rabbits were ordered from Covance
Research Products Inc. on 3/19/2019 (Appendix III) and delivered to UARV on 04/16/2019, as per our
projected timeline (Appendix IV). Male animals were selected to avoid the potential influence of female
hormone cycles on bone physiology. The rabbits were individually housed in rabbit batteries to allow for
some interaction, while keeping the animals lodged separately (Appendix V). The rabbits were quarantined
and habituated to the testing conditions for a two-week period following their arrival at the UARV
(04/16/2019 — 04/31/2019). The rabbits were randomly divided (using a random number generator) into
three groups of 7 animals each: morphine, fentanyl, and controls. The control group was further randomly
divided into saline vehicle (#=3) and transdermal patch groups (n=4). These group sizes match the mean
numbers employed in previous characterizations of this model for cancellous bone or cortical
geometry/density'>. After the acclimation period, the experimental treatments for the opioid groups
(morphine and fentanyl) began and continued for eight weeks.

Activity 2 — Animal Dosing
Dates: 1 May — 26 June 2019
Progress: 100% Complete

The proposed opioid dosing levels are consistent with clinical recommendations for analgesia in rabbits
and were finalized with the UARYV veterinarian. The morphine sulfate group received a dose of 3 mg/kg/day
via subcutaneous injection. The control group was administered saline at a dose of 3 mg/kg/day. A proposed
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change affecting the delivery of fentanyl from subcutaneous injection to transdermal patch administration
was proposed by Dr. Andronowski and approved by the IACUC on 04/07/2019 (Appendix VI). According
to literature published by Foley et al.® and Jain et al.” there is demonstrable evidence that transdermal patch
delivery of fentanyl resulted in a detectable change in bone metrics. We proposed this modification to
eliminate the lack of consensus in recommended injectable fentanyl dosing from various professional
consultants, and to reduce risk of accidental exposure during administration of the narcotics. Further, this
change will address the concerns of the TACUC regarding injections being handled by trainees
(Undergraduate and Graduate Students) while the Principal Investigator is attending conferences, or if she
should be sick, or otherwise unable to attend dosing periodically throughout the duration of the study.

The transdermal patch administration reduced the need to dose the animals each day and instead acted as a
slow-release delivery agent. A 25-ug/h slow-release transdermal fentanyl patch (Henry Schein Inc.) was
placed on the dorsum of the rabbits in the interscapular region in the fentanyl experimental group every
third day, according to manufacturer’s instructions. This size patch and specific dosage was selected based
on data obtained by Foley et al.® and Jain et al.” The patches were adhered via adhesives associated with
the patch manufacturing. Patches were further secured by applying a medical-grade Tegaderm transparent
film dressing (used in clinical settings to adhere IVs and heal burns, etc.). A placebo patch (Tegaderm film
dressing) was placed on each control patch animal in a manner comparable to the experimental animals.
For a detailed justification of this change from the agency approved experimental plan, please refer to the
approved VVC Modification (Appendix VI).

A second proposed change affecting the fentanyl experimental group was initiated that differed from the
agency approved plan. A VVC Modification was put forward to cover the drug eluting transdermal patches
(fentanyl) and control patches (Tegaderm) in order to prevent the animals from chewing, removing, and/or
ingesting these from the interscapular region. The removal of patches by the animals was a common issue
faced during the experimental component of the study and we were concerned for the well-being of these
animals. Following consultation with the UARYV veterinarian, Dr. Stan Dannemiller, a prescription was
provided for the use of rabbit jackets (and other wraps) via email on 05/03/2019. The proposed modification
of rabbit jackets on all treatment and control transdermal patch animals was approved on 05/04/2019
(Appendix VII).

All animals further underwent subcutaneous injection with a bone-labelling fluorochrome, calcein, to
facilitate ex vivo dynamic histomorphometry following euthanasia. Calcein was administered at a level
10/mg/kg® after two weeks (days 13 and 14), four weeks (days 27 and 28), six weeks (days 41 and 42), and

eight weeks”!°

of the opioid regimens. It is important to note that the injection of calcein at this dose level
is not associated with any undesirable side effects''. The fourth calcein dosing was administered two days
and one day prior to intraperitoneal injections containing a euthanasia solution, pentobarbital sodium (Fatal-
Plus). The euthanasia solution was delivered in the UARV necropsy suite at a level of 125 mg/kg per animal.
In-person training with the UARV attending veterinarian, Dr. Stanley Dannemiller, in intraperitoneal
injections and bilateral pneumothorax for euthanasia was completed by the PI, Post-doctoral Fellow (Dr.
Mary Cole), Graduate Research Assistant (Reed Davis), Undergraduate Research Assistant (Adam
Schuller), and Tiered Mentoring Student (Abigail LaMarca) prior to euthanasia on 06/27/2019 (Appendix

VIII).
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Overall, Activities 1 and 2 proceeded 100% on track in accordance with our proposed project timeline
(Appendix 1V).

Objective 2: To optimize 3D micro-CT imaging of remodeling events in an opioid rabbit model.

Activity 3: Micro-CT imaging and histomorphometry
Projected Completion Dates: 08/19 — 01/20
Micro-CT imaging Progress: 100% as per proposed timeline
Histomorphometry Progress: 100% completed; began January 2020, delayed by COVID-19 pandemic
Progress: 100% as per proposed revised timeline

Micro-CT Imaging (ex vivo): The left femur of each rabbit was visualized with non-destructive 3D micro-
CT imaging followed by traditional thin-section histology. Immediately following euthanasia, the left femur
and tibia were dissected from each animal, wrapped in sterile saline-soaked gauze, and stored in a sample
tube in a -80° C freezer. The remainder of the animal was sealed in plastic under vacuum and frozen for
future bone and tissue research. To prepare for micro-CT imaging, all members of the research team have
completed radiation generating equipment training (RGE Training), as well as two to three sessions of
individualized, hands-on training for independent operation of the micro-CT instrument. Micro-CT imaging
was performed using a SkyScan 1172 micro-CT (Bruker Micro-CT) desktop system located in the Surface
and Optical Analysis Facility within the Polymer Innovation Center at The University of Akron. Since this
system is shared by users from various departments at The University of Akron, a conservative estimate of
6-9 months for imaging was estimated (Appendix IV).

Dr. Andronowski developed and tested a micro-CT scanning protocol using bone tissue samples from her
concurrent projects. Each femur and tibia were mounted to a brass sample holder via dental wax and secured
with Parafilm to ensure the sample does not move during scanning. Anterior and Medial sides were marked
with clay inclusions in a parafilm wrapping that would be visible on the scanned image to orient the sample
during image analysis. The midshaft diaphysis was imaged at 5.49 um voxel size (in three stacked sections)
to allow for detection of the vascular canal network and the presence of BMU cutting cones, signifying
remodeling activity. The previously optimized micro-CT imaging protocol was applied and includes the
use of a Hamamatsu 100/250 optical camera to take 1992 projection images spanning 180 degrees of
rotation at 74 kilovolts (kV) and 134 source current (uA). The population density of vascular pore systems
was volumetrically assessed within the VOI (pores/mm?®). Additional micro-CT parameters included %
porosity, canal number, canal connectivity density, canal diameter, and canal separation'?.

Conventional histomorphometry was performed to further characterize cortical bone differences among
groups. The measured section of the left distal femur, which was scanned using micro-CT, was removed in
a 10 mm section, dehydrated and embedded in methyl methacrylate (MMA) according to a protocol
developed in the Andronowski Lab (Appendix IX). Frost'?* recommends that 50 mm? of bone be evaluated,
which requires 2 to 5 serial thin-sections. In our experience, and that of colleagues, evaluating two thin
sections is adequate to account for the variation in microstructures between sections. A diamond wire saw
was employed to cut two thin sections (~60 — 90 um thick) from each embedded block, which were mounted
on glass slides. Thin sections were visualized on an Olympus BX51 microscope by capturing overlapping
microscopic images at 200x with brightfield with Differential Interference Contrast (DIC) and the
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associated cellSens Entry software 1.16 (Olympus). The overlapping microscopic images were stitched
together into a composite image of the cross-section using Microsoft Image Composite Editor and
Photoshop 2020. Cross-sectional microscopic images were similarly captured and photomerged at 200x
using circularly polarized light, and at 100x using fluorescence with a FITC filter cube. After photomerging,
the DIC, circularly polarized, and fluorescence images were aligned with one another in Photoshop 2020.
These cross-sections were then concurrently anatomically aligned to match the orientation of the
corresponding micro-CT data using a 2D slice of the cortical shell extracted from the micro-CT image
processing workflow. Cross-sectional images were then cleared external to periosteal and endosteal
borders. The circularly polarized image was used to identify and isolate the remodeling area, which was the
circumferential intracortical region of secondarily remodeled (Haversian) bone, using the software ORS
Dragonfly v.4.1 (Object Research Systems, Montréal, Canada). A custom Imagel] toolkit, OsteoFlo, was
developed by Drs. Cole and Andronowski to semi-automatically extract classifications (e.g., vascular pore
type, single/double/triple labeled osteons), morphometric parameters (e.g., areal fraction, population
density, size, and shape parameters), and remodeling parameters (e.g., number of active remodeling centers,
osteonal mineral apposition rate, osteon wall thickness, activation frequency) from the DIC and
fluorescence images. These parameters were assessed for whole cross-sections and for anatomical
quadrants (Anterior, Medial, Posterior, Lateral) within cross-sections.

Objective 3: Identify if prolonged opioid use is discernable in cortical bone microstructural features used
in histological age-at-death estimation.

Activity 4: Data Analysis
Projected Completion Dates: 02/20 — 06/20
Revised Completion Dates: 07/21 —09/21
Progress: 100% as per proposed revised timeline

Statistical analyses were accomplished using R statistical software (The R Foundation, v. 4.1.1). Micro-CT
data, which described the 3D morphometry of vascular pore networks, were assessed using Linear Mixed
Models (LMM), to control for the repeated measure of using the femur and tibia from the same individuals
as a random effect. Each morphometric variable was tested for a significant response to the fixed effects of
drug group, bone type (femur or tibia), and anatomical region. Histological data, which describe the 2D
morphometry and aspects of remodeling rate and frequency in the femur specifically, were assessed using
ANOVAs. Each morphometric variable was tested for a significant response to the fixed effects of drug
group and anatomical region. Appropriate post-hoc analyses tested for significant differences between pairs
of drug groups and pairs of anatomical regions, and tests for model importance and goodness-of fit (R?,
effect size, power analyses) were also performed. A significance level of p < 0.05 was used for testing.

Data analysis proceeded on schedule beginning July 2021, according to the revised project timeline.
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Activity 5. Manuscript preparation and knowledge dissemination
Projected Completion Dates: 07/20 — 12/20
Revised Completion Dates: 07/21 — 09/21
Progress: 100% as per proposed revised timeline

Planned Scholarly Product

Planned scholarly products include manuscript submissions to competitive peer-reviewed scientific
journals. The results of the proposed application and limitations of this research will be published in journals
targeting forensic specialists such as forensic anthropologists and archaeologists, missing persons
detectives, and crime scene personnel. To reach forensic practitioners and the general forensic science

community, scientific journals will include Journal of Forensic Sciences, Forensic Anthropology, and
Forensic Science International.

The proposed work is also of interest to the bone biology and biomedical imaging communities. As such,
Dr. Andronowski intends to target these groups through discipline specific journals such as the Journal
of Anatomy, Bone, Micron, and the Anatomical Record.

Dissemination Strategy

The ultimate goal of the Andronowski Group is to further understandings of how bone remodeling is related
to age-related change using high-resolution imaging modalities (e.g., micro-CT and SR micro-CT), while
simultaneously generating and disseminating new scientific knowledge. To broadly disseminate the
findings and reach a wide variety of specialists within forensic science and the criminal justice system, law
enforcement and legal personnel, medical examiners, forensic anthropologists and forensic archaeologists,
initial results will be presented at the annual American Academy of Forensic Sciences conference. For a
more targeted audience, results will be presented at the annual Canadian Bone and Joint Conference hosted
by the University of Western Ontario’s Bone and Joint Institute. These conferences bring together experts
from across disciplines committed to interdisciplinary and high-impact research related to bone-affecting
conditions and their treatment.

In addition, Dr. Andronowski routinely travels to the Canadian Light Source (CLS) synchrotron facility
located on The University of Saskatchewan campus to run synchrotron imaging experiments and
collaborate on other research projects. She will further disseminate the information learned through this
venue and reach a number of bone imaging specialists and musculoskeletal researchers in the Department
of Anatomy, Physiology, and Pharmacology. Lab members Dr. Andronowski, Dr. Cole, Reed Davis, and
Gina Tubo traveled to the CLS in August 2019 and December 2019 for experimental beam time on a
concurrent project. Further planned synchrotron experiments were on hold from April 2020 — June 2021.
The Andronowski Lab was able to travel to CLS once again in September 2021 for imaging time related to
various other research projects.

A manuscript documenting the findings from Activities I and 2 titled ‘Rabbits (Oryctolagus cuniculus) as
a Model System for Longitudinal Experimental Opioid Treatments: Implications for Orthopedic and
Biomedical Research’ was published in a special issue in the journal Osteology (Appendix X). All members
of the research team contributed. Additional manuscripts describing micro-CT and histology results, and
the associated software packages developed for this software, are currently in preparation. Further
manuscript preparations and data dissemination proceeded on schedule as per the revised project timeline.
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Activity 6: Project management (Andronowski)
Projected Completion Dates: 01/19 — 09/21
Progress: 100% complete as per proposed timeline

The current study was managed through the Department of Biology at The University of Akron. The
Principal Investigator (Dr. Andronowski) provided overall project direction and coordination,
contributed to methods and data review. Andronowski prepared quarterly and semi-annual reports to the
Office of Justice Programs (OJP), conference abstracts, and data for journal submissions and other forms
of dissemination. She was further responsible for overall project management and coordination. Dr.
Andronowski trained and supervised a Post-doctoral Fellow (Dr. Mary Cole), Graduate Research
Assistant (Reed Davis), Undergraduate Research Assistant (Adam Schuller), and Tiered Mentoring
Undergraduate Students (Gina Tubo, Abigail LaMarca, and Josh Taylor) at The University of Akron,
certified that milestones were met, and ensured the timely submission of quarterly and semi-annual
reports to OJP.

Project management proceeded on schedule with 100% completion at of the end of the no-cost extension
(08/31/2021).

II. ACCOMPLISHMENTS

2.1. What are the major goals and objectives of the project?

The purpose of the project, as stated in the approved application, is to develop a longitudinal model for
studying the effects of prolonged drug exposure, specifically opioids, on cortical bone remodeling in an
animal — the rabbit — which remodels its cortical bone in a manner comparable to humans. The ultimate
goal is to describe how analgesic drugs, particularly morphine and fentanyl, affect microscopic structures
of cortical bone used in histological age estimation methods in forensic anthropology. The current work is
highly important and culturally relevant as the misuse and addiction to opioids (and synthetic opioids) is a
serious public health crisis nationwide. Given the limited data available related to the longitudinal
impact of opioid abuse on bone remodeling, this study is working to improve the applicability of
histological age-estimation methods and improve scientific standards within the field of forensic
anthropology. The implications are critical given that many of the skeletal remains examined by forensic
anthropologists come from marginalized backgrounds with substance abuse issues and overall poor health.
Thus, histological methods developed on healthy cases may prove ineffective in the analysis of such
individuals.

To address this overarching goal, Dr. Andronowski developed and implemented a high resolution three-
dimensional (3D) imaging model capable of tracking cortical bone remodeling events to serve as a platform
for assessing the effects of morphine and fentanyl on Basic Multicellular Unit (BMU) activity. As BMUs
are clusters of cells that essentially “tunnel” through bone tissues to enact repair and remodeling, they are
excellent biomarkers of bone microstructural changes. Their activity, however, has been rarely monitored
histologically and high-resolution imaging techniques offer a new avenue for understanding their spatio-
temporal behavior. The use of high-resolution micro-CT imaging enables a scale of analysis that will allow
two central research questions to be addressed: 1) What are the effects of prolonged morphine and
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fentanyl use on cortical bone remodeling? Will cortical bone microstructure vary randomly with respect to
opioid use, or will it be correlated? 2) Are the effects of prolonged opioid use discernable in cortical bone
microstructural features used in histological age-at-death estimation?

The current project has three primary objectives to: 1) characterize, for the first time, cortical bone
microstructural changes in a rabbit opioid model, 2) optimize 3D micro-Computed Tomography (micro-
CT or uCT) based imaging of remodeling events in a rabbit model, and 3) identify if prolonged opioid use
is discernable in cortical bone microstructural features used in histological age-at-death estimation. Their
status within the proposed timeline and the scientific approach employed is detailed. Appendix IV further
provides a visual representation of the revised project timeline, outlines completed activities, and milestones
for the animal procedures and overall study.

The initial administrative and experimental phases of this project were reported in the semi-annual report
submitted in July 2019. This involved the completion of Activity I (Ethics application for IACUC, animal
handling training, animal ordering and acclimation) and Activity 2 (Animal dosing) as described in the
original project timeline. The first objective, encompassing Activities I and 2 per the project timeline, was
100% completed during the first reporting period ending 06/31/19. In the subsequent period (07/01/19 —
12/31/19), all micro-CT imaging related to Activity 3 was completed as projected in the original project
timeline. For reporting period (01/01/20 — 06/30/20), micro-CT image processing and statistical analyses
related to Activity 4 were completed according to the revised project timeline as described below. During
the reporting period (07/01/20 — 12/31/20), tasks related to the histomorphometry experiments of Activity
3 were completed including methyl methacrylate (MMA) embedding, microscopic slide preparation, digital
annotation of the sections, and histological analysis protocol development. For the reporting period
(01/01/21 — 06/30/21), preparations for histological analyses and data analysis related to the histology
experiments of Activity 3 were completed. Under the no-cost extension, tasks related to Activity 4 and 5
concerning histomorphometric data analysis, manuscript drafts, and knowledge dissemination were
finalized.

2.2. What was accomplished under these goals?

2.2.1. Major Activities

Objective 1: To characterize, for the first time, cortical bone microstructural changes in a rabbit opioid
model.

Activity 1 — Ethics application, animal handling training, animal ordering, acclimation
Dates: 1 January — 30 April 2019
Progress: 100% Complete

A detailed animal protocol (Protocol #: 18-11-12 ARC) was written by Dr. Andronowski and approved by
The University of Akron Institutional Animal Care and Use Committee (IACUC) committee on 12/10/2018
(Appendix I). In-person training with The University of Akron Research Vivarium (UARYV) attending
veterinarian, Dr. Stanley Dannemiller, in proper ethical care, handling, and use of laboratory animals was
completed by the PI, Post-doctoral Fellow (Dr. Mary Cole), Graduate Research Assistant (Reed Davis),
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and Undergraduate Research Assistant (Adam Schuller) on 03/11/2019 (Appendix II). In-person
Hazardous Substances training was provided by UA Health and Safety representative, Alex Stakleff, to
Andronowski, Schuller, and Davis on 02/01/2019. UARYV facility training was also provided by vivarium
manager, Beth Kenaga, to the above research team members on 02/01/2019, and to Cole and LaMarca on
03/11/2019.

Project supplies and consumables were ordered in preparation for the arrival of the live rabbits and their
experimental treatments. These items included (but are not limited to): enrichment toys, syringes/needles
for administration of pharmaceutical agents, and water bottles and food troughs. We also purchased the
pharmaceutical agents (morphine sulphate and fentanyl) through the UARV.

Activity 2 — Animal Dosing
Dates: 1 May — 26 June 2019
Progress: 100% Complete

The Animal Dosing phase (Activity 2) began 05/01/2019 following the two-week acclimation period. The
rabbits were consistently dosed in order from the least potent experimental agent (saline) to the most potent
(fentanyl), thus following the regimen of control, morphine, and fentanyl groups. Each individual subject
was randomly assigned to a group of seven rabbits following acclimation in order to eliminate observable
difference within or between groups for the experimental portion of the study. This ensured that any
significant distinctions in bone micromorphology following the dosing period can be attributed to
experimental manipulation. Within the control group, animals were randomly assigned to either the saline
injection subgroup (n=3) or the transdermal patch control counterpart (n=4). In the control group, the saline
injection subgroup rabbits were administered a subcutaneous bolus of saline, equal in volume to what the
animal would receive if it were being dosed with morphine, through injection at the interscapular region.
The patch control subgroup was treated by applying a quarter-sized amount of topical 20% isopropyl
myristate in sterile saline (a skin softening agent) followed by an adhesive Tegaderm patch on the
interscapular region. Morphine group rabbits were dosed with a subcutaneous bolus of morphine sulphate
at 3 mg/kg/day injected at the interscapular region. Fentanyl group rabbits were dosed through application
of 25 mcg/h transdermal fentanyl to bare skin at the interscapular region covered by a larger adhesive
Tegaderm patch. All rabbits were shaved with Oster electric clippers using a 10-blade to remove the initial
bulk of hair and a 40-blade to clip the finely-textured undercoat as needed. Injection of saline or morphine
sulphate occurred every day between 8:00 and 11:00 A.M. while novel patch application followed a 72-
hour dosing regimen, with application every third day. If the animal was observed to have removed its
experimental treatment, a new transdermal fentanyl patch and/or adhesive Tegaderm covering was applied.
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Objective 2: To optimize 3D micro-CT imaging of remodeling events in an opioid rabbit model.

Activity 3: Micro-CT imaging and histomorphometry
Projected Completion Dates: 08/19 — 04/20
Micro-CT imaging Progress: 100% as per proposed timeline
Histomorphometry Progress: 100% completed as per revised project timeline; began January 2020
(delayed by COVID-19 pandemic)

Micro-CT Imaging (ex vivo): Immediately following euthanasia, the left femur and tibia were dissected
from each animal, wrapped in sterile saline-soaked gauze, and stored in a sample tube in a -20° C freezer.
The remainder of the animal was sealed in plastic under vacuum and frozen in a -80° C freezer for future
bone and tissue research. To prepare for micro-CT imaging, all members of the research team completed
radiation generating equipment training (RGE Training), as well as two to three sessions of individualized,
hands-on training for independent operation of the micro-CT instrument. Micro-CT imaging was performed
using a SkyScan 1172 micro-CT (Bruker Micro-CT) desktop system located in the Surface and Optical
Analysis Facility within the National Polymer Innovation Center (NPIC) at The University of Akron. Since
this system is shared by users from various departments at The University of Akron, a conservative estimate
of 6-9 months for imaging was estimated and carried out. Imaging was completed by Dr. Andronowski, Dr.
Cole, and Reed Davis. For all 21 rabbits, micro-CT scans were captured at the midshaft femur, midshaft
tibia, and proximal tibio-fibula. Tibial midshaft imaging was completed to assess interskeletal variability
among porosity parameters in respect to the femoral midshaft. The proximal tibio-fibula data will provide
further data on changes to trabecular bone morphology due to opioid exposure.

Dr. Andronowski developed and tested a micro-CT scanning protocol using bone tissue samples from her
concurrent projects. Each femur and tibia was mounted to a brass sample holder via dental wax and secured
with Parafilm to ensure the sample did not move during scanning. A previously optimized micro-CT
imaging protocol was applied and included the use of a Hamamatsu 100/250 optical camera to take 1992
projection images spanning 180 degrees of rotation at 74 kilovolts (kV).

To set scan parameters, all extracted femora and tibiae were measured for length, with rabbit #4 possessing
the largest femur and tibia. Specimens from this animal were chosen for preliminary imaging to ensure that
all remaining femora and tibiae fit within the gantry and Field of View (FOV) of the pCT system. To
optimize resolution, the midshaft femur of rabbit #4 was visualized at voxel sizes of 4.57 pm, 7.45 um, and
9.93 um. The maximum resolution of 4.57 um was chosen because it closely accommodated the femoral
midshaft within the FOV. The minimum resolution of 9.93 um reflects previous recommendations of at
least 10 pm resolution for visualizing human cortical pore networks to maintain structural parameters'®. A
lower resolution (e.g., 9.93 um) can visualize a greater length of bone, but structures such as cortical pores
will not be as well resolved. The resulting X-ray projections were reconstructed into tomographic cross-
sectional slices using Nrecon software (Bruker). An image processing workflow developed by Dr. Cole
extracted the cortical pore network for the three-dimensional (3D) visualization and morphometric
quantification. We found that the larger voxel sizes (7.45 um and 9.93 pum) generated substantial image
noise that could not be easily distinguished from smaller pores through image processing. Three-
dimensional visualization of pore networks showed a substantial reduction in the pore systems
reconstructed at 7.45 um and 9.93 um, compared to 4.57 um. Specifically, pore networks visible at 4.57
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um covered the entire cross-sectional thickness as expected, while pore networks visible at 7.45 um and
9.93 pum were largely restricted to the expanded pore systems adjacent to the endosteum (Figure 1).
Accordingly, a higher resolution increased the number of pore systems with at least two segments, from
403 systems at 9.93 um, to 1,178 systems at 7.45 um, to 2,210 systems at 4.57 um.

Figure 1: Cortical pore networks from the femur decrease in visibility and cross-sectional coverage at lower
micro-CT imaging resolutions. Color scale represents local pore thickness. Scale bar is 1000 um.
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Figure 2: Cortical pore networks from femora (left) and tibiae (right) from each group, with micro-CT
imaging resolution set at 5.49 um. Color scale represents local pore thickness. Scale bar is 1000 um.
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During reporting period 07/01/19 — 12/31/19, all femoral and tibial midshafts (n = 42) were imaged at 5.49
um resolution (Figure 2) as this was the highest resolution where all samples consistently fit within the
FOV. This scan resolution visualizes a bone length of 7.318 mm. At lower resolutions (e.g., 4.57 um) larger
femoral or tibial midshafts could not be reliably positioned wholly within the FOV. Femora and tibiae were
prepared and scanned according to the protocol described in the attached Appendix XI entitled “Rabbit
Opioid SkyScan pCT SOP”. Due to length, the tibio-fibula could not stand fully upright on the SkyScan
stage within the gantry. Thus, the distal end of each tibio-fibula was removed using an Isomet Saw to reduce
bone length to 87 mm, which could fit within the SkyScan gantry. Femora were scanned at the midshaft,
while tibio-fibulae were scanned at the midshaft of the isolated tibia prior to its merging with the fibula.
Additionally, all proximal tibio-fibulae (n = 21) were scanned at a resolution of 10.98 pm, which was the
maximum resolution that could consistently fit this region fully within the FOV. This scan resolution
visualizes a bone length of 14.636 mm. Scans of the proximal tibio-fibula were used for analysis of
trabecular architecture by Graduate Assistant, Reed Davis, in the upcoming study periods (Figure 3). In all
scans, anterior and medial clay inclusions were inserted within the bone’s Parafilm wrapping to mark
anatomical orientation for the subsequent tomographic reconstructions.

Cortical Shell Trabecular Architecture

Figure 3: Trabecular architecture visible from inferior (top) and medial (bottom) views of the proximal left
tibia from a control patch rabbit. Color scale corresponds to volume thickness. Scale bar is 1000 um.

An image processing workflow was developed by Dr. Cole to extract the cortical pore network from femoral
and tibial midshaft scans. This workflow is automatically processed through custom macros written for
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ImageJ (NIH) and CTAnalyser (Bruker) as described in the attached Appendix XII “Rabbit Opioid pCT
Image Processing SOP”. In brief, this workflow involves tomographic reconstruction, anatomical
orientation, longitudinal alignment, extraction of total area and cortical area masks, and low-contrast filter
extraction of the pore network. Pore morphometric variables, broadly associated with pore density, volume,
connectivity, and orientation, are assessed within the boundaries of the cortical area mask using
CTAnalyser. These morphometric variables are reported both for the aggregate pore network and for
individual pore systems. CTAnalyser also reports variables associated with the cross-sectional geometry of
the cortical area, using the total area mask as the region of interest.

Dr. Cole developed an additional macro for Imagel that divides each cortical area mask into anterior,
posterior, medial, and lateral regional quadrants using the section centroid. When a given regional mask is
loaded as the region of interest for a pore network in CTAnalyser, the reported morphometry is limited to
that region. These data will facilitate analysis of regional variation in pore distribution and morphometry,
which may be associated with the drug treatment group. This regional image processing workflow is
described in the attached Appendix XIII “Femur and Tibia Quadrant Regional Processing SOP”. As
regional quadrants artificially truncate cortical bone and pore network branching at their boundaries, cross-
sectional geometry was not carried out for regional comparisons. All specialized image processing macros
developed for this project are contained in Appendices XIV — XV “CTAnalyser Macros” and “ImageJ
Macros”.

During reporting period 01/01/20 — 06/30/20, skeletonization analysis of the binarized pore network was
carried out to examine the branching patterns of pore systems. The Auto-Skeleton module of Amira 6.4.0
was employed, as described in the attached Appendix XVI “Skeletonization SOP”. Skeletonization data
collection was performed by undergraduate student Kassidy Wilson for her undergraduate honors thesis,
with assistance from Drs. Andronowski and Cole.

During reporting period 07/01/20 — 12/31/20, we made significant process on the histomorphometry
component of Activity 3. This phase, described below, began on target in January 2020 as proposed in the
original project timeline. Due to the COVID-19 pandemic, however, this component of the project was
slowed and a no-cost extension was filed. An explanation and revised plan for the histomorphometry
experiments is presented below.

Description of Extenuating Circumstances Leading to Delays in Histomorphometry Experiments

On 03/11/2020, the World Health Organization declared the novel coronavirus outbreak (COVID-19) a
global pandemic. As a result, The University of Akron cancelled in-person classes that day and in-person
lab work was ordered to cease immediately. As per our project timeline, our research team was preparing
rabbit femoral bone thin-sections for dynamic histomorphometry (Activity 3.4). This process involved daily
lab work that included bone dehydration, methyl methacrylate (MMA) infiltration and curing, sectioning
via the in-house Well Diamond Wire Saw, and slide mounting. The stalling of in-lab operations and the
shutdown of The University of Akron halted the progress of Activity 3.4 indefinitely.

The governor of Ohio declared a “Stay-at-Home” order on 03/23/2020 which was extended through
06/04/2020. On 05/21/2020, The University of Akron administration announced a ‘Researcher Return to
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Work’ initiative and Principal Investigators were invited to create individual Return to Work plans for their
groups for review by administrators and unit heads. The document Dr. Andronowski created (Appendix
XVII: “Researcher Return to Work™) outlined the guidelines and expectations of Andronowski Lab
members for a safe return to lab activities during the ongoing COVID-19 pandemic. On 06/08/2020, the
plan was approved with restrictions related to limits on laboratory personnel numbers and office use and
occupancy, the implementation of shift work, and personal protective equipment requirements.

Due to current social/physical distancing guidelines requiring separation distances of 6 feet or more, no
more than 2-3 individuals are permitted in Dr. Andronowski’s main lab space at any given time. Lab
procedures requiring more than one person in close proximity are to be minimized as much as possible.
Due to disruptions in supply chains, the ordering and delivery of consumables, stains, PPE, and lab
equipment has also been significantly slowed leading to experiment delays. As a result, our bone
histomorphometry specimen preparation and the subsequent analyses has been slowed.

A detailed timeline narrative and implementation timeline (Appendix XVIII: “Projected MMA Timeline”)
have been prepared that outline the revised trajectory for Activities 3.4 and 4.2 in line with our lab safety
guidelines. As of 08/31/2021, we are on schedule with the revised project timeline, submitted our first paper
from the project for publication, and are finishing additional manuscript drafts for submission.

Conventional histomorphometry was performed to further characterize cortical bone differences among
groups. Each member of the research team has experience with the traditional histological preparation of
bone tissue, having applied it to other research projects. Our embedding and sectioning protocol was
developed and tested by Drs. Andronowski and Cole on pig ribs and on Mini Rex rabbit femora and tibiae
mid-shafts. The specimens were dehydrated and embedded in MMA according to a protocol developed by
the Andronowski Lab (Appendix IX: “MMA Embedding SOP”). A precision diamond wire saw (Well
Wire Saws, Norcross, GA) was employed to cut two transverse cross-sections, followed by sequential
longitudinal sections, that were ~ 60 — 90 pm thick. Frost'® recommends that 50 mm? of bone be evaluated,
which requires 2 to 5 serial sections. In our experience, evaluating two thin- sections is adequate to account
for the variation in microstructures between sections. The thin-sections were mounted on glass slides, cover
slipped, and dried. The finished slides were imaged using an Olympus BX51 fluorescence microscope fitted
with Differential Interference Contrast (DIC). Digital brightfield microscopic images were captured at 200x
magnification and DIC using the associated cellSens Entry software 1.16 (Olympus) and stitched together
into a composite image of the section using Microsoft Image Composite Editor and Photoshop 2020.
Circularly polarized light images were further captured at 200x for each slide to aid in distinguishing osteon
boundaries. Finally, images of each slide were captured at 100x under fluorescence using a FITC filter cube
for visualization of the calcein labels. The microscopic imaging and digital stitching produced DIC,
circularly polarized, and fluorescent image of each complete cross-section.

During 08/20 of reporting period (06/30/20 — 12/31/20), thin-section mounting and microscopic imaging
testing began and was completed by 09/20. Microscopic imaging of the prepared cross-sections began in
09/20 with the assistance of Undergraduate Research Assistant, Joshua Taylor. Protocol development was
initiated following traditional histomorphometric parameters outlined in Jaworski and Lok'>. The
microscope and the cellSens Entry software scales were calibrated prior to the evaluation of thin-sections.
Standard nomenclature for histological variables was followed!® during protocol development.
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Histomorphometric parameters relating to histological age-estimation are described in Appendix XIX:
Histomorphometric Variables.

On 01/21, photomerging of the DIC brightfield, circularly polarized, and fluorescent images was initiated.
This aspect was primarily conducted by Graduate Research Assistant, Joshua Taylor. In 02/21, Taylor
trained and supervised two undergraduate students to assist. Upon completion, the analytical focus shifted
to overlaying the images in Adobe Photoshop v.23.0.0 (Adobe, San Jose, California). This allowed for the
DIC, circularly polarized, and fluorescence images from the same slide to be oriented identically and with
matching coordinates for all microstructural features. Subsequently, these images were anatomically
oriented in Adobe Photoshop in alignment with a binarized outline of the cortical bone cross-section from
the previously processed micro-CT images of each sample. All images were oriented in a clockwise manner
from the top of the image: Anterior, Medial, Posterior, Lateral (Figure 4). Finally, the areas of each image
were cleared outside the periosteal border and within the endosteal border, using the Wand Tool and
Freehand Selection Tool in ImageJ (Figure 5).

Figure 4: Circularly polarized image (left) and fluorescence image (right) aligned with DIC image in Figure
5, Sample 1LF_85um.
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Figure 5: DIC image before (left) and after (right) clearing the endosteal border, Sample 1LF_85um.

Dr. Cole recruited the assistance of an additional undergraduate student to aid in the isolation of the
remodeling area of all polarized images using the software Dragonfly. The remodeling area was exported
both as a binarized image TIFF file, and as a region of interest (ROI) file for import into ImageJ (Figure
6). Final preparation for histomorphometric analysis was completed by 06/21.

Figure 6: Circularly polarized image (left) and DIC image (right) with remodeling area selected (red),
Sample 1LF_85um.
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During the 01/01/21 — 06/30/21 reporting period, Dr. Cole developed custom ImageJ macros for the
automated extraction, manual correction, and automated regional subdivision and morphometric analysis
of cortical pores from DIC images. Macros for extraction, manual correction, and analysis of osteons were
developed during the 06/30/2021 — 08/31/2021 reporting period. The combined software toolkit for ImageJ
was named “OsteoFlo” (Figure 7).
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Flo Osteon Border Correction
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Flo Mineralizing Surface
Flo DIC Resorption Cavities
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Figure 7: The OsteoFlo toolkit interface loaded in Imagel.

ImageJ macros for pore analysis included the following:

DIC Pre-Processing (Fully Automated): The DIC image is evenly illuminated through application of a
high pass filter, contrast enhancement, and background subtraction. This macro removes variation in sample
illumination over the cross-section caused by photomerging artifacts (Figure 8).
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Figure 8: DIC image before (left) and after (right) pre-processing for Sample 1LF 85um.

Pore Extractor (Fully Automated): The user loads the pre-processed DIC image and the remodeling area
region of interest (ROI), which was previously extracted from circularly polarized images. Within this
remodeling area ROI, probable pore ROIs are extracted from the DIC image using an Intermodes auto-
threshold, particle size and circularity thresholding, and binary closing. The user can inspect the proposed
selections and modify the particle size and circularity thresholds before extraction. Pores are extracted
within the remodeling area ROI, which is known to experience secondary bone remodeling during life, as
indicated by the Haversian (secondary) bone visible on the circularly polarized image. This ROI restriction
excludes the periosteal and endosteal areas of primary bone containing the cortical pores of primary osteons,
which are formed during initial growth.

Pore Modifier (Manual): Automatically selected pore ROIs exported by Pore Extractor are manually
inspected and edited (Figure 9) using custom keyboard shortcuts that facilitate manual pore selection and
image navigation. These shortcuts include:

e One-click access to Image] tools, including the Wand Tool, Wand Tool Options (for pixel
brightness tolerance adjustment), Freehand Selection Tool, Zoom Tool, Scrolling Tool, and
Selection Brush Tool

e Toggling ROI labels and ROI selections on and off as image overlays

e Resetting the Wand Tool tolerance to zero

e Splitting joined ROIs after separation with the Selection Brush Tool

e Filling enlarged ROIs after border expansion with the Selection Brush Tool

e Decreasing or increasing Selection Brush Tool size by factors of 5 pixels

e Reverting an ROI to its original shape after manual modification

e Auto-saving the current ROI set to the user’s file system

Due to its Auto-Save function, Pore Modifier may be run repeatedly on the same ROI set, spreading the
manual correction over multiple user sessions for particularly large images.
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Figure 9: Automatically extracted pores (left, red) exported by Pore Extractor and manually modified pores
(right, green) exported by Pore Modifier, Sample 1LF_85um.

Pore Analyzer (Fully Automated): Anatomical quadrants are defined on each cross-section by extracting
the total area (a filled binary mask of the bone inside the periosteal border), finding its centroid in Bonel,
and drawing a line through this centroid to the top and bottom of the image. This line is then rotated 45
degrees, and then 90 degrees, to define the dividing lines between Anterior, Medial, Posterior, and Lateral
anatomical quadrants. These anatomical quadrants are extracted as separate ROIs and as binary images
from the cortical area image. Finalized pore ROIs located within each anatomical quadrant are assigned to
that quadrant. Pore ROIs located on the border between anatomical quadrants are assigned to whichever
quadrant contains a larger fraction of that pore area (Figure 10).
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Figure 10: Pores colorized by anatomical quadrant: Anterior (red), Medial (yellow), Posterior (green),
Lateral (blue), Sample 1LF _85um.
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Finalized pore ROIs are further classified as cortical or trabecularized based on proximity to the marrow
cavity versus minimum diameter. Proximity to the marrow cavity is accomplished by extracting a binary
image of the marrow cavity and generating a Euclidean Distance Map (EDM) of this image. Each pixel
distance from the marrow cavity is defined as an increasing pixel brightness value, which in a 16-bit system
ranges from 0 pixels (absolute black) to 65,536 pixels (absolute white) away from the marrow cavity in any
direction. Pore ROIs are superimposed on the EDM image, and the minimum gray value of each pore ROI
is automatically measured, which corresponds to their proximity to the marrow cavity in pixel units.
Minimum diameter is also automatically measured for each pore ROI as minimum Feret (caliper) diameter.
If minimum pore diameter exceeds its proximity to the marrow cavity, then the pore is classified as
“trabecularized”; otherwise, the pore is classified as “cortical.”

Summary pore morphometry is calculated for all pores in aggregate and for each pore type (total, cortical,
and trabecularized) and within each region (Anterior, Medial, Lateral, Posterior), including percent
porosity, pore density, and mean pore size and shape descriptors. The macro exports a table of these
summary statistics, and a table of measurements for individual pore ROIs, including their regional and pore
type classification.

ImageJ macros for osteon analysis included the following:

Osteon Extraction (Fully Automated): The fluorescence image is loaded, along with the ROI for the
remodeling area. Local contrast enhancement is applied to emphasize calcein labeling in the fluorescence
image (Figure 11). Spaces external to the remodeling area are then cleared. Osteon borders are extracted
using a global Intermodes threshold, followed by removal of bright outliers less than 10 pixels. Osteon
borders are sealed using Euclidean Distance Map opening, through ten cycles, from the BioVoxxel Toolbox
plugin for ImageJ. Osteon “rings” representing discrete calcein labels are extracted by subtracting the
background, which removes faint fluorescence between rings. Rings are then binarized using an auto local
threshold with a Phansalkar algorithm for low-contrast images, and bright outliers less than 5 pixels are
removed through four cycles. The enhanced fluorescence image, binarized osteon borders, and binarized
osteon rings are exported as separate TIFF images (Figure 12). An ROI set of osteon borders is also
exported as a zip file.
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Figure 11: Fluorescence image for Sample 1LF 85um before (left) and after (right) local contrast
enhancement to emphasize calcein labeling.

Figure 12: Osteon borders (left) and osteon “rings” (right) representing discrete calcein labels exported for
Sample 1LF_85um.
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Osteon Border Correction (Manual): This macro allows the user to split connected osteons, seal open
osteon borders, add any missed osteons, and delete any image noise selected by the automated osteon border
extraction. The original DIC image, the contrast-enhanced fluorescence image, and the ROI set of
unmodified osteon borders are loaded. The DIC image is superimposed on the fluorescence image at 75%
opacity so that calcein labels and osteon cement lines can be viewed simultaneously. The osteon border
ROI set is then superimposed for the user to inspect and modify (Figure 13). The same shortcut utilities in
Pore Modifier are available here, including wand selection, selection brush tool modification, frechand
selection, ROI label toggling, split/fill/revert functions for ROIs, and auto-saving (Figure 14). The macro
exports the user-modified ROI set of osteon borders, and a corrected binarized mask of osteon borders
(Figure 15).
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Figure 13: Unmodified osteon borders (red) superimposed on fluorescence image and DIC image at 75%
opacity for Sample 1LF_85um.
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Figure 14: Keyboard shortcut utilities for Osteon Border Correction. Key utilities include osteon splitting
(upper right) and osteon filling (lower right) using the selection brush tool.
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Figure 15: Osteon borders automatically extracted (left) and manually modified (right) for keyboard
shortcut utilities for Sample 1LF_85um.

Osteon Type (Fully Automated): This macro categorizes osteons by anatomical region and calcein label
type (partially labeled forming osteon, single/double/triple labeled complete osteon), in addition to
detecting the placement of calcein labels and vascular pores to calculate osteon mineral apposition rate
(On.MAR) and osteon wall thickness (W.Th), respectively. The preprocessed DIC image, the osteon
“rings” image, and corrected osteon border ROIs are loaded. To categorize osteons by anatomical region
(Anterior, Medial, Posterior, Lateral), the quadrants are drawn using the same mechanism as Pore Analyzer.
Each region is flattened at 255 pixel brightness (absolute white) and extracted separately. For each region,
the osteon border ROIs are loaded and their pixel brightness is measured. Osteons located fully within a
region will have a mean pixel brightness of 255. Osteons located on the border between regions are
classified with the region that has the higher mean pixel brightness, which indicates that a larger fraction
of the osteon area falls within that region (Figure 16).

Figure 16: Pores located on regional borders have an intermediate pixel brightness (1 - 254) in two regions.
These pores are classified with the region that has the higher pixel brightness value, indicating that a larger
fraction of the pore area is located in that region. Pores located fully within a given region have a pixel
brightness of 255 for that region and a pixel brightness of 0 for all other regions.
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Figure 17: Regional quadrants drawn on the total area binarized image, with the ROI set of osteon borders
colorized by region classification superimposed for Sample 1LF_85um.
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The exported objects from this portion of the macro include: ROIs for each anatomical quadrant, a TIFF
image with the regional boundaries drawn on the total area binarized image, an ROI set with pores colorized
and assigned to ROI groups by region, and a csv file displaying regional pixel brightness values and final
regional classification (Figure 17). Regional classification for each osteon is saved to an aggregate data
table.

Next, the macro classifies osteons and detects label spacing. The corrected osteon border ROI set is
superimposed on the osteon “rings” image. An ellipse is fitted to each osteon border ROIL, and the major
axis is drawn as a line. The pixel brightness intensity profile of the osteon is measured along this line.
Labels (white) appear as peaks up to 255 pixel brightness levels, while spaces between labels should be
closer to 0 (black) (Figure 18). The line may pass through one or both sides of a given “ring” of a label.
For forming osteons, the resorption space is partially labeled around its broad circumference, and may have
zero peaks or a high number of peaks. The number of peaks corresponds to the osteon label classification.
Osteon border ROISs are colorized based on type classification, and the ROI labels are appended to represent
this classification (Figure 19). Osteon type classification for each osteon is saved to an aggregate data table.

» Forming Osteon: 0 or 7+ peaks (color = blue, ROI label = F)
» Single-Labeled Osteon: 2 peaks (color = red, ROI label = _S)
» Double-Labeled Osteon: 3 — 4 peaks (color = green. ROI label = _G)
» Triple-Labeled Osteon: 5 — 6 peaks (color = yellow, ROI label = T)
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Figure 18: A double-labeled osteon (left) with a red line indicating the major axis of an ellipse fitted to the
osteon border (green). The intensity profile of pixel brightness along this line (right) has three peaks
(indicated by green arrows), where the outer peaks intersect both sides of the outer ring, and the inner peak
intersects both sides of the inner ring without passing through the vascular pore.
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Figure 19: Osteon “ring” image for Sample 1LF 85um, with an overlay of osteon border ROIs
automatically colorized by type as forming (blue), single-labeled (green), double-labeled (red), and triple-
labeled (yellow).
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Label spacing (osteon mineral apposition rate, or On.MAR) is also measured between the first and second
ring for double-labeled osteons, and between both the first and second and the second and third for triple-
labeled osteons. X and Y coordinates for each end of the label spacing line are saved to an aggregate data
table for each osteon. The distance between these labels is measured as the distance between the peak edges
on the intensity profile along the osteon major axis (Figure 20). The label spacing in pixels and pum is also
saved to this data table.

Figure 20:_Red dots denote coordinates for label spacing between the first and second rings for both double-
labeled (left) and triple-labeled (right) osteons. Green dots denote coordinates for label spacing between
the second and third rings for triple labeled (right) osteons.

The macro additionally measures osteon wall thickness as the maximum distance of the osteon’s vascular
pore from any point on the osteon border. First, a pixel brightness intensity profile is extracted both along
the major axis and the minor axis of an ellipse fitted to the osteon border. For both intensity profiles, the
two most central peaks (e.g., the innermost label around the pore) are identified, and coordinates at their
absolute center are extracted to represent the probable centroid of the pore. If the intensity profile has 0 or
1 peaks, meaning that the ellipse axis passes through a partial label or no labels, then the center of the ellipse
axis is used to estimate the pore centroid location. Since the probable pore centroid is extracted for both the
minor and major axis of the osteon border ellipse, the coordinates are chosen if they fall closer to the central
point of that ellipse (Figure 21). The coordinates of the probable pore centroid are saved to an aggregate
data table for each osteon.
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Figure 21: An intensity profile of pixel brightness (right) is extracted along the major axis of the osteon
border (red; left). The central black (pixel brightness = 0) point between the innermost peaks is selected as
the probable coordinate of the osteon’s vascular pore.

Finally, the macro measures osteon wall thickness (W.Th) as the distance from the probable pore centroid
to the nearest point on the osteon border. This is accomplished by converting each osteon border into a
Euclidean Distance Map (EDM), where the pixel brightness value of any given pixel represents its distance
from the nearest point on the osteon border. The pore centroid is superimposed on this EDM, and its pixel
brightness value is recorded, representing the distance of the pore centroid from the nearest point on the
osteon border (Figure 22). This wall thickness value is saved to an aggregate data table for each osteon.

Figure 22: Pore centroid (cyan: right) superimposed on Euclidean Distance Map (left) of the osteon border.
The gray value of the pore centroid represents its distance from the nearest point on the osteon border.
An ROI set of osteon borders labeled by osteon type is exported from this macro. The other export is a csv
file listing, for each osteon: regional classification, type classification, label spacing coordinates, label
spacing (On.MAR) lengths, pore centroid coordinates, wall thickness length, and size/shape morphometric
descriptors for each individual osteon.
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Osteon Type Correction (Manual): Automated osteon type classification, label identification, and pore
centroid identification may be misdirected by noise or by incomplete osteon labeling. The user must
manually inspect these components to ensure accuracy. The original DIC image, the contrast-enhanced
fluorescence image, and the csv file and ROI set of osteon type classifications are loaded. As in the Osteon
Border Correction macro, the DIC image is superimposed on the fluorescence image at 75% opacity so that
calcein labels and vascular pores can be viewed simultaneously. The ROI set of osteon borders, colorized
by type, is superimposed on this image. Coordinates are also added as point overlays for the label spacing
(red = inner labels, green = outer labels) and pore centroids (cyan). Keyboard shortcut utilities were
developed for this macro, including an auto-save utility for the ROI set and csv file, and shortcuts to
reclassify osteon type and manually place label spacing and pore centroid coordinates. Reclassified osteon
types are updated with an asterisk on the label and a color change to the new type designation. Labels and
pore centroids are converted from solid dot overlays to hollow dot overlays if they are manually modified
(Figure 24). This assists the user in tracking ROIs that have already been corrected. Label spacing
(On.MAR) and osteon wall thickness (W.Th) are recalculated after manual placement. After the user
completes manual correction, the macro exports the final ROI set of osteon borders, colorized by osteon
type (Figure 25), in addition to the finalized csv file of aggregate osteon morphometry, including region
classification, type classification, label spacing, osteon wall thickness, and size and shape descriptors. The
macro also exports the DIC image + fluorescence image and the osteon “rings” image with the label and
pore centroid coordinates superimposed as overlays, as a record of the final modifications.
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[i;' Manual Modification of ROI Set

Change Osteon Type [7]
Toggle ROI 1abels ON [F1]
Use [7]to switch to freehand selection tool and click octeon label
Use [7] again to trigger osteon type change
You will be prompted to change osteon fype
Changing 1o a double or triple osteon will prompt vou to reset ring spacing
Changing from a forming osteon to a labeled osteon will prompt you to reset pora placement
Modified ROI labels will annotated with *
Modified overlays will be hollow circles:
Ring 1-2Labels
Ring 2 -3 Labels
Pore Coordinate
Change Osteon RIng Spacing [8]
Toggle RO 1abels ON [F1]
Use [8] to switch to freehand selection tool and click osteon label
Use [8] again lo trigger ring spacing change
Changing 1o a double or friple osteon will promptyou to reset ring spacing
Modified overlays will be hollow circles:
Ring 1-2Labels
Ring 2 -3 Lavels
Pore Coordinate
Change Pore Coordinate [0]
Toggle ROI labels ON [F1]
Use [9]to switch to freehand selection tool and click osteon label
Use [9] again to to switch to dick ostaon label
You will be prompted to reset pore placement
Modified overlays will be hollow circles:
Pare Coordinate

Keyboard Shoricuts

[3] Freehand Seledion Tool

[4] Zoom Tool (Left-Click=2Zoom In, Right-Click = Zoom Qut)
[5] Scrolling Tool (Grab and Drag)

[7]1 Change Ostzon Type

[8] Change Osteon Spacing

[8] Change Pore Coordinate

[F1] Toggle ROI Labels On

[F2] Togale ROl Labels Off

[F3] Toggle ROIs Off

[F11] Quicksave Current Osteon Type ROIs and Table
[n-] Togale Ring Spacing / Pore Overlay O

[n+] Toggle Ring Spacing / Pore Overlay Off

Exiting Macro

& Coniinue Manual Modification
" ExtMacro and Save Summary Table

OK I Cancel

Figure 24: Keyboard utilities (left) are available for quick and easy reclassification of osteon type, label
spacing, and pore centroid placement. An osteon automatically classified as single-labeled (top right) is
reclassified manually as double-labeled (bottom right). The reclassified osteon type changes color (red >
green) and label (_ S > D) to reflect the new osteon type, and the ROI label is appended with an asterisk
(_D*). The user is prompted to set label spacing between the first and second rings (red hollow circles).
The pore centroid is also manually corrected, changing from a solid cyan circle to a hollow cyan circle.
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Figure 25: Osteon border ROIs before (left) and after (right) manual osteon type correction, superimposed
on fluorescence image and DIC image at 75% opacity for sample 1LF 85um. Osteon ROIs are colorized
by type as forming (blue), single-labeled (green), double-labeled (red), and triple-labeled (yellow).

Mineralizing Surface (Fully Automated): This macro calculates the percentage of the total area perimeter
(bone surface or BS) that is calcein labeled as a mineralizing surface (MS). Both the periosteal surface
(Ps.MS/BS) and the endosteal surface (Es.MS/BS) are assessed. The files loaded include the contrast-
enhanced fluorescence image exported by Osteon Border Extraction, the binarized total area and marrow
area masks and ROIs exported by Pore Extractor, and the remodeling area ROI. The intracortical region
with labeled osteons is subtracted from the fluorescence image by clearing inside the remodeling area ROL.
Then, the periosteal and endosteal labels are automatically binarized using a global Huang threshold. To
assess Ps.MS/BS, the total area perimeter is extracted from the total area ROI file, and shrunk by a user-
selected value (default = 50 pixels) to intersect with the calcein labeled region just below the periosteum.
The user may adjust this shrinkage value for the total area ROI until intersection with binarized labels is
satisfactory (Figure 26). Then, the number of labeled pixels is quantified along this perimeter, and
compared to the number of pixels that compose the total area perimeter — the ratio of which is Ps.MS/BS.
A similar process is used to assess Es.MS/BS. The marrow area perimeter is extracted from the marrow
area ROI file, and expanded by a user-selected value (default = 50 pixels) to intersect with the binarized
image of the calcein-labeled endosteum. The number of labeled pixels is quantified along this perimeter,
and compared to the number of pixels that compose the marrow area perimeter — the ratio of which is
Es.MS/BS. The export from this macro is a csv file containing Ps.MS/BS and Es.MS/BS values.
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Figure 26: Total area and marrow area ROIs (red) for Sample 1LF _85pum, shrunk and expanded by 50
pixels, respectively, to intersect with the binarized periosteal and endosteal labels. Ps.MS/BS was 98.4%,
while Es.MS/BS was 64.6%.

Resorption Cavities: This macro isolates resorption spaces (Rs.N) inside the remodeling area that are not
fluorescently labeled, and are therefore not categorized as “forming osteons”, but do fall into the aggregate
category of active remodeling centers (a.Rm.Cr). Rs.N are also used in the calculation of the ratio of labeled
osteons to resorption spaces. Files loaded for this macro include the original DIC image, the contrast-
enhanced fluorescence image, the corrected osteon border image, and the corrected ROI set of vascular
pores. The table of individual pore measurements exported by Pore Analyzer is also loaded to sort pores by
their previously determined regional classification. As in the Osteon Border Correction macro, the DIC
image is superimposed on the fluorescence image at 75% opacity so that any fluorescent labeling of vascular
pores can be visualized. Pore ROIs are removed if they intersect at least 2/3 of their area with osteon borders
(and thus are likely to be fluorescently labeled). Probable resorption spaces are isolated from the remaining
pore ROIs by sorting all pore areas into histogram bins. The majority of pores are uniformly small in size
and fall into the first histogram bin. These pore ROIs are outlined in blue. All larger pores are identified as
probable resorption spaces and are colored red (Figure 27). The user inspects these designations and can
flip them using a keyboard shortcut. After manual approval, the number of unlabeled resorption spaces
(Rs.N) is exported as a csv file, with rows for the whole bone and for each anatomical region.
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Figure 27: Unlabeled pore spaces for Sample 1LF_85um, confirmed after user inspection as non-resorption
spaces (blue) and resorption spaces (red).
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Objective 3: Identify if prolonged opioid use is discernible in cortical bone microstructural features used
in histological age-at-death estimation.

Activity 4: Data Analysis
Projected Completion Dates: 02/20 — 06/20
Actual Completion Dates: 07/20 — 12/20
Progress: 100% as per revised timeline

Micro-CT Data Analysis

Statistical Model Design

Pore systems were extracted, and their 3D morphometry analyzed using a custom ImageJ and CTAnalyser
workflow. Descriptive statistics of mean, median, and standard deviation were generated for each
morphometric variable with package dplyr. Descriptive statistics were generated by grouping Bone, Drug
Group, and Bone * Drug Group for whole-bone comparisons, and by Region, Drug Group, and Region *
Drug Group for anatomical quadrant comparisons (Appendix XX: “Micro-CT Descriptive Statistics™).

Aggregate pore morphometry variables were assessed in R (The R Foundation, v. 4.1.1) using a Linear
Mixed Model (LMM) with the formula Morphometric Variable ~ Bone Type * Drug Group + (I|Sample).
Within the femur and tibia individually, regional comparisons between Anterior, Posterior, Medial, and
Lateral quadrants were conducted with the formula Morphometric Variable ~ Bone Region * Drug Group
+ (1|Sample). Morphometric variables were scaled and centered. LMM were tested for each morphometric
variable with the /mer function within the package /me4. The LMM output is an estimate (B) of the mean,
standard error (SE), confidence interval, ¢ statistic, and a p-value for the test statistic computed with
Satterthwaite's method for degrees of freedom. Estimates are also reported for the estimate, standard error,
percentage of residual variance (ICC), and significant effect attributed to the random effect of Sample.
Linear mixed model fixed and random effects, post-hoc tests for all significant fixed effects, and directional
trends for all morphometric variables are included for aggregate porosity (Appendix XXI: “Micro-CT
Linear Mixed Model for Aggregate Porosity”), femoral regions (Appendix XXII: “Micro-CT Linear
Mixed Model for Femoral Regions”), and tibial regions (Appendix XXIII: “Micro-CT Linear Mixed
Model for Tibial Regions”).

Model fit was assessed with diagnostic plots (fitted vs. residuals plot, residual boxplot, random effect
dotplots, QQ plot, scale-location plot) as well as a Shapiro-Wilk test for normality of residuals and a
Levene’s test for Homogeneity of Variance. If residuals were not normally distributed (p < 0.05),
morphometric variables were transformed with Tukey’s Ladder of Powers with package rcompanion. This
function loops through lambda (A) exponents and transforms the data using the lambda that maximizes the
W statistic of the Shapiro-Wilk test. The LMM was then re-run on the transformed morphometric variable
with package /me4, and diagnostic plots and tests were re-assessed. Following this initial modeling, p-
values generated by the LMM model were checked against p-values generated by a generalized linear mixed
model fitted with a Markov Chain Monte Carlo (MCMC) approach, to draw on the high accuracy of
Bayesian modeling. We used package MCMCglmm with a parameter-expanded prior and 60,000 iterations.
To assess LMM model fit, both Akaike information criterion (AIC) and Bayesian information criterion
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(BIC) are reported. Additionally, the variance in the morphometric variable explained by the LMM was
assessed with a pseudo R? from package MuMIn. Marginal R? is the variance explained by fixed factors,
while Conditional R?is the variance explained by the entire model, including fixed factors and random
effects. Markov Chain Monte Carlo model fit was assessed based on effective sample size and traces of the
fixed factors and random effects.

For models that detected significant differences (p < 0.05) for fixed factors, post-hoc analyses were carried
out to better understand the magnitude and importance of these differences. Package emmeans generated
estimated marginal means to determine significant differences between factor levels for fixed factors. Effect
size of each significant post-hoc comparison was quantified with Cohen’s d from function /me.dscore
within package EMAtools. Cohen’s d is the absolute value of the difference between group means divided
by the average of their standard deviations, such that a Cohen’s d of 1 corresponds to a single standard
deviation between the means of the compared groups. Effect size thresholds are quantified as small (d =
0.2), medium (d = 0.5), or large (d=0.8). Finally, a retrospective power analysis for each fixed factor was
conducted with package simr. To examine all directional trends, estimated marginal means were also used
to determine the relationship between all levels of each fixed factor, regardless of their significance.

Results: Whole-Bone Analysis

A concise summary of findings from whole-bone and regional analysis of the femur and tibia is available
in Section 2.2.3: Significant Results.

Opioid exposure inverts the Control group’s patterning of higher total porosity in the femur and lower total
porosity in the tibia. This suggests that opioid treatment desensitizes skeletal elements to localized
mechanical demands, which control intraskeletal variation in pore morphometry in healthy animals.

Whole Bone Analysis: Bone Effects

The rabbit femur has significantly thicker, larger diameter, larger volume, and larger surface area pores,
compared to the rabbit tibia. The standard deviations of pore thickness and pore separation are also
significantly larger, indicating a wider range of pore sizes. These enlarged pore systems result in
significantly higher percentages of open porosity and a larger intersection surface, meaning convergence
of pore systems with periosteal or endosteal borders. Skeletonization analysis indicated that the total and
mean lengths of individual pore systems are significantly higher in the femur, compared to the tibia.
Femoral pore systems are also more highly branched, with a significantly higher mean and maximum
number of nodes and number of terminal nodes, and maximum number of segments within pore systems.

The rabbit tibia has significantly smaller, more numerous, and more densely populated pores that are more
longitudinally aligned, compared to the rabbit femur. This produces a significantly higher percentage of
closed porosity, as pore systems are not as convergent with cortical borders. In terms of cross-sectional
geometry, the tibia has a larger relative cortical volume, total and cortical surface area, and average minor
axis breadth compared to the femur.
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Considering all drug treatment groups, there is no net significant effect on Total Porosity (%) from either
the increased size and branching of femoral pore systems, or the increased population density of tibial pore
systems. Further analysis of the Bone * Drug Treatment Group interaction, discussed below, indicates that
femoral pore patterning produces a significantly higher Total Porosity (%) within Control group rabbits.
Drug treatment, however, inverts this intraskeletal patterning, removing this effect from Bone as a fixed
factor.

While information on comparative loading in the rabbit femur versus the tibia is sparse'’, a study by
Yamada and colleagues'® suggests that the rabbit tibia experiences higher residual stress than the femur.
Residual stress is the stress experienced by bone tissue absent of external force, due to the inherent structure
of the tissue and its mechanical properties. The authors found that osteon population density (OPD) was
increased under higher residual stress, and that the anterior and posterior tibia had a higher combined OPD
than the anterior and posterior femur. High OPD has been associated with a higher frequency of targeted
remodeling to repair the microdamage more frequently incurred under high strain'®2°. However, high strain
also inhibits bone resorption, and is known to limit the size of osteons in cross-section®' >, The expected
pore morphometry for a more highly stressed tibia is an increased density of pores that are smaller in size,
which we observed in our study. The rabbit tibia is also known to be stronger than the femur, as
demonstrated by the higher force required to fracture the tibia>*. Pores concentrate stress and are target sites
for fracture initiation and propagation®. The enlarged pore systems in the rabbit femur may contribute to
its observed lower force to fracture, relative to the rabbit tibia.

Whole Bone Analysis: Drug Treatment Group Effects

Drug treatment restricts the overall diameter and volume of aggregate pore systems in both the femur and
tibia. Control group rabbits exceed drug treatment group rabbits (Control > Morphine > Fentanyl) in
morphometric variables that describe aggregate pore size (Mean and Standard Deviation of Pore
Thickness), as well as mean size of individual pore systems (Average Pore Volume, Mean Pore System
Total Volume, Pore Segment Mean Radius). Only the Control > Fentanyl comparison reaches significance
(» <0.05). Pore Surface : Pore Volume follows the inverse pattern (Fentanyl > Morphine > Control), which
may be due to increased truncation. When the femur and tibia are examined individually in the interaction
contrast (Bone | Group), both bones retain this trend (Control > Morphine > Fentanyl) for aggregate pore
size. When the mean size of individual pore systems is examined, however, Morphine rabbits exceed
Control group rabbits (Morphine > Control > Fentanyl) in the tibia, while retaining the original patterning
in the femur. Consequently, in the tibia specifically, Morphine treatment enlarges individual pore systems.

Whole Bone Analysis: Bone * Drug Treatment Group Interaction Effects

As seen in the fixed factor Bone, the tibia favors small, dense pore systems while the femur favors large,
less densely populated, more highly branched pore systems. Neither bone has higher total porosity or
aggregate pore volume when drug treatment groups are combined. Intraskeletal differences, however,
appear when the femur and tibia are contrasted within each drug group using the interaction contrast Group
| Bone. When restricted to Control rabbits, the femur develops significantly higher Total Porosity (%) and
Pore Volume, compared to the tibia. The Control femur also displays significantly higher maximum values
for pore system branching (Total Length, Number of Nodes, Terminal Nodes). Control rabbits additionally
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retain the overall Bone effects of significantly higher Open Porosity (%) and size and branching of
individual pore systems (Total Pore Network Volume, Average Pore Volume, Mean Pore System Total
Length, Mean Pore System Terminal Nodes), compared to the tibia. Drug treatment, however, silences this
significant intraskeletal variability. For Fentanyl and Morphine group rabbits, there is no significant
difference between the Femur and Tibia in these same morphometric variables, even though the direction
of the trend is the same (Femur > Tibia). Pore Volume goes furthest by inverting this trend, with an
insignificant shift to Femur < Tibia in both Fentanyl and Morphine rabbits. Overall, drug treatment appears
to equalize the porosity, pore size, and branching complexity of the femur and tibia, removing the
significantly increased femoral porosity that exists in Control rabbits.

Drug treatment minimizes this intraskeletal variation both by reducing femoral porosity and increasing
tibial porosity. This effect is visible in 3D reconstruction (Figure 2). The Bone | Group interaction contrast
shows the effects of drug treatment on the femur and tibia individually. As before, in the femur, Control
groups have significantly higher Total Porosity (%) and Open Porosity (%), in addition to significantly
higher metrics of aggregate volume (Pore Volume, Total Pore Network Volume) and size and branching of
individual pore systems (Pore Segment Mean Radius, Mean Pore System Total Length, Mean Pore System
Terminal Nodes), compared to drug treatment groups (Control > Morphine > Fentanyl). Descriptive
statistics indicate that femoral mean values for each of these variables are decreased in Morphine and
Fentanyl rabbits, compared to Controls. Conversely, in the tibia, drug treatment increases these same pore
measurements. Morphine is elevated above Control group rabbits (Morphine > Control > Fentanyl) in the
tibia for Open Porosity (%), Average Pore Volume, Pore Segment Mean Radius, Total Pore Network
Volume, and Mean Pore System Total Length. Both Morphine and Fentanyl are elevated above Control
group rabbits (Morphine > Fentanyl > Control) for Total Porosity (%), aggregate Pore Volume, and Mean
Pore System Terminal Nodes. Only the femoral trends, however, (Control > Fentanyl and Control >
Morphine) reach significance (p < 0.05). Our results confirm that the overall effect of reduced femoral
porosity and increased tibial porosity is to equalize intraskeletal porosity under drug treatment.

Results: Regional Analysis: Femur
Regional Analysis: Femur.: Region Effects

In the rabbit femur, the high porosity derived from larger pore size is localized in the Medial and Posterior
quadrants, as observed in 3D visualization (Figure 2). High pore density is localized in Medial and Lateral
quadrants. The relatively smaller pore size in the Lateral quadrant, however, prevents it from accruing high
overall porosity.

The Medial quadrant, followed without significant difference by the Posterior quadrant, contains the highest
Total Porosity (%), Open Porosity (%), and Connectivity Density. Cortical Fractal Dimension and Pore
Fractal Dimension, which signify more patterned spatial distribution, are highest medially, followed with
significant difference by the Posterior quadrant. Similarly, the Posterior quadrant, followed without
significant difference by the Medial quadrant, contains the largest pores by aggregate and individual
measurements (Number of Open Pores, Pore Volume, Pore Surface, Pore Thickness, Connectivity, Average
Pore Volume). In all comparisons, Anterior and Lateral quadrants have significantly lower percent porosity
and pore size.
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The Medial quadrant, followed without significant difference by the Lateral quadrant, displays increased
pore density of all pore types (total, open, closed). Closed Porosity (%) is also highest medially, followed
with significant difference by the Lateral quadrant. Pore Surface: Pore Volume is highest laterally, followed
with significant difference by the Medial quadrant.

The Anterior quadrant shows significantly increased Pore Separation (mean and standard deviation),
because it also significantly exceeds all except the Posterior region in Cortical Volume, and thus pore
systems are more widespread.

Our findings are consistent with literature on rabbit knee joint biomechanics. During hopping, initial
hindlimb contact causes the ground reaction force (GRF) to pass Anterior and Lateral to the knee joint.
Intersegmental axial knee force also increases sharply during this initial hindlimb contact, peaking at 40%
of body weight between 15-25% of the stance trajectory!’. The relatively lower mechanical loading
experienced by Medial and Posterior regions of the rabbit femur is more permissive to bone resorption®*%,
creating the significantly higher percent porosity and larger pore size that we observed in those regions. We
further observed a significantly higher pore density in both Medial and Lateral quadrants of the rabbit
femur. High pore density combined with high porosity and large pore size in the Medial quadrant is
consistent with stochastic remodeling, which is elevated under lower mechanical strain for routine turnover
of old bone?’. High pore density combined with low porosity and small pore size in the Lateral quadrant is
consistent with targeted remodeling, which occurs in a limited radius (~100 pm) for repair of loading-
induced microcracks®,

Regional Analysis: Femur: Drug Treatment Group Effects

The pattern Control > Morphine > Fentanyl is seen for variables related to increased pore size (Pore
Thickness Mean and Standard Deviation) and convergence with cortical borders (Open Porosity (%),
Intersection Surface), with the Control > Fentanyl comparison reaching significance.

Regional Analysis: Femur: Region * Drug Treatment Group Effects

Comparable to the whole bone analysis, drug treatment tends to silence the regional variability observed in
the Control group. The Group | Region interaction contrast examines regional comparisons within each
drug treatment group. The significant regional differences seen in Control rabbits are insignificant for
certain variables in Fentanyl rabbits (Open Porosity %) and for both Fentanyl and Morphine rabbits (Total
Porosity %, Average Pore Volume, Intersection Surface). If drug treatment can reduce sensitivity to
mechanical control of pore formation at the whole bone level, it further appears to reduce sensitivity to
regional mechanical loading within the femoral cross-section.

The reduced porosity associated with drug treatment seen in femoral whole-bone analysis is concentrated
in Anterior and Medial regions. The Region | Group contrast examines drug treatment group differences
within each region. For Total Porosity (%), the Control group rabbits only significantly exceed drug
treatment rabbits in the Medial quadrant, although all quadrants display this pattern (Control > Morphine >
Fentanyl). Similarly, for Open Porosity (%), this pattern is significant medially (Control > Fentanyl) and
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anteriorly (Control > Fentanyl and Control > Morphine). For the inverse patterning of Pore Surface: Pore
Volume (Fentanyl > Morphine > Control), Medial and Anterior quadrants show a significant Fentanyl >
Control difference.

Results: Regional Analysis: Tibia
Regional Analysis: Tibia: Region Effects

Regional porosity patterning in the rabbit tibia reflects that of the femur. The Medial and Posterior quadrants
again show high percent porosity. Also, as in the femur, both the Medial and Lateral quadrants favor high
pore density, but the relatively smaller pore size in the Lateral quadrant prevents it from accruing high
overall porosity. Two trends distinguish the tibia from the femur. Unlike the femur, large pore size is
restricted to the Posterior quadrant of the tibia, while the Medial quadrant draws its high porosity from high
pore density. Also, the tibia shifts the absolute number of pores and connectivity metrics from the Medial
and Posterior quadrants to the Anterior quadrant, but there is no net effect on porosity or pore density
patterning due to the large Anterior quadrant volume.

The Medial quadrant, followed by the Posterior quadrant, contains the highest metrics of spatial complexity
(Cortical Fractal Dimension, Pore Fractal Dimension, Pore Surface : Cortical Volume. Similarly, the
Posterior quadrant, followed by the Medial quadrant, contains the highest percentages of all types of
porosity (Closed, Open, Total), and several other metrics (Pore Volume, Intersection Surface).

The Posterior quadrant dominates metrics of pore size (Pore Thickness, Pore Thickness Standard Deviation,
Average Pore Volume / Surface / Thickness / Major Pore Diameter). It also shares a high Degree of
Anisotropy with the Anterior quadrant.

The Medial quadrant, followed by the Lateral quadrant, displays increased open pore density and Pore
Tb.N., a proxy of total pore density. The Lateral quadrant, followed by the Medial quadrant, has
significantly higher closed and total pore density than other quadrants.

The Anterior quadrant has the highest number of pores (closed, open, total), the highest connectivity and
connectivity density, and the highest Pore Surface. These metrics are highest in the Medial and Posterior
quadrants in the femur. However, as in the femur, the Anterior quadrant spreads its pore systems through a
larger Cortical Volume, maximizing Pore Separation Mean and Standard Deviation. Consequently, the
Anterior quadrant does not reach a high percent porosity or pore density.

Our findings are consistent with literature on rabbit knee joint biomechanics. As with the rabbit femur, the
Anterior and Lateral regions experience higher mechanical loading by an adjacent ground reaction force
(GRF) during initial hindlimb contact while hopping!”. The higher porosity that we observed in Medial and
Posterior quadrants is consistent with their relatively lower mechanical loading. As with the rabbit femur,
the high pore density and high porosity of the Medial tibial quadrant is consistent with stochastic
remodeling, while the high pore density and low porosity of the Lateral tibial quadrant is consistent with
targeted remodeling.
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Regional Analysis: Tibia: Drug Treatment Group Effects
Unlike the femur, there are no overall drug treatment group effects on pore morphometry.
Regional Analysis: Tibia: Region Effects

As in the femoral regional analysis and the whole bone analysis, drug treatment tends to silence the regional
variability seen in the Control group. A unique tibial effect is the additional elevation of porosity anteriorly
(Fentanyl) and pore density laterally (Fentanyl and Morphine). This supports the whole-bone analysis
finding that drug treatment increases porosity in the tibia, contributing to the overall loss of intraskeletal
variability in porosity.

The Group | Region interaction contrast examines regional comparisons within each drug treatment group.
As in the femur, drug treatment removes significant intra-regional comparisons that exist in Control group
tibiae for a variety of pore metrics. The loss of regional variability, with no distinct regional elevation to
compensate, is generally seen in metrics or proxies of pore size for Fentanyl rabbits (Pore Thickness, Pore
Surface : Cortical Volume), Morphine rabbits (Number of Open Pores), or both groups (Average Major
Pore Diameter). An additional effect seen in the tibia is that Fentanyl group rabbits tend to increase anterior
porosity while diminishing significant differences between other regions for a number of morphometric
variables (Open Porosity (%), Total Porosity (%), Pore Volume, Pore Surface, Intersection Surface,
Number of Objects, Connectivity Density). This anterior porosity increase can be clearly observed in the
3D visualization of a Fentanyl rabbit tibia (Figure 2). Both Morphine and Fentanyl rabbits also elevate
lateral pore density (closed and total) at the expense of other regional variability. Finally, drug treatment
represses pore system complexity posteriorly for Fentanyl group rabbits (Pore Tb.N, Pore Fractal
Dimension) and anteriorly for Morphine group rabbits (Pore Surface : Cortical Volume, Pore Fractal
Dimension).

The Region | Group contrast examines drug treatment group differences within each region. Whole bone
analysis suggests that drug treatment reduces aggregate Pore Thickness in the femur and tibia, although the
size of individual pore systems may be increased in the tibia. In the femur, decreased Pore Thickness is a
group level effect that is consistent across all regions (Control > Morphine > Fentanyl). In the tibia,
however, only the Posterior quadrant displays this patterning (Control > Morphine > Fentanyl), and only
Control > Fentanyl is significant. All other quadrants conversely show elevated Pore Thickness with drug
treatment (Morphine > Fentanyl > Control). This may help explain how individual pore systems can be
larger, but overall mean Pore Thickness is significantly smaller with drug treatment. Aggregate Pore
Volume has a sole significant contrast of Morphine > Fentanyl in the Posterior region.

The sensitivity of Anterior and Lateral quadrants to drug treatment is consistent with the literature. Yamane
and colleagues®” found that osteoporosis induced by parathyroid hormone administration developed
porosity preferentially in tibial regions corresponding to our Anterior and Lateral quadrants.

Following only 8 weeks of opioid administration, our ongoing rabbit study confirms our hypothesis that
opioids significantly alter bone porosity and pore morphometry, producing substantial alterations to
bone microarchitecture.
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Data analysis of the micro-CT imaging phase of the project proceeded on schedule beginning February
2020. This timeline was not impacted by the COVID-19 pandemic as statistical workflows could be
employed remotely. Histological sample processing and imaging were completed on 11/20. The protocol
for histological analysis of pore and osteon spaces was developed during the subsequent reporting period.
Data analysis of histological images has been completed. Drafting manuscript submissions will follow per
the proposed revised timeline.

Femoral Histological Data Analysis

Morphometric Variable Calculations

The OsteoFlo toolkit automatically exports values for each section’s cross-sectional geometry and
mineralizing surface (Ps.MS/BS and Es.MS/BS). Vascular percent porosity, pore counts, and mean pore
size and shape morphometry are also automatically exported. Finally, automatic exports for each osteon
type include counts, mean inter-label distance, mean wall thickness, and size and shape morphometry.

Population densities were calculated for vascular pores and for each osteon type, which included total
osteons (T.On), complete (calcein-labeled) osteons (C.On), forming osteons (F.On), single-labeled osteons
(sL.On), double-labeled osteons (dL.On), triple-labeled osteons (tL.On), unlabeled resorption cavities
(Rs.N), and active remodeling centers (T.On + Rs.N) (a.Rm.Cr). Osteon population densities for each
osteon type were calculated by dividing the osteon type separately by the cortical area (e.g., T.On.OPD.CA)
and by the remodeling area (e.g., T.On.OPD.RA).

Additional values were calculated to characterize remodeling rate, following Dr. Andronowski’s previous
work published in Harrison et al. 2020°°. This study had three calcein administrations, while Harrison et
al. 2020°° had two calcein administrations. Therefore, our calculations were modified to accommodate our
study’s triple-labeled osteons, and to characterize any differences between labeling periods 1-2 and 2-3.
Our calculations included:

e Ratio of labeled osteons versus resorption cavities (T.On / Rs.N)

e Osteonal mineral apposition rate (On.MAR, um/day), calculated as the inter-label distance divided
by the labeling period (14 days). Several calculations were explored to determine whether this
variable and dependent variables changed over the experimental period.

o On.MAR.dAL — calculated from dL.On only

o On.MAR.I - calculated from the mean distance of inner labels of dL.On and tL.ON

o On.MAR.C — calculated from the mean distance of both inner labels (dL.On and tL..On)
and outer labels (tL.On)

e Osteon formation time (of, days), calculated as wall thickness divided by On.MAR. We calculated
this variable using wall thickness for complete osteons (W.Th.C) divided by each calculation of
On.MAR.

o ofdL=W.Th.C/On.MAR.L.dL
o orl=W.Th.C/On.MAR.I
o o6;C=W.Th.C/On.MAR.C
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e Activation frequency (Ac.f, #/mm?/year), calculated as complete (sL.On + dL.On + tL.On) osteon
population density (C.On.OPD.CA) divided by or, multiplied by 365 days/year. We calculated this
variable for value of osteon formation time derived from each calculation of On.MAR.

o Ac.F.IdL ((C.On.OPD.CA/ o7 dL)*365)
o Ac.F.I((C.On.OPD.CA/ cr1)*365)
o Ac.F.I.AL ((C.On.OPD.CA/ ¢ C)*365)

Descriptive statistics of mean, median, and standard deviation were generated for each morphometric
variable in R (The R Foundation, v. 4.1.1) with package dplyr. Descriptive statistics were generated by
Drug Group for whole-bone comparisons, and by Region and Region * Drug Group for anatomical quadrant
comparisons (Appendix XXIV: “Femoral Histology Descriptive Statistics”).

Statistical Model Design: Whole Femur

Aggregate variables for cross-sectional geometry, mineralizing surface, vascular pore morphometry, and
osteon pore morphometry were assessed in R (The R Foundation, v. 4.1.1) using an ANOVA from the stats
package with the formula Morphometric Variable ~ Drug Group. The ANOVA output is the degrees of
freedom (df), sum of squares, mean squares, F-statistic, and p-value. Model fit was assessed with diagnostic
plots (fitted vs. residuals plot, QQ plot) as well as a Shapiro-Wilk test for normality of residuals and a
Levene’s test for Homogeneity of Variance. If residuals were not normally distributed or were
heteroskedastic (p < 0.05), morphometric variables were transformed with Tukey’s Ladder of Powers with
package rcompanion. This function loops through lambda (A) exponents and transforms the data using the
lambda that maximizes the W statistic of the Shapiro-Wilk test. The ANOVA was then re-run on the
transformed morphometric, and diagnostic plots and tests were re-assessed. If the residuals remained non-
normal or heteroskedastic, the model was tested using a non-parametric Kruskal-Wallis Rank Sum Test
from the stats package.

For models that detected significant differences (p < 0.05) for Drug Group, post-hoc analyses were carried
out to determine which pairwise differences were significant and assess model goodness-of-fit. For
morphometric variables assessed with ANOVA, pairwise comparisons were performed using a Tukey
Honest Significant Differences (Tukey HSD) test from the stat package. The output of this test includes an
estimate for the differences in observed means, upper and lower confidence intervals, and a p-value adjusted
for multiple comparisons. Package sjstats gave partial eta squared (n,?), which describes the percentage of
variance in the morphometric variable derived from the Drug Treatment group, and partial omega squared
(p?), which provides an effect size for Drug Treatment group that is unbiased for small sample sizes (0.01
= Very Small, 0.06 = Small, 0.14 = Medium, >0.14 = Large). A retrospective power analysis was obtained
the partial omega squared effect size using package userfriendlyscience. For models assessed with Kruskal-
Wallis, pairwise comparisons were obtained from a Dunn test with a Bonferroni correction for multiple
comparisons from package rstatix. Eta-squared was obtained from package rstatix, and a retrospective
power analysis was carried out using package MultNonParam.

The ANOVA tables, post-hoc results, and directional trends are included in Appendix XXV: “Histology
ANOVA for Whole-Section Femur”.
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Statistical Model Design: Regional Femur

Regional distribution of cross-sectional geometry, mineralizing surface, vascular pore morphometry, and
osteon pore morphometry was assessed in R (The R Foundation, v. 4.1.1) using a Linear Mixed Model
(LMM). This model was chosen to account for the random effect of sample ID in the repeated measurement
of different anatomical regions. The LMM formula was Morphometric Variable ~ Region * Drug Group +
(1|Sample). We used the same LMM statistical workflow that we developed for regional and drug treatment
group comparisons for micro-CT samples.

The LMM tables, post-hoc results, and directional trends are included in Appendix XXVI: “Histology
Linear Mixed Model for Regional Femur”.

Results: Whole Femur Analysis

A concise summary of findings from whole-bone and regional analysis of the femur is available in Section
2.2.3: Significant Results.

Whole-section analysis of the femur found that intracortical remodeling was significantly elevated in
morphine rabbits and significantly reduced in fentanyl rabbits, compared to controls. Regional analysis of
the femur found that population density and mean size were depressed Laterally for vascular pores and
osteon types. The interaction between Region and Drug Group demonstrated that drug treatment
significantly dysregulates regional patterning, particularly along the Medial-Lateral axis compared to the
Anterior-Posterior axis. This regional dysregulation was also observed in micro-CT of vascular pore
morphometry in the rabbit femur.

Whole Femur Analysis: Drug Treatment Group Effects

No significant variation between drug treatment groups was observed in cross-sectional geometry,
periosteal or endosteal labeling, or any aspect of vascular porosity, including percent porosity, pore density,
or pore morphometry. Additionally, no significant differences were observed between drug treatment
groups in osteon morphometry, osteon formation time, or activation frequency.

Drug treatment groups did significantly differ in osteon type counts and population densities. This
invariably followed the pattern Morphine > Control > Fentanyl, with Morphine > Fentanyl always reaching
significance and Morphine > Control sometimes approaching significance. Although the same pattern
(Morphine > Control > Fentanyl) was observed for activation frequency, these comparisons do not reach
significance for an elevation in Morphine group remodeling rate. However, Morphine group rabbits do
reach significance over Fentanyl group rabbits for % Remodeling Area (n,> = 32.2%, power = 60.3%)
suggesting that Morphine group elevated osteon counts and population densities are due to their expansion
of the remodeling region within the cortex.

The Morphine > Fentanyl significant post-hoc comparison was observed for osteon counts of total osteons
(approaches significance; n,> = 37.7%, power = 98.4%), complete (single/double/triple labeled) osteons
(approaches significance; n,> = 35.3%, power = 97.3%), double-labeled osteons (1,2 = 56.3%, power =
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99.7%), and active remodeling centers (unlabeled Rs.N + total osteons) (Morphine > Fentanyl and
Morphine > Control both approach significance; n,> = 35.8%, power = 97.6%).

The Morphine > Fentanyl significant post-hoc comparison was observed for osteon population densities
of total osteons (approaches significance; 1> = 49.4%, power = 97.9%), complete (single/double/triple
labeled) osteons (approaches significance; n,> = 36.5%, power = 97.9%), and active remodeling centers
(unlabeled Rs.N + total osteons) (Morphine > Fentanyl and Morphine > Control both approach significance;
o> = 49.1%, power = 97.6%).

Additionally, the mean outer label distance for triple-labeled osteons approached significance for Morphine
> Fentanyl and Control > Fentanyl (n,*> = 50.8%, power = 98.5%)).

Results: Regional Femur Analysis
Regional Femur Analysis: Regional Effects

Regional analyses found that the Lateral quadrant of the femur had significantly lower values for
remodeling area fraction, vascular percent porosity and pore density, osteon type counts and population
densities, pore and osteon type mean areas, and all calculations of activation frequency. Conversely, the
Lateral quadrant of the femur is significantly elevated in aspects of osteon circularity, compared to other
quadrants. This suggests that the frequency and extent of secondary remodeling is suppressed in the Lateral
quadrant, compared to other quadrants, particularly the Posterior quadrant. This finding is consistent with
our micro-CT results, which found significantly reduced porosity and pore size in the Lateral quadrant of
the rabbit femur. Again, Lateral repression of remodeling may stem from its high mechanical loading by
the adjacent ground reaction force.

While our micro-CT results found significantly elevated pore density in the Medial and Lateral quadrants,
our histological results found that the Anterior, Posterior, and Medial quadrants all significantly exceeded
the Lateral quadrant in pore density. This difference may stem from measuring pores throughout the cortex
in micro-CT, but only within the remodeling area in histological analysis. Significant regional trends
included the following patterns:

Significant Lateral Region Depression

Anterior > Lateral

e sL.On/CA (sL.On.OPD.CA)
Posterior > Lateral

e tL.On Count

e sL.On Mean Area
Medial > Lateral

e Mean pore area

e Mean pore perimeter

e Mean Pore Min Feret Diameter
Anterior > Lateral
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e Mean pore circularity

e Mean pore roundness
Anterior and Posterior > Lateral

e (C.On Count

e sL.On Count

e F.On/CA (F.On.OPD.CA)

e AcFIdL
o AcFlI
e AcFC

Medial, Posterior > Lateral
e T.On Mean Area
e (C.On Mean Area
Anterior, Medial, Posterior > Lateral
e Percent porosity
e Pore density CA
e dL.On Count
e F.On Mean Arca
e dL.On Mean Area
e a.Rm.Cr/CA (a.Rm.Cr.OPD.CA)
e T.On/CA (T.On.OPD.CA)
e C.On/CA (C.On.OPD.CA)
e dL.On/CA (dL.On.OPD.CA)
Anterior and Posterior > Lateral and Medial
o (Cortical Area
Posterior > Anterior, Medial, Lateral + Anterior > Lateral
e Remodeling Area
e RA/CA
Anterior, Medial, Posterior > Lateral + Posterior > Medial
e Total pore number
Total pore area
Total osteon count

e Forming osteon count

Significant Lateral Region Elevation

Lateral > Medial, Anterior

e Mean pore aspect ratio
Lateral > Medial, Posterior

e T.On Mean Circularity

e T.On Mean Solidity

e (C.On Mean Circularity

e dL.On Mean Circularity
Lateral > Anterior, Medial, Posterior

e C.On Mean Solidity
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Regional Femur Analysis: Drug Group Effects

Isolated from the regional effect, Drug Group showed significant Morphine > Fentanyl patterning for a
subset of the variables identified in the whole-bone analysis:

e RA/CA

e C.On/CA (C.On.OPD.CA)

e dL.On Count

e dL.On/CA (dL.On.OPD.CA)
e tL.On Mean Outer Label

Regional Femur Analysis: Regional Effects Within Drug Groups

Our post-hoc analyses assessed the regional patterning within each drug treatment group individually. As
seen in the micro-CT results, drug treatment significantly dysregulates regional patterning of remodeling-
derived microstructures, compared to controls. Morphine and Fentanyl group rabbits lost some significant
regional patterns seen in Controls, and gained certain significant regional patterns not seen in Controls.
These deviations almost always altered the morphometry along the Anterior-Posterior axis compared to the
Medial-Lateral axis. Gain of significant regional variation was more common in Fentanyl group rabbits
than Morphine group rabbits.

Regional Differences Lost Compared to Controls

Forming Osteon Count
e Anterior > Medial: lost by Morphine and Fentanyl
e Posterior > Medial: lost by Fentanyl
sL.On Count
e Anterior > Medial: lost by Morphine and Fentanyl
e Posterior > Medial: lost by Fentanyl
C.On Mean Wall Thickness
e Medial > Lateral: lost by Morphine and Fentanyl
dL.On Mean Wall Thickness
e Anterior, Medial, Posterior > Lateral: lost by Morphine and Fentanyl
C.On Mean Area
e Anterior, Medial > Lateral: lost by Morphine and Fentanyl
F.On Mean Aspect Ratio:
e Medial > Anterior: lost by Morphine and Fentanyl
sL.On/CA (sL.On.OPD.CA)
e Anterior > Medial: lost by Morphine and Fentanyl
sL.On/RA (sL.On.OPD.RA)
e Anterior and Lateral > Medial: lost by Morphine and Fentanyl

Regional Differences Gained Compared to Controls

F.On Count

e Medial > Lateral: gained by Fentanyl
sL.On Count
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e Medial > Lateral: gained by Morphine and Fentanyl

e Posterior > Lateral: Morphine and Fentanyl
Unlabeled Resorption Space Count (Rs.N)

e Anterior and Posterior > Lateral: gained by Fentanyl

e Posterior > Medial: gained by Fentanyl
C.On Mean Wall Thickness

e Medial > Lateral, Anterior: gained by Morphine
sL.On Mean Wall Thickness

e Posterior, Anterior > Lateral: gained by Fentanyl

e Posterior, Medial > Anterior: gained by Morphine
tL.On Mean Wall Thickness

e Medial > Anterior: gained by Morphine
C.On Mean Aspect Ratio

e Medial > Lateral and Posterior: gained by Fentanyl
F.On Mean Aspect Ratio

e Posterior > Anterior, Lateral: gained by Fentanyl
sL.On Mean Area

e Anterior > Lateral: gained by Fentanyl

e Posterior > Medial and Lateral: gained by Fentanyl

e Medial > Anterior: gained by Morphine
sL.On Mean Solidity

e Anterior > Lateral: gained by Fentanyl
dL.On Mean Aspect Ratio

e Medial > Posterior: gained by Fentanyl
dL.On Mean Roundness

e Posterior > Medial: gained by Fentanyl
dL.On Mean Solidity

e Lateral > Medial and Posterior: gained by Fentanyl
sL.On/CA (sL.On.OPD.CA)

e Anterior and Medial > Lateral: gained by Fentanyl
Rs.N/CA (Rs.N.OPD.CA)

e Posterior > Lateral: gained by Fentanyl
a.Rm.Cr/RA (a.Rm.Cr.OPD.RA)

e Anterior, Medial, Posterior > Lateral: gained by Fentanyl
T.On/RA (T.On.OPD.RA)

e Anterior and Medial > Lateral: gained by Fentanyl
sL.On/RA (sL.On.OPD.RA)

e Anterior and Medial > Lateral: gained by Fentanyl
Rs.N/RA (Rs.N.OPD.RA)

e Anterior and Posterior > Lateral: gained by Fentanyl
Osteon Formation Time (W.Th.C / On.MAR.L.dL)

e Lateral > Medial: gained by Fentanyl

e Medial > Anterior: gained by Morphine
Osteon Formation Time (W.Th.C / On.MAR.I)

e Medial > Anterior: gained by Morphine
Osteon Formation Time (W.Th.C / On.MAR.C)

e Lateral > Anterior and Medial: gained by Fentanyl
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Regional Femur Analysis: Drug Group Effects Within Regions

Our post-hoc analyses assessed differences between drug treatment groups within each individual region.

Differences between drug treatment groups in osteon type morphometry were concentrated in Medial and
Lateral regions. For aspects of osteon morphometry associated with resorption spaces (F.On Count, Rs.N),
the Posterior region additionally showed drug treatment group differences. This is consistent with its

elevated percent porosity and pore size seen in both micro-CT and histological results.

Regional Drug Treatment Group Patterns

Morphine > Fentanyl
e F.On Count: Lateral and Posterior
e sL.On Mean Wall Thickness: Lateral and Medial
e tL.On Mean Wall Thickness: Medial
e sL.On Mean Solidity: Lateral
e aRm.Cr/RA (a.Rm.Cr.OPD.RA): Lateral
Morphine > Control

F.On Count: Medial and Posterior
tL.On Mean Wall Thickness: Medial

Fentanyl > Control

sL.On Count: Medial

dL.On Mean Wall Thickness: Lateral

Unlabeled Resorption Space Count (Rs.N): Posterior
sL.On/CA (sL.On.OPD.CA): Medial

sL.On/RA (sL.On.OPD.RA): Medial

Osteon Formation Time (W.Th.C / On.MAR.I): Lateral
Osteon Formation Time (W.Th.C / On.MAR.C): Lateral

Control > Fentanyl

sL.On Mean Wall Thickness: Lateral
C.On Mean Area: Medial

sL.On Mean Area: Medial

sL.On Mean Solidity: Lateral

dL.On Mean Solidity: Anterior and Lateral
a.Rm.Cr/RA (a.Rm.Cr.OPD.RA): Lateral
T.On/RA (T.On.OPD.RA): Lateral

Control > Morphine

C.On Mean Area: Anterior
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Activity 5. Manuscript preparation and knowledge dissemination
Projected Completion Dates: 07/20 — 12/20
Revised Completion Dates: 06/21 — 09/21
Progress: 100% as per proposed revised timeline

Planned Scholarly Product

Planned scholarly products include manuscript submissions to competitive peer-reviewed scientific
journals. The results of the proposed application and limitations of this research will be published in journals
targeting forensic specialists such as forensic anthropologists and archaeologists, missing persons
detectives, and crime scene personnel. To reach forensic practitioners and the general forensic science
community, scientific journals will include Journal of Forensic Sciences, Forensic Anthropology, and
Forensic Science International.

The proposed work is also of interest to the bone biology and biomedical imaging communities. As such,
Dr. Andronowski intends to target these groups through discipline specific journals such as the Journal
of Anatomy, Bone, Journal of Bone and Mineral Research, Micron, and the Anatomical Record.

Dissemination Strategy

The ultimate goal of the Andronowski Group is to further understandings of how bone remodeling is related
to age-related change using high-resolution imaging modalities (e.g., micro-CT and SR micro-CT), while
simultaneously generating and disseminating new scientific knowledge. To broadly disseminate the
findings and reach a wide variety of specialists within forensic science and the criminal justice system, law
enforcement and legal personnel, medical examiners, forensic anthropologists and forensic archaeologists,
initial results will be presented at the annual American Academy of Forensic Sciences Annual Scientific
Meeting. For a more targeted audience, results will be presented at the annual Canadian Bone and Joint
Conference hosted by the University of Western Ontario’s Bone and Joint Institute or the American Society
for Bone and Mineral Research Annual Meeting. These conferences bring together experts from across
disciplines committed to interdisciplinary and high-impact research related to bone-affecting conditions
and their treatment.

In addition, Dr. Andronowski routinely travels to the Canadian Light Source (CLS) synchrotron facility
located on The University of Saskatchewan campus to run synchrotron imaging experiments and
collaborate on other research projects. She will further disseminate the information learned through this
venue and reach a number of bone imaging specialists and musculoskeletal researchers in the Department
of Anatomy, Physiology, and Pharmacology. Lab members Dr. Andronowski, Dr. Cole, Reed Davis, and
Gina Tubo traveled to the CLS in August 2019 and December 2019 for imaging experiments related to a
concurrent project. Due to the COVID-19 pandemic and associated restrictions to international travel,
further planned synchrotron experiments were on hold from April 2020 — June 2021.The Andronowski Lab
was able to travel to CLS once again in September 2021 for imaging time related to various other research
projects.

Additional manuscript preparations and data dissemination continue to be underway.
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A manuscript documenting the findings from Activities 1 and 2 titled ‘Rabbits (Oryctolagus cuniculus) as
a Model System for Longitudinal Experimental Opioid Treatments: Implications for Orthopedic and
Biomedical Research’ was recently published in a special issue in the journal Osteology (Appendix X). All
members of the research team contributed. Additional manuscripts describing micro-CT and histology
results, and the associated software packages developed for this software, are currently in preparation.

Activity 6: Project management (Andronowski)
Projected Completion Dates: 01/01/19 — Present
Progress: 100% complete as per proposed revised timeline

The study was managed through the Department of Biology at The University of Akron. The Principal
Investigator (Dr. Andronowski) provided overall project direction and coordination, contributed to
methods and data review. Andronowski prepared quarterly and semi-annual reports to the Office of
Justice Programs (OJP), and continues to prepare conference abstracts, and data for journal submissions
and other forms of dissemination. She was further responsible for overall project management and
coordination. Dr. Andronowski trained and supervised a Post-doctoral Fellow (Dr. Mary Cole), Graduate
Research Assistant (Reed Davis), Undergraduate Research Assistant (Adam Schuller), and Tiered
Mentoring Undergraduate Students (Gina Tubo, Abigail LaMarca, and Josh Taylor) at The University of
Akron, and certified that milestones were met, and ensured the timely submission of quarterly and semi-
annual reports to OJP.

Project management proceeded as per the revised schedule with 100% completion as of the end of the
no-cost extension, 08/31/21.

2.2.2. Specific Objectives

Nothing to report.

2.2.3. Significant Results, including Major Findings, Developments, or Conclusions

During the experimental dosing period (05/19 — 06/19), our research team developed more specific standard
operating procedures for patch application to rabbits. Initially, the fentanyl group and the Tegaderm
adhesive patch control rabbits were administered the patch with no additional covering. Following the first
few days of treatment, the rabbits were able to remove their experimental manipulations, either by
scratching with the hind limb or removal via the teeth. This complication was unanticipated given the prior
literature. We procured mesh rabbit jackets from the attending veterinarian to cover the patch application
site. In addition, one rabbit was fitted with a cloth-covered foam collar to counter excessive chewing of the
jacket. Certain other rabbits further chewed the mesh surrounding the forelimb openings of the jackets, and
in these cases, the research team applied veterinary bandage wrap beneath the jacket to reduce friction
against the fur/skin of the animals. The adhesive from the fentanyl patches further left a residue on the
rabbits’ skin. After a thorough literature review and discussions with the attending veterinarian, our team
initiated the use of petroleum jelly and/or triple antibiotic ointment to soften the remaining adhesive and
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treat any abrasions that resulted from an animal’s attempt to remove the restraint jacket, veterinary bandage
wrap, or patch with hind limb scratching. This tailored operating protocol will benefit future rabbit research
by the Andronowski Lab and other research groups.

During reporting period ending 12/31/19, our research team developed specific standard operating
procedures and image processing workflows for the 3D imaging of cortical bone porosity and trabecular
architecture (Appendices I-III). Drs. Cole and Andronowski further developed custom macros for the
image analysis programs ImagelJ and CTAnalyser (Appendices XIV - XV). These scripts automatically
extract low-contrast cortical pore spaces from micro-CT images, create masks of cortical area and total area
to serve as regions of interest, and define morphometric measurements for pore morphometry and cross-
sectional geometry. Dr. Cole also developed a macro for Imagel that divides cortical area masks into
Anterior, Posterior, Medial, and Lateral regional quadrants using the section centroid. These data will
facilitate analysis of regional variation in pore distribution and geometry, which may be associated with
drug treatment group. Drs. Cole and Andronowski further developed statistical workflows for R that fully
automate linear mixed model analyses, post-hoc testing, and graphic display.

These tailored operating protocols will benefit future desktop bone imaging research by the Andronowski
Lab and other research groups.

For the reporting period (01/01/20 — 06/30/20), micro-CT image processing and statistical analyses related
to Activity 4 were completed according to the revised project timeline. A concise summary of the micro-
CT findings from whole-bone and regional analysis of the femur and tibia are outlined below.

For the reporting period (07/01/20 — 12/31/20), tasks related to the histomorphometry experiments of
Activity 3 were completed including methyl methacrylate (MMA) embedding, microscopic slide
preparation, digital annotation of thin-sections, and histological analysis protocol development.

During reporting period (01/01/21 — 06/30/21), tasks concerning the analysis of the histomorphometric
experiments of Activity 3 were completed including photomerging, overlaying, and anatomical orientation
of the histological images. Protocols were developed and implemented to automate extraction and analysis
of cortical pores from histological images and reduce inter-observer error.

During the no-cost extension (06/30/21 — 08/31/21), all histological images were analyzed and statistical
results were computed. An initial manuscript was prepared, submitted, and subsequently published
(Appendix X). Preparation of other manuscripts are underway and will be submitted to peer-reviewed
journal articles upon completion.

Major Findings from Micro-CT Analysis:

An 8-week course of Morphine and Fentanyl drug treatment is sufficient to remove the significant
intraskeletal variability (Femur > Tibia) in porosity, pore size, and pore system branching complexity seen
in Control rabbits. This occurs through both femoral decreases in percent porosity (Anterior and Medial)
and pore size (all regions), and through tibial increases in percent porosity (Anterior) and pore density
(Lateral) in response to drug treatment.
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Key Findings from Whole-Bone Analysis

Bone Effects: The rabbit femur preferentially develops pore systems that are significantly thicker, larger
in diameter and volume, and more highly branched. The rabbit tibia preferentially develops pore systems
that are smaller, more densely populated, and more longitudinally oriented.

Drug Treatment Group Effects: Morphine and Fentanyl treatment produces significantly thinner and
smaller volume pore systems compared to Controls in both the femur and tibia. There is an elevation of
individual pore system mean radius and volume in the Morphine-treated tibia.

Bone * Group Interaction Effects: In Control rabbits, the femur develops significantly higher total percent
porosity and pore volume, while retaining the significant elevation of pore size and branching complexity
seen in the Bone effect. This significant intraskeletal variation, however, disappears with Morphine and
Fentanyl drug treatment. This is due both to decreased femoral mean values and increased tibial mean
values of these morphometric measurements. Drug treatment physiologically dysregulates the normal
mechanical control that determines the divergent pore patterning of the healthy femur and tibia.

Key Findings from Femoral Regional Analysis

Region Effects: Across all groups, Medial and Posterior quadrants have significantly higher percent
porosity and larger pore size. Medial and Lateral quadrants have significantly higher pore density, but
Lateral quadrant pores are too small to accrue high percent porosity.

Drug Treatment Group Effects: As seen in the whole bone analysis, Control group rabbits exceed
Morphine and Fentanyl rabbits overall in pore size and pore convergence with cortical borders. Reduced
femoral porosity observed in the whole-bone analysis is concentrated in anterior and medial regions.

Region * Group Interaction Effects: As seen in the whole bone analysis, drug treatment silences regional
variability in aggregate porosity measurements.

Key Findings from Tibial Regional Analysis

Region Effects: The regional patterning in the femur is reflected in the tibia. Across all groups, Medial and
Posterior quadrants have significantly higher percent porosity. Posterior quadrants maximize pore size.
Medial and Lateral quadrants have significantly higher pore density, but Lateral quadrant pores are too
small to accrue high percent porosity. While pore systems are most numerous and highly connected in the
Anterior quadrant, the higher pore separation in a larger cortical volume prevents the Anterior quadrant
from maximizing porosity or pore density.

Drug Treatment Group Effects: Unlike the femur, the tibia has no overall drug treatment group effects
on pore morphometry.

Region * Group Interaction Effects: As seen in the whole bone analysis, drug treatment silences regional
variability in metrics of pore size, percent porosity, pore density, and pore system complexity. Additionally,
drug treatment significantly increases percent porosity in anterior regions (Fentanyl) and pore density in
lateral regions (Fentanyl and Morphine).
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Major Findings from Histological Analysis:

Drug treatment significantly dysregulates the density of microstructural products of remodeling and their
regional distribution. Osteon population density can be both elevated (Morphine) and reduced (Fentanyl)
by drug treatment, compared to controls. Regional dysregulation by drug treatment typically affects
distribution of morphometric variables along the Anterior-Posterior axis compared to the Medial-Lateral
axis.

Key Findings from Whole-Section Analysis

Osteon type counts and population densities were significantly elevated for Morphine group rabbits and
significantly reduced for Fentanyl group rabbits, compared to controls. No significant differences between
drug treatment groups were observed for cross-sectional geometry, periosteal or endosteal labeling, or any
aspect of vascular porosity.

Key Findings from Regional Analysis

Region Effects: The Lateral quadrant showed a significant reduction in many microstructural products of
remodeling, including remodeling area fraction, vascular percent porosity and pore density, osteon type
counts and population densities, pore and osteon type mean areas, and all calculations of activation
frequency. This may be due to the high loading of the Lateral quadrant by the ground reaction force during

hopping.

Drug Treatment Group Effects: Significant elevation of Morphine group rabbits over Fentanyl group
rabbits was observed for a subset of the osteon count and population density variables observed in the
whole-section analysis.

Region*Group Interaction Effects: Morphine and Fentanyl group rabbits displayed significant
dysregulation of regional patterning, with numerous losses and gains of regional patterns compared to
Controls. Gain or loss of regional patterning almost always affected Anterior-Posterior axis patterning
compared to Medial-Lateral axis patterning. Gain of significant regional patterning was more common in
Fentanyl group rabbits.

2.2.4. Key Outcomes or Other Achievements

Nothing to report.

2.3. What opportunities for training and professional development has the project provided?

2.3.1. Professional Communities

Dr. Andronowski strives to provide both her advisees and colleagues with opportunities to share emergent
methodological and technological innovations. In particular, starting in July 2018, she drew on her
professional network of histologically-focused biological anthropologists to organize an invited poster

58
2018-DU-BX-0188 Final Technical Report
October 2021
This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



symposium at the 88th Annual Meeting of the American Association of Physical Anthropologists (AAPA).
The resulting symposium, “Recent Advancements in the Analysis of Bone Microstructure”, was accepted
and held at the annual meeting on March 28" 2019 in Cleveland, Ohio, and was chaired by Dr.
Andronowski. This session brought together thirteen laboratories from five countries, all focusing on new
technological approaches for the 3D visualization of bone tissue histomorphometry.

Dr. Andronowski, Reed Davis and Gina Tubo attended the Annual Meeting of the AAPA in Cleveland,
OH, where Davis and Tubo gave a poster presentation along with Dr. Andronowski. This was an invaluable
experience for Davis and Tubo as both will be entering career fields where presenting research and
professional networking is a requirement. This was Tubo’s first academic conference and professional
poster presentation. Dr. Cole also gave a poster presentation in this invited symposium, presenting
preliminary results from her dissertation research. As the AAPA annual meetings rarely include symposia
specifically dedicated to histological techniques, this was a unique opportunity to discuss the future of the
discipline as a unified group.

Davis further presented a poster at the Annual Scientific Meeting of the American Academy of Forensic
Sciences (AAFS), and a 3-minute flash talk about his research at The University of Akron Integrated
Bioscience Retreat, where he received the highest presentation award.

Drs. Andronowski and Cole presented a scientific poster in the Toxicology Section at the AAFS 2020
Annual Scientific Meeting titled ‘Longitudinal Transdermal Fentanyl Compared with Morphine Sulfate
Treatments in a Rabbit (Oryctolagus cuniculus) Model System: Impacts on Behavior and Health’. This
work outlined drug administration complications and associated behavioral effects encountered during
experimental animal dosing of Activities 1 and 2. Additional research team members including Davis, Tubo,
LaMarca, and Schuller assisted in the preparation of the poster and associated graphics for presentation.
This experience provided both graduate and undergraduate members of the Andronowski Lab with
experience in disseminating scientific findings to a diverse group of forensic scientists.

Dr. Andronowski presented a virtual scientific poster and associated recorded talk in the Anthropology
Section at the AAFS 2021 Annual Scientific Meeting titled ‘Longitudinal Effects of Prolonged Opioid Use
on Cortical Bone Remodeling in a Rabbit Model: Part I — Intraskeletal Variability and Regional Differences
Detected via micro-CT’. This presentation introduced a novel longitudinal model for studying the effects
of prolonged opioid exposure on cortical bone remodeling in the rabbit, with a focus on the 3D micro-CT
findings related to Activity 3. Additional research team members including Cole, Davis, Schuller, Tubo,
LaMarca, and Taylor assisted in the preparation of the poster and associated graphics for presentation. This
experience provided both graduate and undergraduate members of the Andronowski Lab with experience
in disseminating scientific findings to a diverse group of forensic scientists.

Drs. Cole and Andronowski prepared a second virtual scientific poster presentation for dissemination in the
Anthropology Section at the AAFS 2021 Annual Scientific Meeting titled ‘Automated Techniques for
Cortical Bone Histological Variable Segmentation and Image Enhancement’. The presentation described a
collection of novel automated techniques utilized to enhance, segment, and analyze micro-computed
tomography (uCT), synchrotron radiation-based micro-CT (SRuCT), and confocal microscopy datasets.
Additional team members, Davis and Taylor assisted in poster preparation. This experience provided both
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graduate and undergraduate members of the Andronowski Lab with experience in disseminating scientific
findings to a diverse group of forensic scientists.

In August 2021, Dr. Andronowski submitted an abstract for oral presentation in the Anthropology Section
at the AAFS 2022, entitled “Longitudinal Effects of Prolonged Opioid Use on Cortical Bone Remodeling
in a Rabbit Model: Part II — Intraskeletal Histological Variability and Regional Differences”. Additional
research team members included Cole, Davis, Schuller, Tubo, and Taylor. This presentation will describe
results from the histological analysis portion of this project, including the effect of drug treatment on
vascular pore and osteon morphometry, and remodeling activity.

Drs. Cole and Andronowski submitted a second abstract as a poster to the Anthropology Section at the
AAFS 2022, entitled “OsteoFlo: A Fiji/lmage] Toolkit for Semi-Automated Identification and
Characterization of Fluorescently Labeled Secondary Osteons”. Additional research team members
included Taylor and Medhat Hassan. This presentation will describe the OsteoFlo software developed for
histological analysis for this project.

Both presentations were accepted for presentation and will be delivered at the AAFS 2022 Annual Scientific
Meeting at the Washington State Convention Center in Seattle, Washington from February 21 — 25, 2022.

2.3.2. Training

Through consistent involvement in this project, undergraduate and graduate student team members gained
instructional and practical experience in animal experimental treatments, dissection, sample preparation,
micro-CT and microscopic imaging, and project management.

Animal handling, husbandry, and experimental treatments
Research team members received technical training and practical experience with animal husbandry,

handling, and experimental treatments during Activities 1 and 2. All individuals completed CITI training
modules including: 1) ‘Working with the IACUC’, and 2) ‘Working with Rabbits in Research Settings’
(Appendix XXVII). The researchers further completed in-person animal handling training with Dr. Stanley
Dannemiller, the attending veterinarian. Animal handling experiences included rabbit transportation,
exercise, and provision of enrichment toys and food. Researchers also gained experience in performing
animal health checks that included monitoring fecal and urine output, diet, appearance, and behavior.
Animal care included the application of veterinary bandage wrapping and mesh rabbit jackets to encourage
fentanyl patch adherence (Appendix VII), applying antibiotic ointment when prescribed by the
veterinarian, and clipping fur to facilitate injection and patch application. Animal experimental treatments
included the preparation of injectable reagents (e.g., calcein), transdermal patch administration, and
subcutaneous injections. Lastly, members of the research team gained experience in the administration of
euthanasia though intraperitoneal injection and bilateral pneumothorax following hands-on training with
Dr. Dannemiller.

Rabbit Dissection
Animal dissection, following the experimental portion of the study, allowed researchers to refine their
knowledge of vertebrate anatomy, hone their dissection techniques, and reinforce the proper protocol for
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sterilizing dissection tools and surfaces. Researchers further gained experience in harvesting bone samples
(specifically tibiae, fibulae, and femora) while preserving animal soft tissues. Preparation of samples for
micro-CT scanning and traditional microscopy provided experience with these basic laboratory skills for
the emerging researchers in the Andronowski Lab.

Bone sample procurement and preparation
As a part of the Andronowski Lab, future health professionals and biomedical researchers gain practical

cadaveric dissection skills through bone tissue harvesting trips. Through Dr. Andronowski’s professional
network, several local medical schools allow sampling of long bones from anatomy lab cadavers for
histological analyses. Participating in these experiences provides trainees with early exposure to cadaveric
dissection, specifically the appearance of tissues in situ and the unique textures of fresh and embalmed
tissues. This exposure has been particularly beneficial to the undergraduate students, many of whom will
be attending professional school. Through Dr. Andronowski’s connection to The University of Tennessee
Knoxville’s Forensic Anthropology Center, Dr. Andronowski and former Undergraduate Research
Assistant Adam Schuller visited the Anthropology Research Facility (ARF) to collect soil samples for an
ongoing research project. This was an invaluable opportunity for students to observe and network with
forensic anthropology professionals outside of The University of Akron.

Micro-Computed Tomography Visualization
Three-dimensional visualization of bone microstructure is a significant component of the proposed

analyses. Scanning was primarily performed by Dr. Cole, Reed Davis, and Dr. Andronowski. Dr.
Andronowski has extensive experience with the SkyScan 1172 micro-CT instrument from prior post-
doctoral and faculty research and was additionally trained on protocols specific to the Surface and Optical
Analysis Facility within the National Polymer Innovation Center at The University of Akron. Dr. Cole has
previous SkyScan 1172 experience from graduate research and was trained for independent operation of
the scanner on 6/18/19 and 6/20/19 by the instrumentation scientist, Dr. Andrew Knoll. Reed Davis was
trained for independent use on 6/14/19 and 6/19/19.

Three-dimensional visualization software transforms the angular X-ray projections acquired during micro-
CT imaging into a stack of (2D) image slices and a 3D reconstruction of the scanned object. Image
processing software further extracts features of interest, such as cortical pore networks, and reports their
structural geometric measurements. Dr. Andronowski, Dr. Cole, and Reed Davis have significant prior
research experience with micro-CT and image processing software such as NRecon, CTAnalyser, ImageJ
and AMIRA, including developing automated image processing workflows. They have gained further
experience in the development of new workflows through this project, especially through dissemination to
other lab members and collaborators. Reed Davis and Gina Tubo were trained in implementation of the
image processing protocols (Appendices XII — XIII) following development by Drs. Andronowski and
Cole. An undergraduate student researcher, Kassidy Wilson, was trained in implementation of the
Skeletonization image processing protocol (Appendix XVI) for completion of an undergraduate honors
thesis.

Davis implemented the devised image processing protocols and expanded his 3D image processing
experience by beginning work on a related project examining the effects of morphine and fentanyl on the
trabeculae of the proximal tibia. Davis imaged all rabbit proximal tibiae using the SkyScan 1172 housed in
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the National Polymer Innovation Center. Davis worked closely with Drs. Andronowski and Cole to
determine best practices for 3D imaging, image processing, and data analyses. Davis’ previous bone-related
research has focused predominately on cortical bone. This project allowed him to expand his knowledge of
trabecular bone for a more complete understanding of bone microarchitecture. Davis further adapted
workflows for use with trabecular bone in image processing software (e.g., NRecon, CTAnalyser) and is
working to train undergraduate members of the Andronowski Lab in the use of these protocols.

Reagent preparation (e.g., Calcein)

Undergraduate and graduate student researchers gained additional practical experience in fluorochrome
reagent (calcein) preparation for visualizing longitudinal bone remodeling. Researchers ensured that the
calcein was prepared according to protocol (Appendix XXVIII) in a dark room and that it exhibited the
proper pH level. Preparing the calcein allowed researchers to work with laboratory equipment such as a
balance, pH probe, and inverter.

Histological Sample Processing, Imaging, and Analysis

Undergraduate and graduate student researchers were trained on the preparation of bone tissue samples for
histological analysis, including Isomet sectioning, dehydration, MMA embedding, diamond wire saw
sectioning, and thin-section mounting. The trainees also received instruction on microscopic imaging with
brightfield (DIC), circular polarization, and fluorescence using cellSens image capture software. Students
further gained experience in photomerge reconstruction of multiple adjacent microscopic images into cross-
sectional images using Microsoft Image Composite Editor and Adobe Photoshop, sample orientation in
Adobe Photoshop, and image pre-processing for automated image analysis in ImageJ. Dr. Cole further
expanded her software development skills in Javascript-based Image] macro language through
development of the OsteoFlo software package, and in the R language for statistical computing in
developing fully automated statistical analysis.

Consumables/equipment ordering/data management
Researchers maintained detailed logs throughout the experimental portion of the project that included

information regarding animal care schedules, animal health, enrichment foods, exercise, and experimental
treatments (Appendix XXIX). The research team refined critical data management skills and were able to
communicate information among group members and UARV staff while creating thorough documents to
monitor how the project was progressing. The logs were important for project collaboration, resource
tracking, and keeping all project members informed on day-to-day tasks.

Dr. Andronowski, Reed Davis, and Dr. Cole maintained the project budget and ordering of consumables.
Davis created and maintained an up-to-date interactive spreadsheet to keep track of expenditures and
remaining available budget.

2.3.3. Mentoring

Post-Doctoral Mentoring and Collaboration
Dr. Cole joined the Andronowski Lab as a Post-doctoral fellow in part to observe Dr. Andronowski’s early
career activities. Such enterprises include making professional connections for sample acquisition, start-up

and management of a new laboratory, advising graduate and undergraduate educational trajectories, and
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performing the unique service activities required of faculty both within and beyond the university. By
observing and participating in these activities, Dr. Cole improved the soft skills and management techniques
necessary to navigate her own potential career in academic research. Additionally, Dr. Cole had
opportunities to pursue research and publish with Andronowski Lab members and collaborators, expanding
her immediate professional network beyond her master’s and doctoral institution (The Ohio State
University). New technical skills acquired by Dr. Cole through this project included animal husbandry,
animal experimental treatment and synchrotron radiation micro-computed tomography. These skills have
allowed Dr. Cole to extend the methodological scope of her future research. She continues to collaborate
with the Andronowski Lab on dissemination of the results of this project in presentations and publications.

Graduate Mentoring and Collaboration

Reed Davis joined the Andronowski Lab as a doctoral student in Fall 2018. In order to be better prepared
for post-doctoral employment, Davis gained experience in publishing scientific literature, managing a
laboratory, and advising of undergraduate students. Davis also gained experience presenting original
research at scientific conferences. From this project, Davis has learned animal husbandry, animal
experimental manipulation, and desktop micro-CT imaging and analysis. These skills have allowed Davis

to be better equipped for a career in academic research.

Undergraduate Mentoring
Reed Davis acted as graduate student mentor to three undergraduate students involved in this project,
specifically Gina Tubo, Abigail LaMarca, and Joshua Taylor as part of The University of Akron’s Tiered

Mentoring Program (discussed below). This opportunity allowed Davis to gain experience as a mentor and
teacher which will be most valuable to him as he prepares for a career in higher education and/or research.

During reporting period 01/01/20 — 06/30/20, skeletonization data collection was performed by
undergraduate student Kassidy Wilson for her undergraduate honors thesis. This opportunity allowed
Wilson to gain experience with micro-CT image processing, data analysis, and statistical workflows. Her
research experience in the Andronowski Lab will better prepare Wilson for a career in biomedical research.

During reporting period 06/30/2020 — 12/31/20, undergraduate student Joshua Taylor was trained in MMA
embedding protocols (Appendix IX) and microscopic imaging using DIC, polarized light, and fluorescence
settings (Appendix XXX). These training opportunities allowed Taylor to gain experience with a newly
developed MMA embedding protocol developed by our group, microscopic image analysis, and
photomerging protocols (Appendix XXXI) using software programs such as Microsoft Image Composite
Editor, Photoshop 2020, and ImagelJ.

During reporting period (01/01/21 — 06/30/21), Joshua Taylor trained two undergraduate students to assist
in photomerging histological images. The process provided the undergraduate students with invaluable
experience in image processing and employing critical problem-solving skills. With the assistance of Dr.
Cole’s SOP (Appendix XXXI), Taylor overlayed, anatomically oriented, and subtracted the background
of the histological images. This provided Taylor with experience using software programs and employing
protocols related to histological analysis. Dr. Cole further trained an additional undergraduate student to
isolate the remodeling area of polarized images. This student used multiple image analysis software
packages and utilized an SOP (Appendix XXXII) created by Dr. Cole to create compatible file types with
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each program. This experience provided the trainee with additional experience working with histological
samples in various programs that will assist in their future endeavors. Additionally, a macro and SOP
(Appendix XXXIII) were created by Dr. Cole and utilized by Taylor to extract the cortical area of the
histological images.

During the no-cost extension period, Dr. Cole analyzed the histological images utilizing OsteoFlo, a macro
toolkit developed for Imagel. Dr. Cole’s macros are detailed in 2.2.1. Major Activities. Cole computed the
statistics for the histological images using R (The R Foundation, v.4.1.1). All team members are currently
contributing to manuscript preparation.

Tiered Mentoring

The Tiered Mentoring program at The University of Akron facilitates supervised undergraduate laboratory
research. This program was re-implemented in the summer of 2018. The first student employed in this
program was Gina Tubo. Tubo formerly worked under the direct supervision of doctoral student Reed
Davis. Throughout the summer and fall of 2018, Tubo gained the experience required to handle tasks related
to this project. These skills included bone sample processing (maceration, sectioning, grinding, and

polishing), the use of fluorescent stains, preparation of slides for microscopy, and the use of computer
software for 3D reconstruction of produced images (Image J, NRecon, CT Analyser, and AMIRA). Further,
as a part of this process, Tubo was trained in confocal microscopy and has become a user of a Leica TCS
SPE Laser Scanning confocal microscope instrument with motorized galvo-z-stage, 488, 532, and 635nm
solid state lasers and LASX software for image acquisition and 3D modeling.

The overall objective of the Tiered Mentoring program is to promote continued undergraduate research.
Thus, a new Tiered Mentoring fellow, Abigail LaMarca, joined the Andronowski Lab in January 2019.
Under the guidance of both Tubo and Davis, LaMarca learned the required skills to analyze the bone
specimens procured from the study. The Tiered Mentoring program has further introduced Abigail to
scientific journal writing, grant proposal preparation, and report writing. She has also become more
competent in the critical evaluation of scientific articles as a result of the program.

2.4. How were the results disseminated to communities of interest?

The scientific rationale behind the project as described in the approved application was presented at the
American Academy of Forensic Sciences 71° Annual Meeting, Baltimore, MD, February 20™, 2019.

Dr. Andronowski presented this invited talk for the Society of Forensic Anthropologists titled ‘Investigating
the Longitudinal Effects of Prolonged Opioid Use on Cortical Bone Remodeling’.

A poster presentation relating to Activities 1 and 2 titled ‘Longitudinal Transdermal Fentanyl Compared
with Morphine Sulfate Treatments in a Rabbit (Oryctolagus cuniculus) Model System: Impacts on Behavior
and Health® was given for the Toxicology section at the American Academy of Forensic Sciences 72"
Annual Meeting on 19 February 2020. The goals of this presentation were to: (1) describe the longitudinal
effects of systemic opioids, particularly fentanyl and morphine sulfate, on behavioral and physiologic
parameters, and (2) demonstrate the long-term use of transdermal fentanyl patches in the management of
analgesia in a rabbit model system.
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Dr. Andronowski presented a virtual scientific poster and associated recorded talk in the Anthropology
Section at the AAFS 2021 Annual Scientific Meeting titled ‘Longitudinal Effects of Prolonged Opioid Use
on Cortical Bone Remodeling in a Rabbit Model: Part [ — Intraskeletal Variability and Regional Differences
Detected via micro-CT’. The goals of this presentation were to 1) characterize, for the first time, 3D cortical
bone microstructural changes in a rabbit opioid model, and 2) demonstrate intraskeletal and regional effects
in the rabbit femur and tibia due to opioid exposure.

Drs. Cole and Andronowski presented a second scientific poster for virtual dissemination in the
Anthropology Section at the AAFS 2021 Annual Scientific Meeting titled ‘Automated Techniques for
Cortical Bone Histological Variable Segmentation and Image Enhancement’. The primary goal of the
presentation was to introduce novel automated techniques that produce reliable and repeatable results for
various high resolution imaging modalities. Auxiliary goals were to 1) reduce noise and artifacts, 2)
standardizing variable analysis, 3) reduce inter-observer error, and 4) use open-source software for macro
development and standard operating procedures.

In August 2021, Dr. Andronowski submitted an abstract for oral presentation in the Anthropology Section
at the AAFS 2022 Annual Scientific Meeting, titled “Longitudinal Effects of Prolonged Opioid Use on
Cortical Bone Remodeling in a Rabbit Model: Part II — Intraskeletal Histological Variability and Regional
Differences”. This presentation will describe histological results from this project. Drs. Cole and
Andronowski submitted an additional abstract for poster presentation in the Anthropology Section at the
AAFS 2022 Annual Scientific Meeting, titled “OsteoFlo: A Fiji/lmage] Toolkit for Semi-Automated
Identification and Characterization of Fluorescently Labeled Secondary Osteons”. This presentation will
describe the utilities provided by the OsteoFlo software. Both presentations were accepted for dissemination
at the AAFS 2022 Annual Scientific Meeting.

A manuscript documenting the findings from Activities 1 and 2 titled ‘Rabbits (Oryctolagus cuniculus) as
a Model System for Longitudinal Experimental Opioid Treatments: Implications for Orthopedic and
Biomedical Research’ was recently published in a special issue in the journal Osteology. All members of
the research team contributed.

2.5. What do you plan to do during the next reporting period to accomplish the goals and objectives?

Nothing to report.

2.6. Publications, conference papers, and presentations

Dr. Andronowski presented an invited talk for the Society of Forensic Anthropologists, titled ‘Investigating
the Longitudinal Effects of Prolonged Opioid Use on Cortical Bone Remodeling’ at the American Academy
of Forensic Sciences Annual Meeting in Baltimore, MD, on 20 February 2019.

This seminar detailed the scientific rationale behind the project as described in the approved application.
Dr. Andronowski explained the limitations of employing murine model systems to the study of cortical
bone turnover and emphasized the use of rabbits as the smallest traditionally used laboratory animals with
well-defined cortical remodeling comparable to humans. The implications of the current work for forensic
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practitioners were highlighted, including an emphasis on how life history variables (e.g., drug/alcohol use)
can affect bone remodeling and in turn have serious implications for histological age estimation methods
in the field of forensic anthropology.

A presentation relating to Activities 1 and 2 titled ‘Longitudinal Transdermal Fentanyl Compared with
Morphine Sulfate Treatments in a Rabbit (Oryctolagus cuniculus) Model System: Impacts on Behavior and
Health> was accepted for the American Academy of Forensic Sciences 72" Annual Meeting, Anaheim, CA
in the Toxicology section. The presentation was given on 19 February 2020. The goals of this presentation
were to: (1) describe the longitudinal effects of systemic opioids, particularly fentanyl and morphine sulfate,
on behavioral and physiologic parameters, and (2) demonstrate the long-term use of transdermal fentanyl
patches in the management of analgesia in a rabbit model system.

A virtual scientific poster and associated recorded talk related to Activity 3 and 4 titled ‘Longitudinal
Effects of Prolonged Opioid Use on Cortical Bone Remodeling in a Rabbit Model: Part I — Intraskeletal
Variability and Regional Differences Detected via micro-CT’ was presented in the Anthropology Section
at the AAFS 2021 Annual Scientific Meeting. The goals of this presentation were to 1) characterize,
for the first time, 3D cortical bone microstructural changes in a rabbit opioid model, and 2)
demonstrate intraskeletal and regional effects in the rabbit femur and tibia due to opioid exposure.

A second scientific presentation related to Activity 4 was accepted for virtual dissemination in the
Anthropology Section at the AAFS 2021 Annual Scientific Meeting titled ‘Automated Techniques for
Cortical Bone Histological Variable Segmentation and Image Enhancement’. The primary goal of the
presentation was to introduce novel automated techniques that produce reliable and repeatable results for
various high resolution imaging modalities. Auxiliary goals were to 1) reduce noise and artifacts, 2)
standardizing variable analysis, 3) reduce inter-observer error, and 4) use open-source software for macro
development and standard operating procedures.

In August 2021, Dr. Andronowski submitted an abstract for oral presentation in the Anthropology Section
at the AAFS 2022 Annual Scientific Meeting, titled “Longitudinal Effects of Prolonged Opioid Use on
Cortical Bone Remodeling in a Rabbit Model: Part II — Intraskeletal Histological Variability and Regional
Differences”. This presentation will describe histological results from this project. Drs. Cole and
Andronowski submitted an additional abstract for poster presentation in the Anthropology Section at the
AAFS 2022 Annual Scientific Meeting, titled “OsteoFlo: A Fiji/Image) Toolkit for Semi-Automated
Identification and Characterization of Fluorescently Labeled Secondary Osteons”. This presentation will
describe the utilities provided by the OsteoFlo software. Both presentations were accepted for dissemination
at the AAFS 2022 Annual Scientific Meeting.

A manuscript documenting the findings from Activities 1 and 2 titled ‘Rabbits (Oryctolagus cuniculus) as
a Model System for Longitudinal Experimental Opioid Treatments: Implications for Orthopedic and
Biomedical Research’ was submitted and accepted to a special issue in the journal Osteology. All members
of the research team contributed.
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2.7. Website(s) or other Internet site(s)

The following media outlets and Internet sites highlighted the current study and announced the awarding
of funding. Results of the research activities or a discussion of the live animal component of the study were
not disseminated in any of the below articles.

Feb. 2019 Press Release: 'New study funded by NIJ research grant to focus on opioid
addiction's effects on bones'. Published on Digitaljournal.com. Released:

2/4/2019 URL.

Press Release: 'Skeleton keys: Scientist to study effects of opioid addiction on
bone.' published on ForensicMag.com. Released: 2/4/2019.

Article: 'Forensic anthropologist says opioid use may make identifying skeletal
remains more difficult' published on Ohio.com. Released: 2/3/2019.

Jan. 2019 Article: 'Opioid addiction effects on bones is subject of N1J research grant'
published on EurekAlert.org. Released: 1/29/2019. URL.

Press Release: The University of Akron, Media Communications. 'Skeleton Keys:
'Scientist to study effects of opioid addiction on bones'. 1/29/2019. URL.

2.8. Other products

Canadian Light Source Synchrotron Proposal for Experimental Time

Dr. Andronowski submitted a research proposal for experimental time (e.g., ‘beam time’) for a related
project at the Canadian Light Source (CLS) National Synchrotron Facility in February 2020. This follow-
up study proposes examining opioid effects on bone at the powerful synchrotron imaging level, where sub-
micron resolution can be achieved. Synchrotron imaging can visualize structures within cortical bone that
are too small to be detected by desktop micro-CT imaging. For example, the 3D trajectory of osteon cement
lines used in histological age-at-death estimation, and the 3D morphometry of cortical pore networks and
osteocyte lacunae used as markers of bone fragility can be evaluated using this technology.

Our objectives were to: 1) further identify pathological changes to cortical bone microstructure with
prolonged opioid use in a rabbit model, and 2) quantify differences in standard cortical bone microstructural
parameters (e.g., osteocyte lacunar volume and density) among treatment and control groups. We
hypothesized that: 1) cortical porosity in the experimental groups will exceed that of controls, and 2) a
decrease in osteocyte lacunar density will be observed in the experimental opioid groups.
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The proposed study supplements our ongoing work and sets the stage for the next phase of the research
program, evaluating osteopenia/osteoporosis associated with opioid use in human ribs and femora from a
larger sample of modern autopsy cases.

Beam time proposals were reviewed in May 2020 and our submission was scored favorably for the awarding
of experimental beam time. Due to the COVID-19 pandemic, however, all synchrotron experiments were
on hold from April 2020 to July 2021. The Andronowski Lab was able to travel to CLS once again in
September 2021 for imaging time related to various other research projects. During this experimental run,
the team imaged 202 bone samples for various ongoing research projects.

Software or NetWare

The following image processing macros were developed by Drs. Cole and Andronowski for extraction and
morphometric analysis of cortical pore networks from micro-CT images. The detailed code for these macros
is available in Appendices XIV and XV.

CTAnalyser Macros

= “TA Extractor” — Extracts a mask of total area from the grayscale micro-CT image for centerline
skeletonization and subsequent longitudinal orientation

= “ROI and TA Extractor” — After longitudinal orientation, extracts a mask of total area and a mask
of cortical area to serve as regions of interest (ROI) for pore extraction and morphometric analysis

= “Pore Morphometry” — Acquires morphometric measurements from cortical pore networks on
whole cross-sections; also generates binary image stacks of despeckled pore networks and
grayscale image stacks of pore thickness and pore separation

= “Regional Pore Morphometry” — Same functions as “Pore Morphometry”, but limited to a given
anatomical region of interest (Anterior, Posterior, Medial, Lateral)

*  “Cross-Sectional Geometry” — Extracts cross-sectional geometric measurements from the cortical
area image stack, using the total area image stack as a mask

ImageJ Macros

= “Adaptive Thresholding” — Applies a low-contrast, local thresholding Phansalkar algorithm to the
grayscale micro-CT image, extracting the cortical pore network as a binary image stack, and
excluding external noise by using the cortical area image stack as a mask

= “Skeleton Save” — Automatically runs and saves the Skeletonization 3D plugin on the total area
mask, converting it to a centerline skeleton image stack

*  “Femur Quadrants / Tibia Quadrants” — Using the cortical area image stack as an input, finds the
centroid with the Slice Geometry plugin, and then rotates a line through this centroid to generate
image stacks of masks representing the Anterior, Posterior, Medial, and Lateral anatomical regions
of each cross-section. A given regional mask can be used as the region of interest (ROI) in the
Regional Pore Morphometry macro to restrict morphometric analysis of the pore network to that
anatomical region.

= “DIC Preprocessing” — The DIC image is evenly illuminated through application of a high pass
filter, contrast enhancement, and background subtraction. Cross-sectional geometry (total, cortical,
and marrow areas) are also extracted as binary images and as ROI files.
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= “DIC Pore Extractor” — Probable pore ROIs are extracted from the DIC image within the
remodeling area ROI using an Intermodes auto-threshold, particle size and circularity thresholding,
and binary closing.

= “DIC Pore Modifier” — Pore ROIs are manually edited using custom keyboard shortcuts, including
auto-saving.

= “DIC Pore Analyzer” — Pore ROlIs are classified as cortical or trabecular based on proximity to the
marrow cavity versus minimum diameter. Pores are also regionally subdivided between anatomical
quadrants (Anterior, Medial, Lateral, Posterior) calculated using the total area centroid. Summary
pore morphometry is calculated for each pore type within each region, including percent porosity,
pore density, and mean pore size and shape descriptors.

= “Osteon Extraction” - Probable osteon border ROIs are extracted using local contrast enhancement,
histogram equalization, an Intermodes auto-threshold, and binary opening. Fluorescent rings within
osteons representing calcein labels are extracted as a binary image using background subtraction
and an auto local Phansalkar threshold.

=  “Osteon Border Correction” - Osteon border ROIs are manually edited using custom keyboard
shortcuts, including osteon splitting and expansion.

= “Osteon Type” - Osteon border ROIs are regionally assigned as in Pore Analyzer. An ellipse is
fitted over each ROI, and its major axis is superimposed on the binary image of its calcein labels.
An intensity profile along this major axis displays peaks that correspond to the number and spacing
of calcein label intersection. This intensity profile is used to guess osteon type (forming, single,
double, or triple labeled), mineral apposition rate (On.Mar), which is the distance between two
consecutive calcein labels, and osteon wall thickness (W.Th), which is the distance from the pore
centroid to the osteon border.

=  “Osteon Type Correction” - Osteon border ROIs are colored by guessed osteon type, and
coordinates for guessed On.Mar spacing and W.Th pore centroids are superimposed as overlays.
Custom keyboard shortcuts quickly change osteon type and re-locate coordinates for On.Mar and
W.Th. Summary morphometry is automatically calculated for each region, including osteon type
counts, corrected On.Mar and W.Th, and mean size and shape descriptors.

*  “Mineralizing Surface” - The ratio of labeled to unlabeled bone on the periosteal (Ps.MS/BS) and
endosteal (Es.MS/BS) surfaces is calculated as the number of white pixels intersected by the bone
surface perimeter.

= “Resorption Cavities” - Probable unlabeled resorption cavities are identified as pore ROIs that do
not intersect with osteon borders and fall above the lowest histogram bin value for pore size. Users
can manually change this classification.

I1I. PARTICIPANTS AND OTHER COLLABORATING ORGANIZATIONS: WHO HAS
BEEN INVOLVED?

3.1. What individuals have worked on this project?

Name: Janna M. Andronowski

Project Role: Principal Investigator

Nearest person month worked: 31 (01/01/2019 — 08/30/2021)

Contribution to  Project:  Conceptualization;  Project design;  Methodology;  Project
Administration/Management; Supply/Equipment ordering; Budgeting; Supervision of all trainees; Animal
handling; Animal experimental treatments; OJP Reporting; micro-CT protocol development and imaging.
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Funding Support: UA Faculty, 9-month salary; 1-month summer salary (2018-DU-BX-0188).
State, U.S. territory, and/or country of residence: Ohio, USA
Collaborated with individual in foreign country: No

Name: Mary E. Cole

Project Role: Post-Doctoral Fellow

Nearest person month worked: 26 (06/01/2019 — 08/30/2021)

Contribution to Project: Animal handling; Animal experimental treatments; Graduate and undergraduate
supervision; micro-CT and histological protocol development and imaging; histological sample processing;
scripting image analysis, statistical programming.

Funding Support: UA Post-doctoral Fellow, 100% time (2018-DU-BX-0188)

State, U.S. territory, and/or country of residence: Ohio, USA

Collaborated with individual in foreign country: No

Name: Reed A. Davis

Project Role: Graduate Student (Research Assistant)

Nearest person month worked: 31 (01/01/2019 - 08/30/2021)

Contribution to Project: Budgeting; Supervision of undergraduate trainees; Animal handling; Animal
experimental treatments; micro-CT protocol development and imaging.

Funding Support: UA Graduate Student, 50% time (2018-DU-BX-0188)

State, U.S. territory, and/or country of residence: Ohio, USA

Collaborated with individual in foreign country: No

Name: Adam J. Schuller

Project Role: Undergraduate Research Assistant

Nearest person month worked: 7 (01/01/2019 - 8/01/2019)

Contribution to Project: Animal handling; Animal experimental treatments; Sample collection.
Funding Support: UA Undergraduate Research Assistant, 20% time (2018-DU-BX-0188)
State, U.S. territory, and/or country of residence: Ohio, USA

Collaborated with individual in foreign country: No

Name: Gina R. Tubo

Project Role: Undergraduate Student

Nearest person month worked: 18 (01/01/2019 - 6/30/2020)

Contribution to Project: Animal handling; Animal experimental treatments; Tiered mentoring
supervision.

Funding Support: UA Undergraduate Research Assistant, 20% time (2018-DU-BX-0188)
State, U.S. territory, and/or country of residence: Ohio, USA

Collaborated with individual in foreign country: No

Name: Abigail R. LaMarca

Project Role: Undergraduate Student

Nearest person month worked: 31 (01/01/2019 — 08/30/2021)

Contribution to Project: Animal handling; Animal experimental treatments; Sample processing.
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Funding Support: N/A
State, U.S. territory, and/or country of residence: Ohio, USA
Collaborated with individual in foreign country: No

Name: Joshua T. Taylor

Project Role: Undergraduate Student

Nearest person month worked: 15 (07/01/2020 - 08/30/2021)

Contribution to Project: MMA embedding; Microscopic imaging; Photomerging.
Funding Support: UA Undergraduate Research Assistant, 20% time (2018-DU-BX-0188)
State, U.S. territory, and/or country of residence: Ohio, USA

Collaborated with individual in foreign country: No

3.2. Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since
the last reporting period?

Nothing to report.
3.3. What other organizations have been involved as partners?

Organization Name: Surface and Optical Analysis Facility

Location of Organization: Polymer Innovation Center, The University of Akron, Room 212

Partner’s contribution to project: Facilities: Access to SkyScan 1172 laboratory micro-CT instrument
for bone imaging as described in section 2.2.1.

More detail on partner and contribution: Domestic

Organization Name: The University of Akron Research Vivarium

Location of Organization: Auburn Science and Engineering Center, The University of Akron, Room 212
Partner’s contribution to project: Facilities: Animal facility where rabbits were housed for the duration
of the study.

More detail on partner and contribution: Domestic

3.4. Have other collaborators or contacts been involved?
Nothing to report.

Iv. IMPACT: What was the impact of the project? How has it contributed?
4.1. What was the impact on the development of the principal discipline(s) of the project?

During the reporting period (01/01/19 — 06/30/19), experimental activities were focused on animal
habituation, husbandry, and experimental treatment. This is the first study to explore cortical
histomorphometry in an opioid rabbit model. Rabbits are the smallest traditionally used laboratory animals
with well-defined cortical remodeling comparable to humans'®. As a result, rabbits have been used as a
model system for studying central canal size and the vascular network of cortical bone’'*, We optimized
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an experimental protocol for dosing rabbits both with injections and transdermal patch application, keeping
detailed records of rabbit behavior in response to these treatments. Going forward, forensic anthropologists
and skeletal biologists more generally may be encouraged to use rabbit models to study the isolated effects
of physiological, mechanical, or pathological treatments on bone tissue histomorphometry. Biomedical
researchers may also consider the suitability of rabbit research over the more traditional murine models,
who exhibit little to no cortical remodeling over the lifespan® 8. The expertise developed by our lab
members in these techniques will also facilitate future rabbit model research by the Andronowski Lab and
its collaborators.

During the reporting period (06/30/19 — 12/31/19), activities were focused on the bone imaging phase of
the project via micro-CT. Our research team developed more specific standard operating procedures and
image processing workflows for the three-dimensional imaging of cortical bone porosity. We have
developed and optimized protocols for characterizing the cortical pore network using the software packages
ImagelJ, CTAnalyser, and AMIRA, as described in the approved proposal. Lab members further gained
experience with R, the statistical computing software proposed for the analysis, through preliminary
projects. The expertise developed by our lab members in these techniques will facilitate future bone imaging
research by the Andronowski Lab and its collaborators.

During reporting period (06/30/20 — 12/31/2020), activities were focused on the histomorphometry phase
of Activity 3. Our research team developed more specific standard operating procedures and data analysis
workflows for microscopic imaging and the assessment of opioid-induced changes. We are working to
develop and optimize protocols for characterizing microscopic parameters using the software package
Imagel, as described in the approved proposal. Lab members further gained experience with the MMA
embedding protocol developed by our group, microscopic imaging, and related photomerging tasks. The
expertise developed by our lab members in these techniques will facilitate future bone imaging research by
the Andronowski Lab and its collaborators.

During reporting period (01/01/2021 — 06/30/2021), activities focused on histomorphometry and data
analysis of Activity 3 and 4. Histological image analysis included photomerging, overlaying, and orienting
all histological images. The images were further processed by extracting total cortical area, remodeling
area. Macros were developed to extract and analyze pores and osteons from the histological images. Lab
members gained invaluable experience in image processing and macro development. The macros developed
will advance future research in bone imaging by the Andronowski Lab and its collaborators.

During the no-cost extension, activities focused on data analysis of histomorphometric data and manuscript
drafts. Our research team implemented the macros developed in the previous period to analyze the
histological images. Lab members used R for statistical analysis of the histological data. The research team
contributed to manuscript drafts and poster presentation abstracts/talks to disseminate the results. This
provided members of the research team with experience in statistical software and knowledge dissemination
through manuscripts and poster presentations.
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4.2. What was the impact on other disciplines?

This project characterizes bone tissue microstructure by combining traditional 2D histology with 3D
visualization through micro-computed tomography (micro-CT). Micro-CT data for this project was
collected and Andronowski Lab members developed image processing workflows for refining and
analyzing these data. Protocols have been developed for characterizing the cortical pore network using the
software packages ImageJ], CTAnalyser, AMIRA, and Dragonfly, as described in the approved proposal.
Lab members further gained experience with R, the statistical computing software proposed for the analysis,
through preliminary projects.

The devised 3D imaging processing workflows have been applied to desktop micro-CT scans of bear third
metacarpals, and synchrotron radiation micro-CT scans of human midshaft femoral cores. The bear
metacarpal project was presented at the American Academy of Forensic Sciences 2019 Annual Scientific
meeting by Reed Davis and Dr. Andronowski and the manuscript was published in September 2019 in the
Journal of Forensic Radiology and Imaging.

A manuscript titled ‘A Sectioning, Coring, and Image Processing Guide for High-Throughput Cortical Bone
Sample Procurement and Analysis for Synchrotron micro-CT’ was published in the Journal of Visualized
Experiments for the femoral coring protocol in June 2020. Researchers applying micro-CT to bone tissue,
and to organic or inorganic porous substances more generally, can replicate this image processing workflow
in their own analyses.

Drs. Andronowski and Cole published a manuscript titled “Current and emerging histomorphometric and
imaging techniques for assessing age-at-death and cortical bone quality” in Wiley Interdisciplinary Reviews
(WIREs) Forensic Science in October 2020. This manuscript described traditional 2D histological
approaches to age-at-death estimation and histomorphometric quantification, along with emerging 3D
techniques, such as the micro-CT image analysis workflow developed for this project.

Drs. Andronowski and Cole, along with colleagues from Northeast Ohio Medical University (NEOMED),
applied the 3D image processing workflows developed for this project to synchrotron radiation micro-CT
scans of femora and humeri from various bat species, finding interspecies and intraskeletal consistency in
3D vascular pore morphometry. They disseminated this research in a manuscript titled “Intraskeletal
consistency in patterns of vascularity within bat limb bones”, published in The Anatomical Record in June
2021.

Drs. Andronowski and Cole and research team members presented conference presentations stemming from
this research at the American Academy of Forensic Sciences (AAFS) Annual Scientific Meetings in 2020,
2021, and have abstracts accepted for 2022. These meetings reach a broad audience in the forensic sciences,
including pathologists, medical examiners, and other forensic professionals.

A manuscript documenting the findings from Activities I and 2 titled ‘Rabbits (Oryctolagus cuniculus) as
a Model System for Longitudinal Experimental Opioid Treatments: Implications for Orthopedic and
Biomedical Research’ was published in a special issue in the journal Osteology. All members of the
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research team contributed. Additional manuscripts describing micro-CT and histology results, and the
associated software packages developed for this software, are currently in preparation.

4.3. What was the impact on the development of human resources?

This project provided fellowship support for a Post-doctoral fellow, a Graduate Research Assistant, and an
Undergraduate Research Assistant. Additionally, one undergraduate student participated in a volunteer
capacity. Animal research experience increased the competitiveness of medical school applications for the
undergraduate volunteers. LaMarca further received two credits related to the summer undergraduate
research experience “3100: 497: Biological Problems”, quantified as nine research hours per week, per
credit.

All researchers involved in the study received formal training in animal research ethics (CITI Training),
vivarium use (UARV Training) rabbit handling (NEOMED Training) and working with radiation-
generating equipment (RGE Training and SkyScan 1172 micro-CT Training). Informal education in animal
handling, experimental dosing, euthanasia, and dissection was afforded by routine involvement of all lab
members with daily rabbit care and treatment. Additionally, undergraduate and graduate researchers in the
Andronowski Lab routinely engaged in typical histology laboratory tasks, such as handling biohazardous
materials, sample cleaning, histological slide preparation, light transmission and confocal microscopy, and
image analysis. Familiarity with these fundamental laboratory techniques will prepare junior lab members
for future research or medical careers. Lab members Reed Davis and Gina Tubo additionally gained
experience with preparing and presenting research results at national conferences. The work done by
graduate student Reed Davis on this project will comprise a substantial portion of his dissertation.

For the first reporting period (01/01/2019 — 06/30/2019), research activities were focused on animal
husbandry and experimental treatments. The hands-on design of this study required these researchers to
perform daily activities commonly relegated to UARYV staff, including animal enrichment (daily feeding
and thrice-weekly exercise), health checks, experimental dosing through injection and patch placement, and
completion of associated documentation of these activities. By engaging with the animals every day,
researchers were able to quickly notice and resolve experimental difficulties, such as specific animals
removing patches, or exhibiting the early stages of health issues. Additionally, researchers became familiar
with the behavioral habits of each animal, providing environmental insight that may help explain individual
differences in bone microstructure during the data analysis phase. This experimental familiarity will also
be essential in accurate communication of methodology during formal and informal data dissemination,
facilitating replication of future research.

Near the end of the first reporting period, participants gained technical experience in the euthanasia of
research animals under the direction of Dr. Stanley Dannemiller, followed by gross dissection for bone
tissue procurement. Additionally, researchers employed by this project gained lab management and project
management experience, such as ethics training for animal research, purchasing and budgeting supplies,
experimental troubleshooting and modification, and experimental documentation. As all experimental
treatments were performed in groups of two or more researchers, participants also gained team-building
and communicative skills related to caring for and experimentally dosing the animals.
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For reporting period (06/30/19 — 12/31/19), research activities were focused on the 3D bone imaging phase
(Activity 3). Dr. Andronowski, Dr. Cole, and Reed Davis optimized micro-CT imaging settings for the
midshaft femur and tibia and the proximal tibio-fibula by testing a range of imaging resolutions. Dr. Cole
and Reed Davis gained substantial experience with sample mounting and micro-CT imaging of 63 discrete
bone regions, comprised of the midshaft femora, tibiae, and proximal tibio-fibulae from 21 rabbits. Dr. Cole
expanded her coding experience through the development of image processing workflows in ImageJ and
CTAnalyser, and automated statistical workflows in R. Reed Davis and Gina Tubo were also trained in the
implementation of these image processing workflows.

Dr. Andronowski, Dr. Cole, and Taylor optimized microscopic imaging settings for thin-sections of the
mid-shaft femur by troubleshooting a range of settings. Dr. Cole expanded her coding experience through
the development of image processing workflows in ImageJ, and automated statistical workflows in R. Reed
Davis and Joshua Taylor were further trained in the implementation of these image processing workflows.

For the previous reporting period (01/01/21 — 06/30/21), Dr. Cole and Taylor applied histological analysis
techniques to femoral thin-sections. Taylor learned different techniques and applications of various
programs including Microsoft Image Composite Editor (ICE), ImageJ, and Photoshop for histological
analysis. Dr. Cole further expanded her coding experience through numerous macro developments for
image processing in ImageJ. Taylor was trained to apply these workflows to the histological images.

During the no-cost extension, activities focused on data analysis of histomorphometric data and manuscript
drafts. Dr. Cole implemented the macros developed in the previous period to analyze the histological
images. Dr. Cole further used R for analysis of the histological data. The research team contributed to
manuscript drafts and poster presentations to disseminate the results. This provided Dr. Cole with further
experience in macro development and statistical computing. All research members gained increased
experience in knowledge dissemination through manuscript preparation and poster presentations.

All research participants are at varying stages of an educational trajectory leading either to advanced health
professions or academic/industrial biological research. By gaining experience with all levels of
experimental design, from planning through implementation, this project improved the performance and
retention of these researchers in their future health or research careers. Additionally, Dr. Andronowski was
well suited to advise the three female members of her research team on unique challenges and opportunities
they may face as women in early career STEM fields.

4.4. What was the impact on teaching and educational experiences?

Dr. Andronowski is the founder and campus advisor for The University of Akron’s Biological
Anthropology and Human Anatomy Student Organization (BAHA). BAHA membership is open to both
undergraduate and graduate students in any discipline, and provides members with anatomical and
anthropological educational experiences, outreach opportunities, and career guidance. Previous educational
experiences include participating in human cadaveric dissections in Dr. Andronowski’s Human Anatomy
laboratory and visiting the Cuyahoga County Medical Examiner’s Office for an autopsy demonstration.
Outreach events hosted by BAHA have included cadaver experiences for Barberton High School
Advancement to Nursing program students and the UA Neuroscience Club. Additionally, BAHA members
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have provided hands-on forensic anthropology demonstrations during three Cleveland Museum of Natural
History’s “Think and Drink with the Extinct” events. The Andronowski Lab is committed to continuing
public outreach both within and beyond the university.

4.5. What was the impact on physical, institutional, and information resources that form
infrastructure?

4.5.1. Improvements to Physical Facilities in the UARV

In preparation for the live animal portion of the project (Activities 1 and 2), improvements to the physical
facilities in the UARV were needed. The following jobs were completed in Room 212 (or affected Room
212) where the rabbits were housed:

Installed temporary air conditioner in Room 212.

Calibrated all of the Metastats (Metasys thermostats) in the entire UARV.
Repaired the chiller located on the roof servicing the UARYV air handler.
Verified air flow and adjusted dampers servicing Room 212.

Verified operation of the humidifier control valve servicing Room 212.
Replaced the sink fixture in Room 212 (former sink was rusty).

Sealed around the edges of all of electrical outlets as these were leaking air.
Installed door sweeps in Room 212 to minimize air infiltration.

A e AN

Installed a temporary humidity, temperature, and flood monitoring system (AVTECH) in the room
to alert researchers of potential fluctuations in housing conditions.

There were additional facilities issues in the UARV facility that required attention prior to the arrival of the
rabbits. These included:

Ceiling repairs were completed in the cage washer room (Room 112).

Replaced the door seals on the cage washer.

Installed a cover on a communication/electrical box in the cage washer storage room (Room 114).
Sealed around all of the floor level return grills on the second floor.

Installed an exhaust diffuser in the potable water storage room (Room 210).

Upgraded the electrical outlets to eliminate extension cords in two other rooms in the
UARV

7. Improved door seals around the elevator to reduce air infiltration in the UARV.

AN o e

By spearheading the above maintenance to the UARYV, this project improved experimental conditions both
for its own animals and for concurrent and future UARYV users.

4.6. What was the impact on technology transfer?

Nothing significant occurred during this reporting period. Study results and methodological innovations
will be transferred through peer-reviewed journal publications, and through presentations at conferences
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such as the annual meetings of the American Academy of Forensic Sciences, the Canadian Bone and Joint
Conference, and/or the American Society for Bone and Mineral Research.

4.7. What was the impact on society beyond science and technology?

Nothing significant occurred during this reporting period. Given the widespread and accelerating rate of
opioid overdoses in the United States, it is critical to tailor forensic techniques to accurately build a
biological profile. This project is working to adjust traditional histological aging methods to accommodate
chronic opioid users and will seek to identify unique bone microstructural presentations that may signify
opioid use. By refining the image processing and analysis methods required for this analysis, this project
will also increase accessibility of these methods to forensic and academic institutions.

4.8. What was the impact on society beyond science and technology?

Nothing significant occurred during this reporting period. Given the widespread and accelerating rate of
opioid overdoses in the United States, it is critical to tailor forensic techniques to accurately build a
biological profile. This project is working to adjust traditional histological aging methods to accommodate
chronic opioid users and will seek to identify unique bone microstructural presentations that may signify
opioid use. By refining the image processing and analysis methods required for this analysis, this project
will also increase accessibility of these methods to forensic and academic institutions.

4.9. What percentage of the award’s budget was spent in foreign country(ies)?
Nothing to report.

V. CHANGES/PROBLEMS
5.1. Changes in approach and reasons for change

A proposed change affecting the delivery of fentanyl from subcutaneous injection to transdermal patch
administration was proposed by Dr. Andronowski and a VVC Modification was approved by the IACUC
on 04/07/2019 (Appendix VI). The details of this change in experimental vehicle administration are
outlined in section 2.1.

A second proposed change affecting the fentanyl experimental group was initiated that differed from the
agency approved plan. A VVC Modification (Appendix VII) was put forward to cover the drug eluting
transdermal patches (fentanyl) and control patches (Tegaderm) in order to prevent the animals from
chewing, removing, and/or ingesting these from the subscapular region. The details of this change related
to jackets and other patch coverings is outlined in section 2.1.

5.2. Actual or anticipated problems or delays and actions or plans to resolve them

5.2.1. Actual Delays
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Due to a delay in the creation of the Post-doctoral Fellow position by The University of Akron’s Human
Resources department, the prospective candidates were unable to interview until late January/February
2019. Dr. Andronowski’s NIJ-appointed grant manager, Mr. Theodore Robinson, was notified of the hiring
delay on 02/08/2019.

Dr. Andronowski recruited a most suitable Post-doctoral Fellow candidate, Dr. Mary Cole. Dr. Cole has
graduate experience in dissection and preparation of human and animal bone tissue samples for traditional
brightfield microscopy, confocal microscopy, and micro-CT. She is also proficient with the analytical
software proposed for the data generated by this project, including CT Analyser, ImagelJ, R, SPSS, and SAS.
The recruitment process involved an informal interview at The Ohio State University (1/4/19) and a formal
interview with a research presentation by Dr. Cole at the University of Akron (1/25/19). Dr. Cole accepted
the position on 2/14/19. Dr. Cole was working towards completion of her doctoral degree in Anthropology
(Biological) at The Ohio State University, with a dissertation defense date of 05/15/2019. Her dissertation
was funded by the National Institute of Justice Graduate Research Fellowship in Science, Technology,
Engineering, and Math (Award #2017-MU-CX-0009). In order to complete the data collection and analysis
proposed in this grant, as well as the dissertation defense and revisions, Dr. Cole requested that her official
start-date be adjusted to 06/03/2019 as per her contract.

To expedite Dr. Cole’s capacity to fully participate in the project, Dr. Andronowski arranged for several
training sessions ahead of the start date. This included completion of a UARV Packet and Health
Assessment to acquire UARV access (3/4/19), CITI Lab Safety Training (3/6/19), NEOMED rabbit
handling training (3/11/19), UARYV training (3/11/19), diamond wire saw installation and training (4/3/19),
and all preliminary Human Resources documentation (3/11/19). Due to this advanced training, Dr. Cole
was able to access UARV and Andronowski Lab facilities and participate in animal handling and
experimental treatments beginning on the start-date of the position.

Regardless of the later start-date of Dr. Cole, the project timeline proceeded as scheduled without delay.

On 03/11/2020, the World Health Organization declared the novel coronavirus outbreak (COVID-19) a
global pandemic. As a result, The University of Akron cancelled in-person classes that day and in-person
lab work was ordered to cease immediately. As per our project timeline, our research team was preparing
rabbit femoral bone thin-sections for dynamic histomorphometry (Activity 3.4). This process involved daily
lab work that included bone dehydration, methyl methacrylate (MMA) infiltration and curing, sectioning
via the in-house Well Diamond Wire Saw, and slide mounting. The stalling of in-lab operations and the
shutdown of The University of Akron halted the progress of Activity 3.4 indefinitely.

On 05/21/2020, The University of Akron administration announced a ‘Researcher Return to Work’
initiative and Principal Investigators were invited to create individual Return to Work plans for their groups
for review by administrators and unit heads. The document Dr. Andronowski created (Appendix XVII)
outlined the guidelines and expectations of Andronowski Lab members for a safe return to lab activities
during the ongoing COVID-19 pandemic. On 8 June 2020, the plan was approved with restrictions related
to limits on laboratory personnel numbers and office use and occupancy, the implementation of shift work,
and personal protective equipment requirements. Due to current social/physical distancing guidelines
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recommending separation distances of 6 feet or more, no more than 2-3 individuals are permitted in Dr.
Andronowski’s main lab space at any given time. Lab procedures requiring more than one person in close
proximity are to be minimized as much as possible. As a result, our bone histomorphometry specimen
preparation and the subsequent analyses were anticipated to be slowed. A detailed timeline narrative and
summary table (Appendix XVIII) have been prepared that outline the revised trajectory for Activities 3.4
and 4.2 in line with our lab safety guidelines. As of 06/30/20, we were on schedule with the revised timeline.

The planned in-lab training for junior research team members could no longer be carried out face-to-face
with the social/physical distancing requirements. Drs. Andronowski and Cole filmed a video of the MMA
embedding protocol and step-by-step guides for the imaging and analysis of bone thin-sections to virtually
train the junior research team members.

5.2.2. Anticipated Delays

In using a complex instrument such as the SkyScan 1172 micro-CT laboratory system, there was a chance
that the X-ray source could die, or other instrument issues may arise that delay machine use. Luckily, no
required maintenance or equipment failure occurred during our study.

5.3. Changes that had a significant impact on expenditures

Delay in hiring Dr. Cole due to finishing her doctoral dissertation as described in section 5.2.1.
Approximately $23,000 of her salary needs to be redistributed, though no Budget Modification GANs were
submitted during this reporting period.

Due to the hiring delay and COVID-19 pandemic, submitted an eight-month no-cost extension to complete
the delayed histomorphometry portion of the project and allow Dr. Cole to complete her full two-year post-
doctoral term. The unused grant funds associated with the post-doctoral fellowship from 01/01/19 to
06/02/19 were available for this extension. This extension allowed Dr. Cole to remain fully engaged with
manuscript submission and review stemming from this project.

5.4. Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

The details of two changes pertaining to vertebrate animal care are outlined in sections 2.1. and 5.1.
5.5. Change of primary performance site location from that originally proposed
Nothing to report.

VL BUDGETARY INFORMATION

Supplies and consumables associated with Activities I and 2 were purchased during the first reporting
period (01/01/2019 — 06/30/2019). Certain costs proposed in the approved application were deemed
unnecessary due to more cost-effective alternatives being available from other sources. For example, cage
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battery housing for the animals was rented from a local university (Cleveland State University) instead of
purchasing new batteries from a laboratory supply company.

Supplies and consumables associated with Activity 3 were purchased during this reporting period. Certain
costs proposed in the approved application were deemed unnecessary due to more cost-effective alternatives
being available from other sources. No Budget Modification GANs were submitted over the course of the
project.

VII. PROJECT OUTCOMES
7.1. What were the outcomes of the award?

The ultimate goal of this project for forensic anthropology is the refinement of histological age-at-death
estimation in the context of widespread chronic opioid use. This project will further contribute to our
understanding of basic bone biology more generally by describing changes in bone tissue microstructure
both over time (longitudinally) and in 3D space. Due to historical reliance on 2D imaging, the 3D geometry
of bone microstructure is not well defined, especially in relation to aging, modified physiology, and
pathology®. Tracking these changes and individual variations in bone microstructure is also biomedically
important for understanding what makes bones weak, when they are at risk of fracture, and how these
complications of poor bone quality may be prevented.

Forensic anthropologists typically develop histological methods using human cadaveric samples.
Biological human variation, differences in life history, and limitation to a single time point can introduce
uncertainty into the accuracy and applicability of these methods. The design of the current project,
employing a rabbit model as an animal proxy of human cortical remodeling, allowed us to control more
tightly both for individual variation and the parameters of drug use. Examining these more isolated effects
of chronic opioid use should aid forensic anthropologists in discerning which histological pathologies in
humans result from drug use, and which may be related to life history co-morbidities (e.g., poor nutrition,
exposure to communicable disease through needle sharing, and/or chronic stress)***. Given the rising
prescription of opioids for chronic pain relief, it is essential to determine how chronic drug use on its own
modifies forensic techniques, even when these lifestyle co-morbidities are absent.
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Appendix I: IACUC Protocol

THE UNIVERSITY OF AKRON

MEMORANDUM

TO: Janna Andronowski

CC: IACUC@uakron.edu

FROM: Beth Kenaga, IACUC Administrator
DATE: December 10, 2018

SUBJECT: APPROVAL NOTICE
Protocol: 18-11-12 ARC
Titled: Longitudinal effects of prolonged opioid use on cortical bone remodeling
in a rabbit model

Your Protocol was approved by The University of Akron’s Institutional Animal Care and Use
Committee (IACUC) designated member review process on December 7, 2018.

PLEASE NOTE: Your study cannot begin until EH&S/Occupational Health
reviews/provides input/approves the “Hazardous Substance Form.”

A copy of this form will be filed with your protocol in the Research Office. If you have any
questions, please contact Beth Kenaga, [ACAUC Administrator, at 330-972-5845 or via email at
bkenagat@uakron.edu.

Beth Kenaga
Lt ol {-ﬁ“‘ﬁg%
TACUC Administrator

The University of Akron operates under the Public Health Service (PHS) Assurance number A3870-01.
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For IACUC Use Only Lo
Category: C Special Considerations: USDA SPECIES Protocol #: 18-11-12 ARC

REQUEST TO USE ANIMALS

1. PROTOCOL SUMMARY
1. A. Protocol Title:
Longitudinal Effects of Prolonged Opioid Use on Cortical Bone Remodeling in a Rabbit Model

1. B. Principal Investigator's Institution:
The University of Akron

1. C. Facility(ies) where animals will be housed: /f animals will be housed in a facility not listed
below, please identify the location under "OTHER LOCATION".

UNIVERSITY OF AKRON & SUMMA HEALTH SYSTEM D
KENT STATE UNIVERSITY YOUNGSTOWN STATE UNIVERSITY
Cunningham ] Cushwa []
Kent ] DeBartolo L]
Tuscawaras ] Ward Beecher [ ]
NEOMED ] OTHER ]

OTHER LOCATION (Institution, building & room OR geographic location for field studies): N/A

1. D. Source of funding for the project:

INTERNAL ]

EXTERNAL X

For external awards, identify the agency(ies) and award number(s).
National Institute of Justice, Award Number 2018-DU-BX-0188 (0)

1. E. Anticipated start date:
January 1, 2019

1. F. Expected animal use over the three year approval period: Summarize all animal use by
species.

Species Number Source
Oryctolagus cuniculus 21 Charles River Laboratories
(New Zealand White Rabbit)
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1. G. If this protocol is a continuation of a previously approved protocol, indicate the protocol
number and provide a brief summary of the progress made to date. Your response is limited fo
the space provided. N/A:

Previous protocol number: N/A

Brief summary of progress/results: N/A
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1. H. Project overview. The response MUST be in lay terminology and understandable fo a
person with no scientific background.

(1) Describe the medical condition, scientific question, or teaching value that is being
addressed and its importance.

The misuse and addiction to opioids (and synthetic opioids) is a serious public health crisis
nationwide that has become an epidemic. The overall yearly cost to the United States government
for opioid abuse-related healthcare, law enforcement, and education/prevention programs has been
estimated at $78.5 billion. This crisis afflicts millions of Americans and costs our healthcare system
billions. Current evidence suggests that opioids upset the balance of bone remodeling towards more
destruction and less formation of bone. Experimental studies have been limited by the fact that
small laboratory animals traditionally used in bone research (mice and rats) do not exhibit
spontaneous cortical bone remodeling, making them a poor choice of animal model for this subject.
The current project seeks to develop a longitudinal model for studying the effects of prolonged
opioid exposure on cortical bone remodeling in an animal which remodels its cortical bone in a
manner comparable to humans, the rabbit. Given the limited data available related to the
longitudinal impact of opioid abuse on bone remodeling, we must further understandings of the
underlying biological processes to improve the applicability of histological age-estimation methods
and scientific standards within the field of forensic anthropology.

Two central research questions will be addressed: 1) What are the effects of prolonged morphine
and fentanyl use on cortical bone remodeling? Will cortical bone microstructure vary randomly

with respect to opioid use, or will it be correlated? And 2) are the effects of prolonged opioid use
discernable in cortical bone microstructural features used in histological age-at-death estimation?

(2) List the goals of the project.

The ultimate goal of this project is to describe how analgesic drugs, particularly morphine and fentanyl,
affect microscopic structures of cortical bone used in histological age estimation methods in forensic
anthropology.

(3) Provide a chronological summary of the animal use from the beginning of the project
through its end. A lay description of the experimental design can be used as the response IF
it addresses the intent of the question. Do not provide detailed descriptions of the procedures
here.
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Skeletally mature, 6-month old (3.7-3.9 kg), male New Zealand White rabbits will be divided into three
groups of 7 animals each: morphine, fentanyl, and control (saline vehicle). Male animals were selected
to avoid the potential influence of female hormone cycles on bone physiology. All narcotics will be
supplied by Henry Schein, a worldwide distributor of medical, dental, and veterinary supplies
(including pharmaceuticals).

A small pilot study with experimental groups of 3 animals each will be carried out prior to the start of
the full-scale experiment. This will ensure that the proposed opioid dosings are appropriate and do not
induce distress in either the morphine or fentanyl group.

The rabbits will be floor-housed in individual wire pens to allow for some interaction, while keeping
the animals lodged separately to prevent potential aggressive encounters. The rabbits will further be
habituated to the testing conditions for two weeks following their arrival at the University of Akron
Research Vivarium (UARV). After the acclimation period, the opioid groups (morphine and fentanyl)
and controls will each be dosed by subcutaneous injection every other day for 8 weeks. The morphine
hydrochloride group will receive a dose of 3 mg/kg/day, and the fentanyl group will receive 0.5
meg/kg/day. The control group will be administered saline at a dose of 3 mg/kg/day. The proposed
opioid dosing levels are consistent with clinical recommendations for analgesia in rabbits and were
finalized with the former UARV Attending Vveterinarian. The PI and designated project staff
(including the Post-doctoral fellow, a UA employee) will be responsible for administering the opioids.
Those injecting the substances will wear cut-resistant gloves in addition to latex/nitrile gloves. The
designated project staff will receive training regarding the safe handling of opioids and an emergency-
response exposure protocol will be in place prior to the start of the project.

All animals will undergo subcutaneous injection with a bone-labelling fluorochrome, calcein, to
facilitate ex vivo dynamic histomorphometry following euthanasia. Calcein will be administered at a
level 10/mg/kg (65) after two weeks (days 13 and 14), four weeks (days 27 and 28), six weeks (days 41
and 42), and eight weeks (days 55 and 56) of the opioid regimens. The fourth calcein dosing will be
just prior to intravenous injections containing a euthanasia solution, pentobarbital sodium (Fatal-Plus or
equivalent). The euthanasia solution will be delivered in the UARYV necropsy suite at a level of 125
mg/kg per animal.
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Category: C Speéial Considerations: USDA SPECIES Protocol #: 18-11-12 ARC

DESCRIPTION OF PROCEDURES INVOLVING LIVE ANIMALS
Please review all parts of this section before answering because there are separate parts for
specific types of animal use. Each part will expand to accommodate the response. Mark N/A
for sections that do not apply.

2. A. Animal Identification:
Indicate how animals will be identified. Multiple methods may be selected.

CAGE CARD X COLLAR/TAG ]
EAR PUNCH/NOTCH ] EAR TAG ]
INDELIBLE MARKER ] MICROCHIP L]
TATTOO X OTHER (describe below) U]

Describe the identification procedure if it involves penetration of the skin. Toe clipping is
discouraged and, if it is used, a justification must be provided.

All rabbits will be tattooed at Charles River Laboratories with an identification number prior to their
delivery. This way, if an animal escapes a floor pen, they will be easily identified.

2. B. Breeding: N/A: X
Describe the breeding scheme that will be used. Indicate weaning age of offspring.

2. C. Genotyping: N/A: X
Describe the method used to genotype the animals. Include the amount of tissue taken, age
of animals, method of analgesia, and method of instrument sterilization.

2. D. Experimental manipulations: N/A:
List and describe in detail all nonsurgical experimental manipulations carried out on live
animals. Euthanasia is to be described in 2.F. The response must include a statement of the
known or expected impact of each procedure on animal well-being.

The opioid groups (morphine and fentanyl) and controls will each be dosed by subcutaneous injection
every other day for 8 weeks. The morphine hydrochloride group will receive a dose of 3 mg/kg/day, and
the fentanyl group will receive 0.5 mcg/kg/day. The control group will be administered saline at a dose
of 3 mg/kg/day. The opioids (morphine and fentanyl) will be pharmaceutical grade.

Two individuals from the research team will be responsible for dosing the animals every second day
using manual restraint and a laboratory table for support. The individual handling the
morphine/fentanyl will wear cut-resistant gloves during injections as an extra safety precaution. The
proposed opioid dosing levels are consistent with clinical recommendations for analgesia in rabbits and
were finalized with the former UARV Attending Veterinarian. Possible side effects of opioid use in
rabbits may include: bradycardia, respiratory depression, nausea, ileus, and excessive sedation. All
animals will be monitored closely by our research group, the UARYV staff, and UARV Attending
Veterinarian during the experimental period to ensure the continued health and well-being of all
animals.

All animals will undergo subcutaneous injection with a bone-labelling fluorochrome, calcein, to facilitate ex
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vivo dynamic histomorphometry following euthanasia. Calcein will be administered at a level 10/mg/kg (65)
after two weeks (days 13 and 14), four weeks (days 27 and 28), six weeks (days 41 and 42), and eight
weeks (days 55 and 56) of the opioid regimens. The fourth calcein dosing will be just prior to intravenous
injections containing a euthanasia solution, pentobarbital sodium (Fatal-Plus or equivalent). It is important
to note that the injection of calcein at this dose level is not associated with any undesirable side effects.

The main source of discomfort for the rabbits will be the injections of morphine, fentanyl, saline, and bone
labeling fluorochromes. From our previous work however, we found that a subcutaneous (SC) injection in
the tent of skin located between the shoulder blades, as opposed to an intramuscular (IM) injection, was
better tolerated by the rabbits and thus we will continue with SC injections.

2. E Surgical manipulations. N/A: X
2.E.(1) Description of surgical procedures:
Describe each surgical procedure under a separate heading. Procedures that are performed
on the same animal at the same time may be described as one procedure. IF more than four
different surgeries are planned, then similar ones may be combined into a single response.
Surgical procedure #1:
Is the surgical procedure a survival procedure? Yes: No:

Describe the procedure in detail. Include the pre-operative preparation of the animal, a

description of the aseptic technique and how instruments and implantable devices are

sterilized. The response must include a statement of the known or expected impact of the
rocedure on animal well-being.

Surgical procedure #2:
Is the surgical procedure a survival procedure? Yes: No:
Description of procedure (instructions as above):

Surgical procedure #3:
Is the surgical procedure a survival procedure? Yes: No:
Description of procedure (instructions as above):

Surgical procedure #4:
Is the surgical procedure a survival procedure? Yes: No:
Description of procedure (instructions as above).

Consortial protocol 0114.doc Version 01/14 6 94

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



o

For IACUC Use Only 5
Category: C Special Considerations: USDA SPECIES Protocol #: 18-11-12 ARC

2.E.(2) Multiple major survival surgery:
Does this project involve multiple major survival surgeries in the same animal?YES: NO:
If so, provide a justification.

2. F. Anesthesia/Sedation. N/A:
List the procedures that require anesthesia or sedation individually below and describe the
anesthetic regimen used for each. If multiple procedures use the same anesthetic regimen,
then they can be combined into one response.

Anesthesia/sedation procedure #1:

Identify the procedure requiring anesthesia or sedation. List all drugs (including neuromuscular
blocking agents) used as part of the anesthetic/sedative regimen; include the dose, route of
administration and indicate the frequency of repeat dosing. If animals will be anesthetized with
inhalants, indicate the percentage of anesthetic gas, any auxiliary gases used, oxygen flow
rate and ventilatory parameters (for mechanically ventilated animals).

Euthanasia will be performed via intravenous injections (ear vein) containing a pentobarbital sodium
solution (Fatal-Plus or equivalent) following the 8-week experimental period. The animals will be
restrained (short-term) in an acrylic/plexiglass rabbit restrainer while the euthanasia solution is
administered.

Describe the procedures and equipment used to monitor the depth of anesthesia and animal well-
being. If neuromuscular blocking agents are used, include techniques that are reliable in paralyzed
animals. N/A

Describe the supportive measures to assure animal well-being while under anesthesia.
The animals will be kept comfortable, secure, and calm during the euthanasia procedure. Two individuals
from the research team will be present to ensure this.

Anesthesia/sedation procedure #2:
Identify the procedure requiring anesthesia/sedation and describe the anesthetic regimen as
indicated above. N/A

Procedures and equipment used to monitor the depth of anesthesia and animal well-being: N/A
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Supportive measures: N/A

Anesthesia/sedation procedure #3: N/A
Identify the procedure requiring anesthesia/sedation and describe the anesthetic regimen as

indicated above.

Procedures and equipment used to monitor the depth of anesthesia and animal well-being:

Supportive measures:

Anesthesia/sedation procedure #4: N/A
Identify the procedure requiring anesthesia/sedation and describe the anesthetic regimen as

indicated above.

Procedures and equipment used to monitor the depth of anesthesia and animal well-being:

Supportive measures:

2. G.Building(s) and room number(s) where the procedures will take place:
Nonsurgical Procedures:

Animal housing: UARV, Room 212

Animal euthanasia: UARV Necropsy Suite

Carcass Storage: Andronowski Lab, ASEC B228

Surgical Procedures: N/A
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2. H.Postprocedural care and monitoring:

1) Describe the post-procedural care and monitoring for both surgical (after recovery from
anesthesia) and nonsurgical procedures. Identify the parameters being monitored and the
frequency and duration of monitoring for each study related procedure. Include how
records of the care will be maintained and their location.

Animals will be monitored once daily (including weekends/holidays) by the PI and designated project
staff. The rabbits will be housed individually and receive enrichment toys in UARVs suite 212 with
continuous radio play during daylight hours to provide environmental stimulation. The PI and UARV
manager will order new rabbit pens which will be used for housing purposes. During daily
acclimatization visits and injection schedules, each rabbit will receive positive reinforcement through
food items such as high fiber rabbit chow and additional food (greens, carrots, shredded wheat, raisins,
alfalfa, etc.). The research team will create and post a behavioral sheet in the rabbit room to track
observed behaviors during both the acclimation and experimental periods. Each animal will have their
own behavioral/observation sheet to note information during surveillance checks.

2) Identify by title who will conduct the care and monitoring.

Principal Investigator, Graduate student, Undergraduate student, Post-doctoral Fellow.

3) List any analgesics or other medically related pharmaceutical agents that animals may
receive. Include a) dose, b) route of administration c) frequency of administration, and d)
duration of therapy.

The opioid groups (morphine and fentanyl) and controls will each be dosed by subcutaneous injection every
other day for 8 weeks. The morphine hydrochloride group will receive a dose of 3 mg/kg/day, and the
fentanyl group will receive 0.5 mcg/kg/day. The control group will be administered saline at a dose of 3
mg/kg/day. The proposed opioid dosing levels are consistent with clinical recommendations for analgesia in
rabbits and were finalized with the former UARV Attending Vveterinarian.

4) List the criteria that will be used to determine that relief from pain or distress is needed and how
the adequacy of that relief will be assessed. N/A

5) List the humane endpoints that will be used to euthanize an animal or otherwise remove an
animal from a study.

Weight loss (of 20% or more) due to opioid injections, changes in fecal production, especially it decreases
or stops completely as this is an indication of gastrointestinal stasis which can be lethal. If this was to occur,
the animal would be placed on a hand fed diet based on the recommendation of the Attending Veterinarian
until the stasis cleared. Other signs of distress in any animal such as hair loss, lethargy, hyperactivity,
excessive or there-lack of grooming would be closely monitored in accordance with the UARV Manager
and Attending Veterinarian.
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2. I. Disposition of animals:
Describe the method of euthanasia including the name, dose, and route of administration of
any pharmaceutical agents used. Describe the method(s) that will be used to confirm death.
Animals euthanized by an overdose of carbon dioxide must undergo a secondary method of
euthanasia to confirm death. If animals will not be euthanized, describe their disposition.
Intravenous injections containing a euthanasia solution, pentobarbital sodium (Fatal-Plus or equivalent).
The euthanasia solution will be delivered in the UARV necropsy suite at a level of 125 mg/kg per animal.

Post-euthanasia, rabbit carcasses will be transported discretely and in accordance with UARV policy to the
PI’s laboratory located in the Auburn Science and Engineering Center, room B228. All carcasses will be
stored in a -80 freezer in the laboratory prior to harvesting of the long bones, which can only be accessed by
research group members.

2.J. Chemical/compound administration to live animals
Are all of the chemicals (e.g., test compounds, receptor agonists/antagonists, labeling
compounds, anesthetics, analgesics, euthanasia agents, etc.) administered to live animals
commercially available pharmaceutical preparations intended for animal or human use?

Yes: X No:

If not, then complete the following for each product.
Identify the chemical/compound and describe how it is prepared and stored to assure appropriate
purity, sterility and suitability for administration to animals. Indicate the shelf life of the prepared
product.

Are all of the chemicals/compounds listed above pharmaceutical grade? Yes: No:
If not, then list them and provide a justification for not using a pharmaceutical grade preparation.

3. SPECIAL CONSIDERATIONS
Mark N/A for sections that do not apply.

3.A. Food/ fluid restriction: N/A: X
If the study involves scheduling access to food or fluid OR restricting food or fluid intake
beyond that associated with a routine overnight pre-procedural fast or weight control, then
describe a) the amount and time of the restriction, b) expected impact on animal well-being,
and c¢) criteria for removal of the restriction.

Describe the record-keeping associated with ongoing restrictions. Indicate where the records
will be maintained. At a minimum animal weights must be documented once weekly and
food/water consumption noted daily.
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3. B.Prolonged restraint: N/A: X
If the project involves more than routine restraint of conscious animals for brief periods, then
describe: a) the restraint, b) its duration and frequency, c¢) how animals will be conditioned to it
and d) how frequently animals will be observed while restrained.

Provide a justification for the restraint.

3. C.Immunologic adjuvants: N/A: X

If the project involves the use of immunologic adjuvants (e.g., Freund's adjuvant, RIBI
adjuvant) complete the following.

First Injection Second Injection Subsequent
Injections

Adjuvant

Anatomic site of
injection &

route

Number of
sites

Volume per
site

Time interval
between
injections

3. D.Dog exercise: N/A: X
If the project involves the use of dogs, indicate if any animals will be exempted from the dog
exercise program and include the duration of the exemption and a justification for it. If there
are no exemptions, enter “no exemptions”.

3. E. Environmental enrichment for primates: N/A: X
If the project involves the use of nonhuman primates, indicate if any animals will be exempted
from the environmental enrichment program for primates and include the duration of the
exemption and a justification for it. If there are no exemptions, enter “no exemptions”.

3. F. Housing or enrichment restrictions: N/A:

If the project involves the single housing of animals of a social species OR exemption from

normal environmental enrichment, then describe and provide a justification for the restriction.
The rabbits will be floor-housed in individual wire pens to allow for some interaction, while keeping the
animals lodged separately. As the proposed animals are males, they will be housed separately to avoid any
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potentially aggressive interactions.

3. G.Hazardous material use: N/A:
If the project involves the administration of any potentially hazardous materials to live animals,
complete the following for each material and attach the appropriate hazardous material form(s)
required by the institution at which the work will take place.
Name of hazardous agent(s):
| Morphine, fentanyl |
Select the appropriate classification of hazard(s)

CARCINOGEN ] INFECTIOUS AGENT L]
RADIOACTIVE ISOTOPE ] RECOMBINANT NUCLEIC ACID ]
TOXIN ] HUMAN TISSUE/CELLS ]
OTHER X

Describe the potential health effects of the hazard and list the possible routes of exposure hazard:
The risks associated with this study include accidental subcutaneous needle sticks and accidental
dosing with narcotics. Cut-resistant gloves will be worn whenever handling the rabbits or needles
in order to prevent any accidental needle sticks and/or animal scratches.

The standard therapeutic dose of fentanyl for humans is 50-100 mcg. The doses we will be
administering for the study are well below this range (1.8 mcg maximum). The standard

starting therapeutic dose of morphine for adults greater than or equal to 50kg is 4-10 mg every 3-4
hours. OQur maximum dose for this study is 11.7mg, posing a possible risk of exposure to the
researchers. In the case of accidental exposure, provisions will be handled by EH&S/Occ

Health.

Number of animals receiving material:
I 7 animals to receive morphine; 7 animals to receive fentanyl |

3. H. Genetically modified animals: N/A: X
If the project involves the use, breeding, or creation of genetically modified animals, complete

the following for each genotype.
List the animals by genotype and describe the known or expected impact of the associated

phenotype on animal well-being:

Describe the measures to relieve or manage pain or distress related to each phenotype that is
associated with an adverse impact on animal well-being:

Will any new genetically modified animals be created in the project? Yes: No: X
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If so, describe the monitoring associated with the new line to assure adequate provision of
humane animal care. Previously undescribed phenotypic conditions that negatively impact
animal well-being must be reported to the IACUC:

3.l. Animal housing outside of main animal facility: N/A: X
If animals will be maintained outside of the main animal facility longer than 12 hours for USDA
covered species or longer than 24 hours for all others, then complete the following.

Identify the building, room number, species, and number of animals to be housed. Indicate the
duration of housing.

Provide a justification for the extramural housing.

Has the IACUC previously approved the location? YES: NO:

3.J. Field studies: N/A: X
If the project involves the use of animals in a field setting, complete the following.
Identify the occupational health and safety issues associated with studying the species in the wild.

Describe the potential impact of the study on native populations of the species being studied and
others that may be affected by the study.

List and attach the permits and other necessary permission documents that are needed to carry
out the study.

3.K. Procedures performed at a supplier location: N/A: X
If animals will undergo experimental or surgical procedures at a supplier’s location, complete the
following and attach a statement from the supplier confirming IACUC approval of the procedure.
Identify the procedure and supplier's Public Health Service Animal Welfare Assurance number
and USDA registration number (as applicable).
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4. CLASSIFICATION OF PROCEDURES ACCORDING TO LEVEL OF PAIN AND/OR

DISTRESS

Mark the appropriate category for each animal procedure and identify the procedure(s) in the
spaces provided. List the number of animals in each pain category in the box provided. If
individual animals will undergo procedures in multiple pain categories, then include them in
the tabulation for the highest pain category.

] - Category C - Procedures that involve no more than momentary or slight pain or

distress.

List procedures:
The main source of discomfort for the rabbits will be the injections of morphine, fentanyl, saline, and bone
labeling fluorochromes. From our previous work (at The University of Saskatchewan), we found that a
subcutaneous (SC) injection in the tent of skin located between the shoulder blades, as opposed to an
intramuscular (IM) injection, was better tolerated by the rabbits and thus we will continue with SC
injections.

Number of animals in category C:
21

[] -cCategory D - Procedures that may cause more than momentary or slight pain or
distress for which appropriate analgesia, anesthesia or tranquilization is provided.
List procedures: N/A

Number of animals in category D:
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[ ] -Category E - Procedures that may cause pain or distress which are not relieved by
analgesia, anesthesia, or tranquilization.
List procedures:

Number of animals in category E:

For Category E procedures: Provide a detailed scientific justification for withholding
analgesia, anesthesia, and tranquilization. N/A

5. ALTERNATIVES TO THE USE OF ANIMALS AND PAIN OR DISTRESS

PRODUCING PROCEDURES

Provide a written narrative description of the methods and sources that were used fo
determine that suitable alternatives to the use of animals and fto the pain or disfress
producing procedures described in the protocol are not available. Provide an explanation for
alternatives that were identified but deemed unsuitable. Literature searches must include a)
databases searched, b) the date of the search, c) the years covered by the search
(minimum 10 years), and d) the search strategy including keywords used. At least two
acceptable information sources must be used. The response must address the three R’s:
Replacement models, Refinements in technique, and Reduction in animal numbers.
Information sources that are commonly used include hitp.//www.pubmed.gov,
hitp://agricola.nal.usda.gov, http://www.nal.usda.qov/awic, and specifically for teaching
activities, http.//oslovet.veths.no.

Overall, we strongly believe that the proposed experimental protocol will not lead to pain and/or
distress of the animals.

Two literature searches (Pubmed.gov and Web of Science) were performed on Oct. 19, 2018 with
results spanning 1972-2018 (Pubmed) and 1991-2018 (Web of Science) using the keywords
“opioid”, “animal”, and “bone”. We have determined that the most common replacement models
for the New Zealand White rabbits are mice or rats. These are unsuitable for our study as neither
mice nor rats undergo spontaneous remodeling of bone and maintain primary osteons throughout
life. This study proposes to look at how bone remodeling is impacted over time by prolonged
opioid use. This cannot be done with animal models that do not spontaneously remodel bone.
Rabbits are the smallest common laboratory animal that have spontaneous bone remodeling similar
to humans. The suggested number of animals per experimental/control group (n=7) is below the
average of comparable studies which range between 10-15 animals per group and is in line with
previous similar studies (see 6.C). As the proposed experiment is aiming to examine the changes in
bone remodeling over time with prolonged use of opioids, living animals must be used in lieu of
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computer simulations or chip assays to examine the changes seen in the whole organism. Common
routes of animal dosing include injection via intraosseous (I0), intravenous (IV) intramuscular
(IM), subcutaneous (SC), or intrathecal and, alternatively, transdermal patch. Of these common
routes, transdermal patches have the potential to fall off the animal, skewing results if the animal
did not receive the full dose of opioid drug prior to the patch falling off. There is also more accurate
control of the dose of drug if an injectable form is used. Of the injectable methods, SC in the tent of
skin between the shoulder blades is the least invasive and minimally painful mode of administration
as determined by proof-of-principle experiments at the University of Saskatchewan.

Literature Search Strategy:

1. Database used: Pubmed.gov

Range covered: 1972-2018

Date of search: 10-19-18

Keywords: bone AND animal AND opioid

Reasoning for animal of choice: NZW rabbits are a well-established animal model for bone studies
since their bone turnover process is comparable to that of humans.

Mice and rats do not undergo spontaneous remodeling but are used to examine remodeling in a
post-fracture callus, a confounding variable, or bone cancer pain.

Example papers:
hitps:/www.nebinlm.nih. sovipubmed/23935193
httos://www.nchbinlmnih.cov/ipubmed/29680509

2. Database used: Web of Science

Range covered: 1991-2018

Date of search: 10-19-18

Keywords: bone AND animal AND opioid abuse

Reasoning for animal of choice: Animal numbers are already rather low. From the studies surveyed,
10-15 is average per experimental group.

Intrathecal injection is common, as is IO or IV injection, however, SC injection is done with a
smaller needle and causes less pain.

Example papers:

https//www.sclencedirect.comy/science/article/n1i/S030439590200102 1 #aen-section-1d23

Following our thorough evaluation of the available literature, we did not identify a less sentient
species who will provide the results we are expecting.

6. JUSTIFICATION FOR THE USE OF ANIMALS

6. A. Provide a rationale for involving animals.

Animal models provide essential platforms for experimental studies which investigate the factors affecting
the regulation of bone remodeling. Inter-species variation in cortical microarchitecture, however, can limit
the utility of particular models for specific questions. The cortical bone of larger vertebrates, including
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humans, is dominated by Haversian systems while smaller species, including mice and rats exhibit little to
no cortical remodeling and retain primary canals throughout their lives (Sietsema, 1995; Turner et al., 2001;
Jee & Yao, 2001; Pearce et al., 2007; Reinwald & Burr, 2008). Since the cortical bone of adult rodents
displays no ambient Haversian bone remodeling, mature rodents are best used as a model for cancellous
bone remodeling (54, 55). Thus, to study remodeling, larger animal models such as sheep, goats, rabbits,
dogs, or swine have been utilized (Sietsema, 1995; Turner et al., 2001, Pearce et al., 2007; Reinwald &
Burr, 2008). Rabbits are the smallest traditionally used laboratory animals with well-defined cortical
remodeling comparable to humans (Recker et al., 2011). As a result, rabbits have been used as a model
system for studying central canal size and the vascular network of cortical bone (Pazzaglia et al., 2007;
2009; 2010).

6. B. What is the basis for selecting the species that you have chosen?

New Zealand White rabbits will be used as these are the smallest laboratory animals to exhibit cortical
bone remodeling comparable to humans. Thus, these animals have been recommended by the American
Food and Drug Administration for bone-loss related studies (Thompson et al., 1995). Through
collaborative proof-of-principle micro-CT experiments, bone remodeling events were successfully
observed within the cortices of rabbit tibiae. Thus, transitioning to this larger animal model which
naturally exhibits cortical remodeling has been proven and will serve as a novel platform for studying
bone microstructural changes associated with prolonged opioid exposure.

6. C. Number of animals requested:
Provide a justification for the number of animals requested. Identify the species, genotypes,
strains, and/or stocks of animals. Include other descriptors as relevant (e.q., age or weight,
gender, timed pregnant). For research protocols, list the experimental and confrol groups and
indicate the number of animals in each. Include the statistical justification, or other basis, for
selecting the number requested. If a research protocol includes the use of animals solely for
fraining (i.e., the training does not occur as part of the experimental use of animals), then
include the expected number of animals to be used for training. Animals used for training can
be justified by documenting the expected number of persons to be frained and the number that
can be trained per animal.

Skeletally mature, 6-month old (3.7-3.9 kg), male New Zealand White rabbits will be divided into three
groups of 7 animals each: morphine, fentanyl, and control (saline vehicle). The group sizes that we chose
are based on the mean number of animals used in previous related studies focusing on trabecular or cortical
geometry/density (Castaneda et al., 2008; Baofeng et al., 2010; Castaneda et al., 2006; Wen, et al., 2015;
Liu et al., 2012). Male animals were selected to avoid the potential influence of female hormone cycles on
bone physiology.

6. D. Provide written assurance that the use of animals described in this protocol does
not unnecessarily duplicate previous experiments.

Current research offers an incomplete picture of the extent that advancing age explains the variability in
histological structures used in microscopic methods. Investigating the influences of extrinsic and
intrinsic life history variables such as biomechanical stressors, drug and alcohol use, disease, trauma,
diet and nutrition, and hormones (e.g. vitamin D, estrogen) provide avenues for future research as their
influences are not fully understood. Previous studies have shown that pathological conditions can affect
bone remodeling and therefore age estimations. Work by Karinen (2009), for example, revealed that
individuals who abuse methamphetamine were more likely to have their age underestimated when
evaluated using histological criteria. He found that known users were under aged an average of 11.57
years compared to nonusers. The recognition that low osteon counts are associated with substance
abuse has serious implications for anthropologists attempting to employ age at death analyses based on
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the products of bone remodeling. This project aims to fill a critical knowledge gap and address the
effects of substance abuse on bone turnover, with a specific focus on prolonged opioid use.

Individual remodeling events have never been followed over time, or directly observed in situ. To
address this limitation, we proposed this project to combine animal models of cortical bone remodeling
with ex vivo high-resolution phase contrast micro-computed tomography imaging. Initial experiments
focused on rats and are now transitioning to rabbits which have cortical microarchitecture which more
closely approximates that of humans.

Consortial protocol 0114.doc Version 01/14 18 106

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



&

For IACUC Use Only
Category: C

Special Considerations: USDA SPECIES Protocol #: 18-11-12 ARC

7. HOUSING AND HUSBANDRY

7. A. Indicate the approximate number of animals to be housed at one time and
approximate duration of housing.

21 animals housed for 10 weeks. The rabbits will be quarantined for up to two weeks, and habituated to the
testing conditions following their arrival at the UARV. After the acclimation period, the opioid groups
(morphine and fentanyl) will each be dosed by subcutaneous injection every other day for 8 weeks.

7. B. If rodents are to be housed, is there a preference as to the type of caging (i.e.,

plastic, wire-bottom, microisolator or other) OR the number of animals per cage?

If yes, please specify. Note that the use of wire-bottom cages or single housing of animals

YES:

requires a justification.

7. C. Will a light cycle other than the standard 12 hours light/12 hours dark be necessary

for any of the animals on this protocol? YES:

If yes, please specify the light cycle(s) and indicate the group(s) of animals that will require it.

7. D. Will the animals on this protocol have any special temperature or humidity

requirements?

If yes, please describe.

YES: X NO:

others.

Low humidity is preferred since rabbits are temperature sensitive. The UARV Manager decided on
UARYV Room 212 to house the animals as it typically has more stable temperature/humidity levels than

7. E. Will the animals on this protocol require a special diet or special water?

If yes, please identify the product, the number of animals receiving it, and who will prepare

YES:

and administer it.

7. F. Will the animals on this protocol require any other special housing, care,
environmental conditions, or other considerations? YES:
If yes, please describe.

The opioids administered to the experimental rabbits may have GI tract stasis as a side effect. Therefore,
rabbits may be given a variety of high-fiber nutritional supplements such as High-fiber rabbit chow as their
normal feed, grass hays and cubes, fruits and vegetables, etc. to stimulate GI mobility.
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7. G. Will it be necessary to house animals after they have received any
hazardous materials (refer to Part 3.G.)? YES: NO: X
If yes, please identify the material, the number of animals, and the duration of housing.
Describe how the housing cages and room will be identified to alert personnel that a hazard is
resent.
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8. PROTOCOL APPROVAL
Click “Choose Institution” to select the institution to which the protocol will be submitted.

Protocol approval is indicated by the signatures of the institution-specific individuals identified
below. The individuals signing confirm that they have reviewed the protocol and find it to be in
compliance with applicable animal care and use regulations and institutional policies.

University of Akron

Approval Signatures:

Date
Facility Director

Date
Department Chair/Research Director

Date

IACUC Member

%j/ﬁ Date (R ~[F (¥

Attending Veterinarian

o e

//% - -
et e Date = 7
IACUC Chairperson
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INVESTIGATORASSURANCE ./ commented [IACUCSS}: s batow far the

By signing below liwe agree to:

A. Employ procedures that will avoid or minimize discomfort, distress, and pain to animals,
consistent with sound research design.

B. Comply with the protocol as approved by the Institutional Animal Care and Use

ncmz! irvstigator and up to ¢

4
10 the ITACUC w"rfim ator hefore t
an b granted,

A\J,‘;nmm [

SR IE M subrizad

“UC approval of the protocn]

Committee (IACUC) and to obtain the consent of the IACUC before implementing any changss
fo the protocol.

C. Comply with the policies of the IACUC of the institution at which this work is condusted,
the National Research Council Guide for the Care and Use of Laboratory Animals, the Public
Heaith Service Policy on Humane Care and Use of Laboratory Animals, the regulations of the
Animal Welfare Act and other applicable federal, state and local regulations governing the use of
animals in research, teaching. and testing.

D. Maintain adequate records of all animal experimentation procedures.

E. The provision of emergency veterinary care including euthanasia by the attending
veterinarian or hisfher designee for animals showing evidence of unbearable pain, distress, or-
iliness with the understanding that an effort will be made to contact me or my designes prior to
the initiation of any treatment.

Principal Investigator:

Name: Janna M. Andronowski f{)epanmen{f Biology -{ Commented [IACUCSS

¢ Fornoa-departoweaial effitiatons,
{ fdentily the name of the organizatian.

Email address: i Telephone number: 3309725419

Signature _t, Date: Qer. 101K

Co-investigator:

Name: Depattment:, -~} Commented [IACUCE7]: For vos-deparimeotal mmmm.
{ ident Ty e narse of the [asietie izatien.

Email address: Telephone number:

Signature Date:

Co-lnvestigator:

Name: Depariment; et Commented [TACUCSST: For non-depanmental affifinsions,
e ‘ ’ § idenyity e name wiithe erganization

Email address: Telephone number:

Signature Date:
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PARTICIPANT QUALIFICATIONS
Complete this form for the principal investigator, each co-investigator. and each of the individuals
who may participate in the animal work described in the protocol. By signing below the participant
acknowledges that he/she has read ihe prolocol and agrees to comply with if,

NAME; Janna M, Andronowski, Ph.D.
TITLE:

ostigator

List the participant's responsibilities on the protocol,

E Cammente(i [IACUC6Q0Y: Tor example, Prinvipal

Dr. Andronowski’s role will span the full project. She will bring her related experience — bath in research
and imaging — to the team and nterface chosely with Davis, S»hullxr and the proposed Post-doctoral
Fellow 1o execute the 1¢ ch protocol. Dr. Andronowski will direct the team and assist with rabbit care,
handling, monitoring, and administering injections.

" commented ¢ IACUCEL]: For exampl,

Describe the participant's experience and/or qualifications refevani to the responsibifities on the

protocol. If the participant has no relevant experiencs then check here [| and identify below
who will be responsible for training.

EXPER!ENCE{’QUAL FICATIONS:

Commented [TACUCSY: A complzied and
form tor each peoon bisted of warking on the projoce
sibmitted to e LACU dinator before IATUC apps
prowcol can be gravted . $ix copies af this page are umiuda
“Reguestio Use Animals” fo E

on the praject, then sdda
Jocument ideatified with e

ser, Graduaie Student, Technical SidY, orother vmuo»
P

Taslnvies;
ftle or

rinat N

osia, beliaviord

waing, OS-DpRLaty

Commented {XACUCBZ} The
speciic 1 thie nosivities thy
tation of nreredi

i S oyastetiony g 2
Ath the procedurss andior pumber ﬁ# prog e,».iur":

rieneedplifications mustbe
orm {e.8., surgicat

Dr. Andronewski completed online courses in biosafery training and ethical care, and received animal
hundling for New Zealand White Rabbits and anacsthesia training at the University of Saskatchewan in
2047, Dr. Andronowski will receive the training specific to the University of Akron (both online and
animal handling at NEOMED) prior to the beginning of this study. as per the recommendations of Dr.
Dannemilier. NEOMED-specific training with Dr. Dannemiller will include rabbit handiing, subQ amd IV
injections. and restraint.

Cummenfed [TACUCE3):

DESCRIPTION OF FORMAL ANIMAL CARE AND USE TRAINING:

TITLE CR DESCRIPTION OF TRAINING LOCATION DATE OF
TRAINING
University of Saskatchewan UACC Animal Ethics course | University of | March 2017
Saskatchewan,  SK.
Canada
University of Saskatchewan UACC Practical Skills: | University of | April 2017
Rodent Handling Saskatchewan,  SK.
Canada
University of Saskarchewan UACC Practical Skills: | University of | April 2017
Euthanasia {Mammal) Saskat }mmm SK.
Canada

; B, \ ‘
%g\i\i M 4 Jec . (/8

p ‘éﬁ‘ﬁim SIGNATURE DATE
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PARTICIPANT QUALIFICATIONS]

Compilete this form for the principal investigator, each co-investigator, and each of the individuals

who may participate in the animal work described in the protocol. By signing befow the pariicipant
acknowledges that he/she has read the protocol and agrees fo comply with it.

NAME: Reed Davis
IMTLE;_Graduate Research Assistant, Ph.D. Student

List the participant's responsibilities on the protocol.

Dosing of rabbits with morphine, fentanyl, and/or saline, calcein, as well as the euthanasia solution.
Dissection of rabbits to procure femora and tibiae for micro-C'T and confocal imaging.
Data collection and analysis.

N "[Commented [TACUCSE7]: For example, anesthesia, behavieral

Describe the participant's experience and/or qualifications relevant to the responsibilities on the ..

protocol. If the participant has no relevant experience then check here ] and identify below
who wiill be responsible for fraining.
EXPERIENCE/QUALIFICATIONS:

Master's thesis inclading animal handling and feeding, anasethesia, surgery to crush the optic nerve,
euthanasia, and subsequent removal of brains (2 yrs.)

Training for rabbit handling will be completed at NEOMED as well as the CITI training . NEOMED-
specific training with Dr. Dannemilier will include rabbit handling. subQ and 1V injections, and restraint.

Previous work in the UA vivarium using zebrafish under Dr. Qin Lin (ACUC # 15-07-08-LFD) formy [,

DESCRIPTION OF FORMAL ANIMAL CARE AND USE [TRAINING:

LA

TITLE OR DESCRIPTION OF TRAINING LOCATION DATE OF
TRAINING
CITI Program: Investigators, StafT, and Students Online (U Akron) 872472016
CITI Program: Working with Zebrafish (Danio rerio) in | Online (U Akron) 8/24/2016
Research Settings
NEOMED-specific rabbit training NEOMED TBD
~
12-10-(%

PARTICIPANT SIGNATURE DATE
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” (Commented [IACUCE5): A completed and signed copy ofﬂus
forni for each person listed or working on the protocol must be
submitted io the JACUC coordinator before IACUC approval of the
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document identified with the fit “Patticipant qualifications 2,

.

protocol can bé gm.nud “Six copies of this pape are included in this
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testing, breeding, cuthanasia, post-operative care, surgery.

0

i

4 Commented [YACUCES]: The experience/gualifications must be
specific to the activities that the individual will perform (z.5., surgical
implantation of microdialysis prabes, rat anesthesia, mouse

hanasia, rat ovan ). A refe to the number of years of
expersience with the procedures and’or numberorpruccdurcs
performied of the person who provided the training can beused  For
those individuals who do nothave the necessary training or
experience, it is acceptable to indicate that they will be trined by the
experienced siaff listed on the project, by the atiending velerinarian,
or by members of the animal facility saff who are experiericed in the
procedure. For teaching activities, only the training and experence
of the instructors must be provided. Itis not necessary to describe it

.\ for e students o 1rainee pasticipants in the course.

(Commented [TACUCE9]: * The experience/qualifications should
be specific to the activities that the individual will perform {e.g.,
surgical implantation of microdialysis prabes, rit anesthesia, mouse
euthanasia, rt ovarieclory). A reference to the number of years of
experience with and’or nigmber of “procedures performed or the
person who provided the lrnmmg!s helpful For thase individuals
who do not have the necessary trgining orcapcncnce ‘it is aceepiable
to indicate thiat they will be irained by the experienced sfaff listed on
the project, by the atiending velerinarian, or by members of the
animal facility staff who are c‘(pencnccd inthe pmccdure Tor
teaching activities, only the training and cxpc:n.ngebﬁh-. instructors
must be provided. Itis notnecessary fo dcscnbe n for 1he sludcnls or
trainee pnmmpams i !hc course. R

7 W

presentations atiended relevant 1o the use of animals in n:s;:m:h,
teaching, or tesiing. ‘Include the date and Icc:mon If the partcipant
has had none, eater “None™, ‘For those vho haye more than tree
entries, enter anlv the thrée most fecent or relevant attivities AND
include any that are rcquucd by the irstitution. Requirements for
formal training vary adross the conseriitm. Contact the IACUC
Coordinator at the insiiution ta which the protocol ml] be submmed
L“ﬂh quéstions conccmlng specific reqummcnts '
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PARTICIPANT QUALIFICATIONS

Complete this form for the principal investigator, each co-investigator, and each of the individuals
who may participate in the animal work described in the profocol. By signing below the pariicipant
acknowledges that he/she has read the protocol and agrees fo comply with it,

Commented [TACUCTIY A comploted and signed copy of this
form for each persen Histed or working on e protico! magt ba

submitteit to e IACUT coordingior befo U approval of the
an e pramied. Six coples of o intluded & fhis

BT

NAME: Adam Schuller

TITLE: Undergraduate Research A

List the participant’s responsibilities on the protocol,

estraint of rabbits and delivery of euthanizing

To aid with care and husbandry management of the rabbits prior v and while re
dmmhimmn Facilitate dosing via SubQ injection oi"z.xpmmuml agent or vehicle

eiving fest article
mtmi Assist with
gent at end of dosing period. in compliance with all

guxdn nes regarding humane care and use of “animals as applied in this ex perimental protocol.

4 Cammented [IACUCT3): Foraxampza aney

Describe the participant’s experience and/or qualifications relevant o the responsibiliies on the
protocol. If the participant has no refevant experience ther check here [] and identify below

who will be responsible for training.
EXPERIENCEQUALIFICATIONS:

clinical safety

Will undergoe facility protocol training and CIT

and restraint,

Three vears of formal comparative medicine research including the use of mice, rais. paked mole rats,
rabbits, and degs. He has undergone CIT! training and has 6 additioanal months experience at a GLP pre-
ssment sight. The participant additienally has raised rabbiis for 10 vears commercially
and has extensive experience handling them as demonstrated by a rabbit judging licensure.

1 Renewal {n conjunction with the CMU at NEGMED.

{EOMED-specific raining with Dr. Dannensilier will include rabbit handling, subQ and 1V injections,

R:x}um s Uise ,Mkn" < o - I more than fowr PEESON: {work
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Nor theast OhIO Appendix II: NEOMED Training Confirmation

MEDICAL UNIVERSITY

Form # CMU.001.00
Effective Date: 09/30/11

MEETING ATTENDANCE LIST

Date of Meeting:

03/11/19

Duration:

1.00 Hours

Title/Subject:

Rabbit Training

NEOMED-CMU (for

Trainer (Print Name): Dr. Stanley Dannemiller | Organization: The University of
Akron)
Description of Training: «  Hundiitig and Restraint
 Injection Sites and Performing Injections
List of Attendees
List names of all persons attending meeting.
Cross out all unused lines.

Print Name Institution . Signature/Date
e DAvs Arow ) ‘Kol b~ Y[
ﬁd\)&‘(\ﬂ Schullr Rkron U oA~ S~ 3/ N1/ 19

b (Ao TUWO Heien U Ky 0SS IS

MY gut) LaMatca Awen_ v L, /N /9
Jaand Bndvo ws Wion YA WAL 317/

Maw Coe Alcign W’{n’/ m‘i(; <= 2/i/iq

e

T

Management Signature/Date:

% borinelle, Z-)-)F .
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Appendix II1: Covance Rabbit Order Receipt

Invoice: 1080076475
COVANCE > [NVOICE  ceoue:
Payment Terms: NET 30
SOLUTIONS MADE REAL
Due Date: May/18/2019
Covance Research Products Inc. Page: 1 of 1
310 Swamp Bridge Road Billing Currency: usD
Denver PA 17517
Tax ID: 23-1886521
Order Number: RB00018057
Ship Date: Apr/12/2019
Bill To: 1007320 Ship To: 1007320
UNIVERSITY OF AKRON UNIVERSITY OF AKRON
ATTN: CHARLOTTE LABELLE CONTACT: CHARLOTTE LABELLE
302 BUCHTEL COMMON 235 CARROLL ST
AKRON OH 44325-6214 AKRON OH 44325
UNITED STATES UNITED STATES
Shipping Information: CRP TRUCK
Customer PO: CREDIT CARD
Billing Contact Name: Jill Garant
Original Invoice Billing Inquiry Phone: 608-310-2957
Line Quantity Unit Amt Gross Amount Net Amount
1 21.00 267.67 5,621.07 5,621.07
NZ-5060MM 5.0-6.0 mos-Male-NZW
21 Male NZW Rabbits DOB Lot 10/20/18 tattoos provided by client write DOB on container and provide a neat D DOB and WT list with shipment
2 21.00 0.00 0.00 0.00
GEL Gelled Water
3 21.00 11.51 241.71 241.71
TATTOO-RB Tattoo-Rabbit
4 21.00 18.76 393.96 393.96
BOX-RABBIT-SPACE Rabbit Shipping Space
5 1.00 529.36 529.36 529.36
OoDS Shipping Charge-Truck
Total Pretax Amount: 6,786.10

Amount Due:

__ 678610 USD

Invoice Notes

Morning Delivery -Deliver 4/16/19, Beth Kenaga 330-972-5845, Quote 00063365-2, PO 181112, CREDIT CARD Ending (0480)

Order Entered By:

Gitke,Scott John

Please remit with invoice number to:

Primary Remittance Address:

Covance Research Products Inc.

PO Box 2485
Burlington, NC 27216

Wire Account Details:
Wells Fargo Bank N.A.
ABA. No. 121000248
Acct. No. 4244842209

Courier Address:
LabCorp - Covance
Lockbox Operations
1225 Jay Lane

Graham, NC 27253

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Appendix IV: Revised Project Timeline and Expected Milestones
Longitudinal Effects of Prolonged Opioid Use on Cortical Bone Remodeling in a Rabbit Model

2018-DU-BX-0188 Final Technical Report
October 2021

This resource was prepared by the author(s) using Federal funds provided by the U S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.

Plan Ongoin Milestone [l Completed [l Mandatory  Planned Start Planned GUARIER = Monia
going 3 Shutdown Duration Start Date (01/2019)
(mmlyy) (# quarters) Year 1 Year 2 Year 3
1234|567 ]899 ][10][11]12

Activity 1: Ethics application for IACUC, animal handling training, animal ordering and acclimation

11 Prepare ethics application for the University of Akron IACUC; await 01/19 1

; approval
Order project supplies, develop database, refine data collection
1.2 02/19 1
protocols
13 Animal ethics and handling training at UARV for all project members 02/19 1
Order and shipping of New Zealand White Rabbits from Charles
14 . . 03/19 1
River Laboratories
Rabbit acclimation period at University of Akron Vivarium (UARV);
1.5 . - 04/19 1
animals prepared for Activity 2

Activity 2: Animal dosing

21 Rabbits will be dosed every other day with either saline (control), 05/19 1

’ morphine, or fentanyl at a level of 1.5/mg/kg/day
Calcein, a fluorochrome labeler, will be administered to all animals
2.2 - ; 05/19 1
after two, four, six, and eight weeks

23 Submit semi-annual report to DOJ 06/19 1

24 Euthanasia of animals by intravenous injection of Euthanyl 07/19 1
Activity 3: Micro-CT imaging and histomorphometry

Dissection of rabbit femora and fixation for imaging and
3.1 . 08/19 1
histomorphometry
Micro-CT imaging will be executed and completed at the University of
3.2 : : 09/19 3
Akron National Polymer Innovation Center
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3.3 Submit semi-annual report to DOJ 12/19 1
Bone thin-sections will be prepared for dynamic histomorphometry in
34 5 06/20 1
Dr. Andronowski’s laboratory
Activity 4: Data analysis
4.1 Reconstructing and processing micro-CT datasets 02/20 2
42 Imaging of prepared thin-sections 07/20 2
43 Analysis of histomorphometric variables from prepared thin-sections 01/21 2
44 Statistical analysis of data 05/21 2
45 Submit semi-annual report to DOJ 07/20 1
Activity 5: Manuscript preparation and knowledge dissemination
5.1 |Preparation of manuscript(s) for submission to peer-reviewed journals 07/20 5
5.2 Presentation of results at national and international conferences 07/21 1
5.3 Submit data to the NACJD 08/21 1
Activity 6: Project Management
6.1 Project Management (Andronowski) 01/19 1

2018-DU-BX-0188 Final Technical Report
October 2021
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Appendix V: VVC for Rabbit Housing

THE UNIVERSITY OF AKRON

MEMORANDUM
TO: Janna Andronowski
CC: IACUC@uakron.edu

FROM: Beth Kenaga, IACUC Administrator
DATE: February 7, 2019

SUBJECT: APPROVAL NOTICE FOR MR - Change rabbit housing
Protocol: 18-11-12 ARC
Titled: Longitudinal effects of prolonged opioid use on cortical bone remodeling
in a rabbit model

Your significant modification to the above protocol was reviewed and approved by The
University of Akron’s Institutional Animal Care and Use Committee (IACUC) designated
member review process on February 5, 2019.

A copy of this form will be filed with your protocol in the Research Office. If you have any
questions, please contact Beth Kenaga, IACAUC Administrator, at 330-972-5845 or via email at
bkenagaiwuakron.edu.

Beth Kenaga
£t of u»&«}i
TACUC Administrator

The University of Akron operates under the Public Health Service (PHS) Assurance number A3870-01.
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For IACUC Use Only
Category: C Special Considerations: Change housing Protocol Number: 18-11-12 ARC

MODIFICATION - REQUEST TO USE ANIMALS

Protocol Number: 18-11-12 ARC

Protocol Title: Longitudinal Effects of Prolonged Opioid Use on Cortical Bone Remodeling in a Rabbit
Model

1. ADDITIONAL ANIMALS N/A:
Indicate the number of additional animals that will be needed & provide a justification for the
request. If no new animals are requested, then mark N/A and move to Section 2.

2. PROCEDURAL ADDITIONS or MODIFICATIONS N/A:
Describe any proposed procedural changes or additions involving living animals & include a
justification for the change. If none are proposed, then mark N/A and move to Section 3.

Rabbit Housing:

The rabbits will be individually housed in rabbit batteries (with 5 fi* floor space by 16” height cages)
alongside one another which will allow them to visualize other rabbits, while keeping the animals
lodged separately to prevent potential aggressive encounters. The rabbits will further be habituated to
the testing conditions for two weeks following their arrival at the University of Akron Research
Vivarium (UARV).

Exercise in floor-pens will be encouraged daily for all animals. This will allow for normal postural
changes (sitting on hind legs, stretching, running), and provide additional socialization for the rabbits.
Enrichment items in the pen will include food, novel objects to gnaw, toss, nudge, and carry (huts,
dumbbells, Pex pipe, jingle balls, flexi-keys, etc.). Rabbits will be tattooed and cage cards will be
transferred with the animal for identification purposes. When bedding is used it will be changed out
after all rabbits are returned to their home cages.

2.A. Describe the training/experience of each protocol participant as it relates to the new
procedure(s) listed above,

All research team members will be trained in proper rabbit handling/transportation techniques to safely
remove/return rabbits from their cages, and transport them to and from the exercise pens.

To remove/return the rabbits to the cage, the scruff of the neck will be firmly grasped with one hand,
while the hindquarters are supported with the other hand.

To transport the rabbits, the scruff of the neck will be firmly grasped with one hand, while placing the
head under the arm/elbow (ensuring that breathing is not impeded). The rabbit’s hindquarters will be
supported with the other hand.
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For IACUC Use Only
Category: C Special Considerations: Change housing Protocol Number: 18-11-12 ARC

2. B. Postprocedural care and monitoring:

If the Modification Request includes any procedural additions or modifications, then complete
the following.

1) Describe the post-procedural care and monitoring for both surgical (after recovery from
anesthesia) and nonsurgical procedures. ldentify the parameters being monitored and the
frequency and duration of monitoring for each study related procedure. Include how
records of the care will be maintained and their location.

Time and frequency in the exercise pen will not interfere with the proposed protocol procedures and
will be encouraged daily.

Animals will be monitored once daily (including weekends/holidays) by the PI and designated project
staff. The rabbits will be housed individually and receive enrichment toys in UARVSs suite 212 with
continuous radio play during daylight hours to provide environmental stimulation. During daily
acclimatization visits and injection schedules, each rabbit will receive positive reinforcement through
food items such as high fiber rabbit chow and additional food (greens, carrots, shredded wheat, raisins,
alfalfa, etc.). The research team will create and post a behavioral sheet in the rabbit room to track
observed behaviors during both the acclimation and experimental periods. Each animal will have their
own behavioral/observation sheet to note information during surveillance checks.

N
~—

Identify by title who will conduct the care and monitoring.

Principal Investigator, Graduate student, Undergraduate student, Post-doctoral Fellow.

3) List any analgesics or other medically related pharmaceutical agents that animals may
receive. Include a) dose, b) route of administration ¢) frequency of administration, and d)
duration of therapy.

The opioid groups (morphine and fentanyl) and controls will each be dosed by subcutaneous injection
every other day for 8 weeks. The morphine hydrochloride group will receive a dose of 3 mg/kg/day,
and the fentanyl group will receive 0.5 mcg/kg/day. The control group will be administered saline at a
dose of 3 mg/kg/day. The proposed opioid dosing levels are consistent with clinical recommendations
for analgesia in rabbits and were finalized with the former UARV Attending Veterinarian.

4) List the criteria that will be used to determine that relief from pain or distress is needed and
how the adequacy of that relief will be assessed. N/A

5) List the humane endpoints that will be used to euthanize an animal or otherwise remove an
animal from a study.

Weight loss (of 20% or more) due to opioid injections, changes in fecal production, which can be
lethal, especially if it decreases or stops completely as this is an indication of gastrointestinal stasis. If
this was to occur, the animal would be placed on a hand fed diet and/or given GI motility enhancing
drugs based on the recommendation of the Attending Veterinarian until the stasis cleared. Other signs
of distress in any animal such as hair loss, lethargy, hyperactivity, excessive or there-lack of grooming
would be closely monitored in accordance with the UARV Manager and Attending Veterinarian.

2.C. According to the NIH Grants and Policy Statement, Part Il, section 8.1.2.5., NIH grantees
must obtain prior approval from the NIH awarding Institute or Center for animal use protocol

(S
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For IACUC Use Only
Category: C Special Considerations: Change housing Protocol Number: 18-11-12 ARC

modifications that result in a change in scope of a funded project. Potential indicators of a
change in scope can be viewed at:
http://grants.nih.gov/grants/policy/nihgps 2010/nihgps _ch8.htm

Will the new procedure(s) described above change the scope of the funded
project? YES: NO:
If YES, please contact your Office of Research and Sponsored Programs.

2.D. Chemical/compound administration to live animals N/A
If the Modification Request involves the administration of any chemicals to animals that were
not described in the original protocol, then complete the following.

Are all of the chemicals (e.g., test compounds, receptor agonists/antagonists, labeling
compounds, anesthetics, analgesics, euthanasia agents, etc.) administered to live animals
commercially available pharmaceutical preparations intended for animal or human use?

Yes: No:

If not, then complete the following for each product.

Identify the chemical/compound and describe how it is prepared and stored to assure
appropriate purity, sterility and suitability for administration to animals. Indicate the shelf life of
the prepared product.

Are all of the chemicals/compounds listed above pharmaceutical grade?Yes: No:
If not, then list them and provide a justification for not using a pharmaceutical grade
preparation.

3. New or revised pain/distress classification N/A:
For any protocol modification that includes a new or revised pain/distress producing
procedure, place an “X” in front of the appropriate category(ies) and identify the
procedure(s). Otherwise mark N/A and move fo Section 3.

[] - Category C - Procedures that involve no more than momentary or slight pain or
distress.
List procedures:

Number of animals in category C:

[] - Category D - Procedures that may cause more than momentary or slight pain or

distress for which appropriate analgesia, anesthesia or tranquilization is provided.
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For IACUC Use Only
Category: C Special Considerations: Change housing Protocol Number: 18-11-12 ARC

List procedures:

Number of animals in category D:

[] - Category E - Procedures that may cause pain or distress which are not relieved by
analgesia, anesthesia, or tranquilization.
List procedures:

Number of animals in cateqgory E:

For Category E procedures: Provide a detailed scientific justification for withholding
analgesia, anesthesia, and tranquilization.

4. ALTERNATIVES TO THE USE OF ANIMALS AND PAIN OR DISTRESS PRODUCING
PROCEDURES N/A

Provide a written narrative description of the methods and sources that were used to
determine that suitable alternatives to the use of animals and to the pain or distress
producing procedures described in the protocol are not available. Provide an explanation for
alternatives that were identified but deemed unsuitable. Literature searches must include a)
databases searched, b) the date of the search, c¢) the years covered by the search
(minimum 10 years), and d) the search strategy including keywords used. At least two
acceptable information sources must be used. The response must address the three R’s:
Replacement models, Refinements in technique, and Reduction in animal numbers.
Information sources that are commonly used include hitp//www.pubmed.gov,
hitp://agricola.nal.usda.qov, http//www.nal.usda.gov/awic, and specifically for teaching
activities, hitp.//oslovet.veths.no.

5. OTHER CHANGES N/A:

Describe any other proposed changes to the protocol & include a justification for the
change.
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Category: C Special Considerations: Change housing Protocol Number: 18-11-12 ARC
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For IACUC Use Only
Category: C Special Considerations: Change housing Protocol Number: 18-11-12 ARC

4. MODIFICATION APPROVAL
Select the institution to which the Modification Request will be submitted from the drop down
menu below.

Approval of the protocol modification is indicated by the signatures of the institution-specific
individuals identified below. The individuals signing confirm that they have reviewed the
madification and find it to be in compliance with applicable animal care and use regulations and
institutional policies.

University of Akron

Approval Signatures:

Date

Facility Director

Date

IACUC Member

Mm&,ufﬁ Date 2/H=/T

Attending Veterinarian

_//— - '
%W’ Date %"//7

IACUC Chairperson
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For IACUC Use Only
Category: C Special Considerations: Change housing Protocol Number: 18-11-12 ARC

INVESTIGATOR SIGNATURE

| request the above described modifications to my previously approved “Request to Use
Animals”. | acknowledge that all assurances listed in the original “Request to Use Animals”
remain in effect.

Principal Investigator:

Name: Janna M. Andronowski

Signature ____ JARIronowski Date: _ 01/23/19__

OR

Co-Investigator:

Name:

Signature Date:
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Appendix VI: VVC for Transdermal Patches

THE UNIVERSITY OF AKRON

MEMORANDUM
TO: Janna Andronowski
CC: IACUC@uakron.edu

FROM: Beth Kenaga, IACUC Administrator
DATE: April 7, 2019

SUBJECT: APPROVAL NOTICE OF VVC MODIFICATION — ADD Fentanyl Patches
Protocol: 18-11-12 ARC
Titled: Longitudinal effect of prolonged opioid use on cortical bone remodeling
in a ribbit model

Y our modification to the above protocol was reviewed and approved by The University of
Akron’s Institutional Animal Care and Use Committee (IACUC) VVC review process on April
5,2019.

A copy of this form will be filed with your protocol in the Research Office. If you have any
questions, please contact Beth Kenaga, IACAUC Administrator, at 330-972-5845 or via email at
bkenaga@uakron.edu.

Beth Kenaga
£th =« {u~7\1
IACUC Administrator

The University of Akron operates under the Public Health Service (PHS) Assurance number A3870-01.
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For IACUC Use Only
Category: C Special Considerations: Fentanyl Patches Protocol Number: 18-11-12 ARC

VVC MODIFICATION - REQUEST TO USE ANIMALS

Date of Veterinary Consultation: 4/5/2019

Protocol Number: #18-11-12 ARC

Protocol Title: Longitudinal Effects of Prolonged Opioid Use on Cortical Bone Remodeling in a Rabbit

Model

1. CHANGES IN DURATION, FREQUENCY, TYPE, OR NUMBER OF PROCEDURES

PERFORMED ON AN ANIMAL N/A:

Describe any proposed procedural changes or additions involving living animals & include a

justification for the change. If none are proposed, then mark N/A and move to next section.

1A. Describe the training/experience of each protocol participant as it relates to the new

procedure(s) listed above. N/A

2. CHANGES IN ANESTHESIA, ANALGESIA, SEDATION OR EXPERIMENTAL

SUBSTANCES N/A:

Describe any proposed procedural changes or additions involving living animals & include a

justification for the change. If none are proposed, then mark N/A and move to next section.

The proposed change will affect the method of delivery of the experimental pharmacologic agents
(morphine and fentanyl). According to literature published by Foley et al. (2001) and Jain et al. (2018)
there is demonstrable evidence that transdermal patch delivery of fentanyl resulted in a detectable
change in bone metrics, which we are seeking to measure. We have proposed this modification to
eliminate the lack of consensus in recommended fentanyl dosing from various professional consultants,
and to reduce risk of accidental exposure during administration of the narcotics. Further, this change
will address the concerns of the IACUC regarding injections being handled by trainees (undergraduate
and graduate students) for the more dangerous of the two pharmacologic agents while the Principal
Investigator is attending conferences, or if she should be sick, or otherwise unable to attend dosing
periodically throughout the duration of the study.

The transdermal patch administration will also reduce the need to dose the animals every other day and
will instead act as a slow-release delivery agent and allow for the discarding of the patches and novel
administration every third day.
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For IACUC Use Only
Category: C Special Considerations: Fentanyl Patches Protocol Number: 18-11-12 ARC

Hair will be removed via clipping prior to the application of the transdermal patches. The rabbits will
be contained in a European style rat housing tub with a pad on the flooring to prevent the rabbits from
slipping. This will prevent injury to rabbit or experimenter while performing the clipping, which will
take place against the way the fur normally lays. A 25-ug/h slow release fentanyl patch will be placed
over the intrascapular region. on the animals in the experimental groups. This size patch and specific
dosage was chosen based on data obtained by Foley et al. (2001) and Jain et al. (2018). The patches
will be adhered via adhesives associated with the patch manufacturing. Patches will further be secured
by medical-grade adhesive tape (Tegaderm) around the patch edges. A placebo patch will be placed on
the control animals with an adhesive and medical-grade tape comparable to the patches applied to the
experimental animals. All animals will be checked daily for any skin irritation associated with hair
clipping/patch and tape adhesives. The research team will also ensure the patches are adhering to the
animals daily. If a patch is coming loose, new medical-grade tape will be applied to secure any loose
edges. In the event that there is a patch discovered to have come completely loose from one of the
rabbits, UARYV staff should alert Dr. Andronowski or someone listed as a point of contact for the study
from her lab group so that the deviation from the protocol can be logged and a new patch can be
administered. If the patch is within a distance which may be reached by the rabbit, such as on the cage
floor, the UARV staff may remove this from the cage wearing gloves and place in a location away
from the rabbits where this event can be documented by the research team who will dispose of the
patch accordingly.

No fewer than two researchers will be present when dosing the rabbits in order to prevent any risk of
misuse of the narcotics. In the unlikely event that only one researcher is available at a dosing time due
to illness or unforseen circumstance, they must be supervised by either the PI or Post-doctoral Fellow
when dosing the animals. There will be a log book associated with each drug and doses/wastes (e.g.,
folding of a patch) will be recorded as a form of inventory control. These log sheets will be routinely
inspected by the PI and/or UARV supervisor.

The researchers will wear cotton lab coats (to provide an extra layer of protection from scratches),
disposable plastic gowns, and cut-proof gloves when handling the rabbits as well as wearing
examination gloves while applying/disposing of the patches.

Patches will be disposed of in an approved biohazard container immediately after dosing or if there is
premature loss of adhesive property during the dosing period.

The secondary proposed change will be the return of the original route of administration for the
morphine treatment. After extensive review of the literature and exhaustive search of pharmaceutical
ordering companies, there does not appear to be a commercially available slow-release patch for the
delivery of morphine. The return to this dosing method would mean dosing by subcutaneous injection
in the tent of the skin located between the shoulder blades every other day for 8 weeks. The morphine
sulfate group will receive a dose of 3mg/kg/day and the control group will experience a saline dose of
3mg/kg/day. The morphine agent will be pharmaceutical grade.

Two individuals from the lab team will be tasked with dosing by injection every second day using safe
manual restraint and a laboratory table which will provide support. Those individuals handling the
pharmacologic agent will wear cut-resistant gloves during injections as a secondary safety precaution.
The proposed dosing level is consistent with clinical recommendations and this was finalized with the
former UARYV veterinarian, Dr. Walter Horne.
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Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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For IACUC Use Only
Category: C

Special Considerations: Fentanyl Patches Protocol Number: 18-11-12 ARC

3. CHANGES IN METHODS OF EUTHANASIA N/A:

Describe any proposed procedural changes or additions involving living animals & include a
justification for the change. If none are proposed, then mark N/A and move to next section.

To clarify the protocol, the secondary means of confirmation of successful euthanasia event shall be
with the use of bilateral thoracotomy. This will be performed after the test for remaining consciousness
with toe/tail pinches to observe any flinch reflex reaction as well as after the primary means of
euthanasia (administration of Fatal-Plus or equivalent) has been successfully completed as described in
the original protocol.

4. CHEMICAL/COMPOUND ADMINISTRATION TO LIVE ANIMALS

If the Modification Request involves the administration of any chemicals to animals that were
not described in the original protocol, then complete the following.

Are all of the chemicals (e.g., test compounds, receptor agonists/antagonists, labeling
compounds, anesthetics, analgesics, euthanasia agents, etc.) administered to live animals
commercially available pharmaceutical preparations intended for animal or human use?

Yes: No:

If not, then complete the following for each product.

Identify the chemical/compound and describe how it is prepared and stored to assure
appropriate purity, sterility and suitability for administration to animals. Indicate the shelf life of
the prepared product.

N/A

Are all of the chemicals/compounds listed above pharmaceutical grade?Yes: No:

If not, then list them and provide a justification for not using a pharmaceutical grade
preparation.

N/A

5. VVC MODIFICATION APPROVAL

Approval of the protocol modification is indicated by the signature of the institution-specific
individual identified below. The individual signing confirms that he/she has reviewed the
modification and finds it to be in compliance with applicable animal care and use regulations
and institutional policies.

Approval Signature:

*See Attachment Date 4/5/2019

Attending Veterinarian

Modification request 0114.doc
This resource was prepared by the author(s) using Federal funds provided by the U.S.

version.01/14 3 129

Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.



For IACUC Use Only
Category: C Special Considerations: Fentanyl Patches Protocol Number: 18-11-12 ARC

INVESTIGATOR SIGNATURE

I request the above described modifications to my previously approved “Request to Use
Animals”. | acknowledge that all assurances listed in the original “Request to Use Animals”
remain in effect.

Principal Investigator:

Name: Janna M. Andronowski

Signature Date:

OR

Co-Investigator:

Name:

Signature Date:
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Kenaga,Beth A

From: Stanley Dannemiller <sdannemiller@neomed.edu>
Sent: Friday, April 5, 2019 12:03 PM

To: Kenaga,Beth A; AndronowskiJanna Michelle
Subject: RE: Revised VVC and issues with morphine ordering

Hi Beth & Janna:
| have reviewed the VVC modification for protocol 18-11-12 ARC and approve it as re-submitted.

Stan

From: Kenaga,Beth A <bkenaga@uakron.edu>

Sent: Friday, April 5, 2019 11:45 AM

To: Stanley Dannemiller <sdannemiller@neomed.edu>
Subject: FW: Revised VVC and issues with morphine ordering

fyi

From: Andronowski,Janna Michelle

Sent: Thursday, April 4, 2019 3:39 PM

To: 'Stanley Dannemiller' <sdannemiller@neomed.edu>

Cc: Adam Schuller <ajs289@zips.uakron.edu>; rad115@zips.uakron.edu; Kenaga,Beth A <bkenaga@uakron.edu>; Gina
Tubo <grt13@zips.uakron.edu>

Subject: Revised VVC and issues with morphine ordering

Hi Stan,

| wanted to reach out with some updates as we have been having issues relating to the drug ordering for
morphine.

Firstly, after extensive review of the literature and calling/corresponding with numerous

pharmaceutical companies, there does not appear to be a commercially available slow-release patch for the
delivery of morphine. As such, we have revised the VVC to reflect the original drug administration plan. The
return to this dosing method would mean dosing by subcutaneous injection in the tent of the skin located
between the shoulder blades every other day for the 8 weeks. Can you review the attached VVC and let me
know if you have suggestions/amendments to make?
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MEMORANDUM
Appendix VII: VVC for Jacketing

TO: Janna Andronowski

CC: IACUCuakron.edu

FROM: Beth Kenaga, [ACUC Administrator
DATE: May 29, 2019

SUBJECT: APPROVAL NOTICE OF VVC MODIFICATION - Rabbit jackets/covers
Protocol: 18-11-12 ARC
Titled: Longitudinal effects of prolonged opioid use on cortical bone remodeling
in a rabbit model

Your modification to the above protocol was reviewed and approved by The University of
Akron’s Institutional Animal Care and Use Committee (IACUC) VVC review process on May
23,2019.

A copy of this form will be filed with your protocol in the Research Office. If you have any
questions, please contact Beth Kenaga, IACAUC Administrator, at 330-972-5845 or via email at
bkenaga@iuakron.cdu.

Beth Kenaga
Gth ot Lwya

IACUC Administrator

The University of Akron operates undfislfesdlirédi wik préhareatyan8 dithoas) (eiiereaeaFundsipiovidled by the U S.

Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Date of Veterinary Consultation: 05/03/2019
Protocol Number: #18-11-12 ARC

Protocol Title: Longitudinal Effects of Prolonged Opioid Use on Cortical Bone Remodeling in a Rabbit
Model

1. CHANGES IN DURATION, FREQUENCY, TYPE, OR NUMBER OF PROCEDURES
PERFORMED ON AN ANIMAL N/A:
Describe any proposed procedural changes or additions involving living animals & include a
justification for the change. If none are proposed, then mark N/A and move to next section.

The proposed modification will attempt to cover the drug eluting transdermal patches (fentanyl) and
control patches (Tegaderm) 1o prevent the animals from chewing, removing, and/or ingesting these
from the subscapular region. Following consultation with the primary veterinarian, Dr. Stan
Dannemiller, he provided a prescription via email on 05/03/2019 that stated:

*This e-mail is to document my prescription of the use of jackets and other wraps in an attempt to cover
the drug eluting patches for Dr. Andronowski’s rabbit study. Methods that may be used to keep the
patches on the rabbits include the following:

* Jackets

« Vet wrap

*  Rabbit booties (made from human baby socks) for the rear feet that maybe taped on or held on
with vet wrap

« Elizabethan collars

e Neck towel rolls

Please document in the individual rabbit record any of the above, or other, methodologics used to keep
the rabbits from dislodging the adhesive patches. Different methodologies may be needed for different
rabbits. This prescription is good until Dr. Andronowski is able to determine what works best for this
study and submit a protocol amendment to the IACUC for their evaluation and approval.

Stan Dannemiller, DVM, MS, DACLAM
Attending Veterinarian, University of Akron’

After further conversations with Dr. Dannemiller and Michelle Chapman, the Andronowski research
team were loaned rabbit jackets from Dr. Dannemiller at NEOMED and purchased additional jackets
from the vendor (Lomir) for placement on the experimental and control patch rabbits. For the majority
of rabbits, the jackets work well to prevent dislodging/removal of the patches. However, rabbit #2
(fentany! group) consistently chews his jackets, resulting in regular (every second day) jacket changes.
He has also chewed his fur around the forelimb openings and was able 1o remove the patch from

U.S.

beneath the jacket (without removing thrgidaskstirdtsahd praparédib] eicvtrond)using Fedtial fuadisprovided by are
the patch on, but he is able to shifiDépsrtsiéntofyustice. Opinions or points of view expressed are those of the author(s)

nd do not

necessarily reflect the official position or policies of the U.S. Department of Justice.
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collar for this animal. We ask that we can use this methodology, and explore other possible
methodologies, for other rabbits who may become sufficient at removing their treatment patches in the
future. Thus, our research team would like to request formal permission from the IACUC to explore
additional methodologies (such as those mentioned in Dr. Dannemiller’s email above) for keeping the
patches secure on the animals, in case other issues arise during the remainder of the study and the
Jackets/collars become problematic.

As such, the proposed modification of rabbit jackets on all treatment and control transdermal patch
animals and collars on rabbit #2/future patch removing animals. will reduce the likelihood of these
rabbits chewing, removing, and/or ingesting their patches. This change will also address the concerns
of the Andronowski research team and UARYV staff pertaining 1o fentanyl patch ingestion, which we
fear will harm rabbit #2, specifically.

| -

1A. Describe the training/experience of each protocol participant as it relates to the new

procedure(s) listed above.

No fewer than two researchers will be present when placing or changing the rabbit jackets or collar, in
order to safely secure the animal during jacket/collar placement. In the unlikely event that only one
researcher is available due to illness or unforseen circumstance, they must be supervised by either the Pl

or Post-doctoral Fellow.

The researchers will wear cotion lab coats (to provide an extra layer of protection from scratches),
disposable plastic gowns, and cut-proof gloves when handling the rabbits as well as wearing examination

gloves while handling the rabbits.

i

This resource was prepared by the author(s) using Federal funds provided by the U S.
Department of Justice. Opinions or points of view expressed are those of the author(s) _and do not
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SUBSTANCES ' - N/A:
Describe any proposed procedural changes or additions involving living animals & include a

justification for the change. If none are proposed, then mark N/A and move to next section.

3. CHANGES IN METHODS OF EUTHANASIA N/A:
Describe any proposed procedural changes or additions involving living animals & include a
justification for the change. If none are proposed, then mark N/A and move to next section.

4. CHEMICAL/COMPOUND ADMINISTRATION TO LIVE ANIMALS
If the Modification Request involves the administration of any chemicals to animals that were
not described in the original protocol, then complete the following.

Are all of the chemicals (e.g., test compounds, receptor agonists/antagonists, labeling
compounds, anesthetics, anaigesics, euthanasia agents, etc.) administered to live animals
commercially available pharmaceutical preparations intended for animal or human use?

Yes: No:

If not, then complete the following for each product.

Identify the chemical/compound and describe how it is prepared and stored to assure
appropriate purity, sterility and suitability for administration to animals. Indicate the shelf life of
the prepared product.

N/A
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S. VVC MODIFICATION APPROVAL
Approval of the protocol modification is indicated by the signature of the institution-specific
individual identified below. The individual signing confirms that he/she has reviewed the

maodification and finds it to be in compliance with applicable animal care and use regulations
and institutional policies.

Approval Signature:

\:f ;Mf/ﬁ‘—;./l DV Date 6_:'.:25 .ZD(?

Attending Veterinarian

INVESTIGATOR SIGNATURE
| request the above described madifications to my previously approved "Request to Use

Animals”, | acknowledge that all assurances listed in the original "Request to Use Animals”
remain in effect.

Principal Investigator:

Name: Janna M. Andronowski

Signalure MXK Date: _{) bl 03/ 20/[9
OR

Co-Investigator:

Name:

Signature Date:
This resource was prepared by the author(s) Gsing Federal funds provided by the U.S.

i ini i i d do not
Department of Justice. Opinions or points of view expressed are those of the author(s) an
P necessarily reflect the official position or policies of the U.S. Department of Justice.
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Appendix VIII: Euthanasia
Training Confirmation

From: Stanley Dannemiller <sdannemiller@neomed.edu>

Sent: Friday, June 28, 2019 11:46 AM

To: Andronowski,Janna Michelle <jandronowski@uakron.edu>

Cc: Kenaga,Beth A <bkenaga@uakron.edu>

Subject: Training of Dr. Andronowski and staff for rabbit euthanasia (Protocol #18-11-12 ARC)

Dear Dr Andronowski & Beth:

On June 27, 2019 | performed training for staff listed below on IP injection of Fatal Plus for euthanasia and
creation of bilateral pneumothorax to assure death in rabbits on Protocol # 18-11-12 ARC. The rabbits
demonstrated no signs of pain or distress when the drug was administered. Staff provided training were:

Janna Andronowski, Ph.D. — PI for protocol
Mary Cole, Ph.D. - Post-doctoral fellow
Reed Davis, - Ph.D. graduate student
Adam Schuller, undergraduate student
Abigail LaMarca, undergraduate student

All of the staff trained demonstrated their capability to perform the IP injection and create a pneumothorax to my
satisfaction. Please contact me if there are any questions regarding this training.

Stan

Stanley D. Dannemiller, DVM, MS, DACLAM
Director, Comparative Medicine Unit

Northeast Ohio Medical University
4209 St. Rt. 44 | PO Box 95 | Rootstown, Ohio 44272
v 330.325.6558 | f 330.325.5918 | e sdannemiller@neomed.edu
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Appendix IX: MMA Embedding SOP

Monday (Day 1) — 70% EtOH on tube rotator
Batch 1: 10 mL/tube x 10 samples = 100 mL of 70% ethanol
Batch 2: 10 mL/tube x 11 samples = 110 mL of 70% ethanol

Tuesday (Day 2) — 95% EtOH on tube rotator
Batch 1: 10 mL/tube x 10 samples = 100 mL

95 mL of 100% ethanol + 5 mL distilled water
Batch 2: 10 mL/tube x 11 samples = 110 mL

104.5 mL of 100% ethanol + 5.5 mL distilled water

Wednesday (Day 3) — 95% EtOH on tube rotator
Batch 1: 10 mL/tube x 10 samples = 100 mL

95 mL of 100% ethanol + 5 mL distilled water
Batch 2: 10 mL/tube x 11 samples = 110 mL

104.5 mL of 100% ethanol + 5.5 mL distilled water

Thursday (Day 4) — 100% EtOH on tube rotator
Batch 1: 10 mL/tube x 10 samples = 100 mL of 100% ethanol
Batch 2: 10 mL/tube x 11 samples = 110 mL of 100% ethanol

Friday (Day 5) — 100% EtOH — Leave Weekend on tube rotator
Batch 1: 10 mL/tube x 10 samples = 100 mL of 100% ethanol
Batch 2: 10 mL/tube x 11 samples = 110 mL of 100% ethanol
Dehydrate all MMA in calcium chloride pellets

Batch 1: 490.8 mL = 491 mL MMA

245.5mg Ca=0.246 gCa

Batch 2: 539.4 mL = 540 mL MMA

270 mg Ca=0.270 g Ca

Monday (Day 6) — 100% EtOH on tube rotator + Make MMA III bases
Batch 1: 10 mL/tube x 10 samples = 100 mL of 100% ethanol
Batch 2: 10 mL/tube x 11 samples = 110 mL of 100% ethanol
Make MMA I and set on stirrer overnight (100% MMA and 1% BP)
Batch 1: 15 mL/tube x 10 samples = 150 mL MMA 1
150 mL MMA + 1.5 g BP
Batch 2: 15 mL/tube x 11 samples = 165 mL MMA |
165 mL MMA + 1.65 g BP
Make MMA 1II and set on stirrer overnight (96% MMA + 4% DP + 1.5% BP)
Batch 1: 15 mL x 10 samples = 150 mL MMA 11
144 mL MMA + 6 mL DP + 2.25 g BP
Batch 2: 15 mL x 10 samples = 165 mL MMA 1
158.4 mL MMA + 6.6 mL DP + 2.475 g BP
Make MMA 111 for bases and set on stirrer overnight (96% MMA + 4% DP + 2.5% BP)
Batch 1 Bases: 10 samples at 5 mL per base + extra safety base = 55 mL MMA III + InFill = 15
mL x 10 samples = 150 mL MMA II = 205 mL MMA III
138
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196.8 mL MMA + 8.2 mL DP + 5.125 g BP

Batch 2 Bases: 11 samples at 5 mL per base + extra safety base = 60 mL MMA III + InFill =
15 mL x 11 samples = 165 mL MMA [ = 225 mL MMA 111

216 mL MMA + 9 mL DP + 5.625 g BP

Tuesday (Day 7) — Make MMA III Bases in film canisters
Pour bases (one per sample + one extra) of 5 mL each of MMA 111

Vacuum at 25 Hg for 2 hours with foil caps

Cap and put in 37 C waterbath (put in and then turn on waterbath) for two days
Bones remain in ethanol

Wednesday (Day 8) — Put bones in MMA I in film canisters

Drain ethanol and put bones in film canisters with 15 mL each of MMA I
Vacuum at 25 Hg for 24 hours with foil caps

MMA III bases remain in waterbath (do not open!)

Thursday (Day 9) — Put bones in MMA 1l in film canisters
Take MMA III bases out of waterbath after 48 hours and set on bench to cure one day
Drain MMA I and put bone in film canisters with 15 mL each of MMA 11

Vacuum at 25 Hg for 24 hours with foil caps

Friday (Day 10): Put bones in MMA III in film canisters on cured bases

Drain MMA 1I and put bones in cured base film canisters with 15 mL each of MMA 111
Vacuum at 25 Hg for 2 hours with foil caps
Cap and put in 37 C waterbath (put in and then turn on waterbath)

Saturday — Sunday (Days 10 — 11):
MMA III curing in waterbath

Monday (Day 12):
Take MMA III out of waterbath and set on bench to cure one day

Tuesday (Day 13):
Samples should be cured and ready for sectioning
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Abstract: Due to the high prevalence of opioid prescription following orthopedic procedures, there
is a growing need to establish an animal model system to evaluate the effects of opioids on bone
remodeling. Rabbits have been employed as model organisms in orthopedic research as they exhibit
well-defined cortical bone remodeling similar to humans. Existing research in rabbits has been
limited to modes of opioid administration that are short-acting and require repeated application.
Here, we present data from a proof-of-principle longitudinal study employing two opioid analgesic
administration routes (subcutaneous injection and transdermal patch) to evaluate the efficacy of
studying chronic opioid exposure in a rabbit model. Skeletally mature male New Zealand White
rabbits (Oryctolagus cuniculus) were divided into three groups of seven animals: morphine, fentanyl,
and control. Experimental treatments were conducted for eight weeks. Preparation of the skin at
the fentanyl patch site and subsequent patch removal presented experimental difficulties including
consistent skin erythema. Though noninvasive, the patches further caused acute stress in fentanyl
animals. We conclude that though transdermal fentanyl patches may be preferred in an acute
clinical setting, this method is not feasible as a means of long-term pain relief or opioid delivery in a
laboratory context.

Keywords: transdermal fentanyl patch; opioid; rabbit; analgesia; bone remodeling

1. Introduction

Each year, over 70% of the 500,000 drug-related deaths worldwide are categorized as
opioid-related [1]. In the United States, drug overdoses remain the leading cause of death
for Americans under age 50 [2] with 21.7 deaths recorded per 100,000 people in 2017 [3]. In
2019, a record-high spike of opioid overdose deaths in the United States was recorded at
nearly 50,000, with 73 percent involving synthetic opioids [4].

The prevalence of opioid use is due, in part, to developed dependence following
legal prescription. Orthopedic surgeons are the third highest prescribers of opioids in the
United States [5]. Orthopedic surgeons further account for an estimated 8.8% of acquired
chronic opioid dependence following surgery [5]. In this sector of healthcare, morphine is a
common treatment for post-operative pain following total joint arthroplasty [6]. In addition
to morphine, transdermal fentanyl application has been shown to provide substantial levels

This resour repared by.{ hor(s) using Federal funds provided by the US. - :
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for chronic pain management. Three meta-analyses demonstrated reduced side effects
with transdermal fentanyl compared to sustained release oral-morphine [7-9]. Although
efficacious in providing post-operative analgesia, a more recent review highlighted the
detrimental effects with prolonged opioid exposure [10]. Pre-operative opioid use has been
linked to negative post-operative outcomes, including the need for early total knee arthro-
plasty revision [11]. Not only is premature revision often required, but pre-operative opioid
abuse may further lead to reduced effectiveness of opioid-induced analgesia following
total joint arthroplasty [12].

Despite being commonly prescribed following orthopedic procedures, the overall ef-
fect of opioids at the cellular level of cortical bone remains understudied. Characterization
of subcellular events requires the application of histological techniques that prevent analy-
ses in living patients. This necessitates the use of animal models which mimic human bone
remodeling in a controlled, reproducible environment. Previous researchers have explored
the effects of opioid administration in small rodents, primarily to elucidate the impact of
opioids on central neural pathways [13-16]. Domestic New Zealand White (NZW) rabbits
(Oryctolagus cuniculus), however, demonstrate the potential to more accurately model hu-
man cortical bone dynamics [17]. Comparable to humans, rabbits display spontaneous
cortical bone remodeling, whereas smaller laboratory animals (e.g., rodents) retain primary
canals throughout their lives and exhibit little to no cortical bone remodeling [17-20]. As
such, rabbits have been employed as a model organism in orthopedic research, including
post-operative infection [21-23], orthopedic implants [24-27], and joint injury [28-33].

Despite well-documented use of opioids for post-operative pain in orthopedic pro-
cedures, and the extensive use of rabbits in orthopedic relevant research, the potential
impact of opioid exposure on rabbit behavior and health remains understudied. Previous
work has examined the effect of observer presence on rabbit behavior in a post-operative
setting using morphine and tramadol hydrochloride as analgesics [34]. Other research
has evaluated the use of fentanyl transdermal patch application in post-operative pain
management in rabbits [35,36]. These studies, however, do not assess rabbit behavior and
the efficacy of the transdermal delivery system over time. To that end, we present data from
a longitudinal proof-of-principle study assessing the practicality of transdermal patches
for rabbits in long-term opioid exposure experiments. Our overarching objectives were to
(1) demonstrate the long-term use of injectable morphine sulfate and transdermal fentanyl
patches in a rabbit model system, (2) examine the behavior of rabbits exposed to extended
opioid regimens, and (3) test the hypothesis that NZW rabbits are an appropriate animal
model system for studying the prolonged effects of opioid exposure on bone turnover for
use in orthopedic comparative medicine.

2. Materials and Methods

A detailed animal protocol (18-11-12 ARC) was approved by The University of Akron
Institutional Animal Care and Use Committee (IACUC). All research team members com-
pleted in-person training with The University of Akron Research Vivarium (UARV) attend-
ing veterinarian in proper ethical care, handling, euthanasia, and use of laboratory animals.

2.1. Animals

Skeletally mature, healthy, 6-month-old (2.3-3.0 kg), male NZW rabbits (Oryctolagus
cuniculus; n = 21) were acquired from Covance Research Products Inc. (Denver, PA, USA).
Rabbits were individually housed in stainless steel rabbit batteries with perforated plastic
floor inserts that allowed for limited visual interaction between animals, while keeping the
animals lodged separately. Rabbits were fed Harlan Teklad Global High Fiber Rabbit Diet
(Envigo, Madison, WI, USA) (150 g/day) and water was provided ad libitum by way of
hard plastic water bottles. Enrichment foods (e.g., spinach, dried fruits, papaya tablets)
were provided daily, and enrichment devices (e.g., rattles, jingle balls, flexi-keys) were
provided in rabbit batteries and exercise pens and changed weekly. Rabbits were placed
in floor-based exercise pens three times weekly for a 45 min period to allow for normal
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postural changes (e.g., hindlimb stretching, running). The housing room was maintained
at 61 °F to 70 °F (16 °C to 21 °C), at 30% to 70% humidity, and on a 12:12/h light:dark cycle.
The rabbits were quarantined and habituated to the testing conditions for a two-week
period prior to experimental treatments.

2.2. Experimental Design

Using a random number generator, the rabbits were divided into three groups of seven
animals each: morphine, fentanyl, and controls. The control group was further randomly
divided into saline vehicle (n = 3) and transdermal sham patch groups (n = 4). These group
sizes were based on the mean numbers employed in previous characterizations of this
model for cancellous bone or cortical geometry/density [37-41]. After the acclimation
period, experimental treatments were applied to control and opioid groups (morphine and
fentanyl) for eight weeks. The proposed opioid dosing levels are consistent with clinical
recommendations for analgesia in rabbits and were finalized with the UARV veterinarian.
Drug dose was calculated based on individual rabbit weight (kg), measured at the start of
each week. The morphine sulfate group received a dose of 3 mg/kg/day via subcutaneous
bolus injection. The saline vehicle control group was administered saline at a dose of
3 mg/kg/day also via subcutaneous injection.

Transdermal fentanyl patches acted as a slow-release delivery agent and reduced the
dosing frequency from daily to every third day. The dorsum of each fentanyl-group rabbit
was shaved to remove fur, and a 25 pug/h slow-release transdermal fentanyl patch (Henry
Schein Inc., Melville, NY, USA) was placed on the interscapular region, according to the
manufacturer’s instructions. Patch size and specific dosage were selected based on data
obtained by Foley et al. [42] and Jain et al. [35] The patches were affixed via adhesives
associated with the patch manufacturing. Patches were further secured by applying a
medical-grade Tegaderm™ (3M, Maplewood, MN, USA) transparent film dressing, used in
clinical settings to cover IV insertion sites and burns. A 2% isopropyl myristate softening
solution was applied to the skin of control patch animals and placebo patches (Tegaderm™
transparent film dressing) [43]. Rabbit jackets (Lomir Biomedical, Malone, NY, USA)
were used to cover fentanyl and control transdermal patches (Tegaderm™) to prevent the
animals from chewing, removing, or ingesting these from the interscapular region.

2.3. Data Collection

Daily observations were recorded and scored at consistent time points throughout
the experiment. These records detailed normalcy, or acute changes, in fecal output, food
consumption, appearance, and behavior. All animals were weighed weekly.

2.4. Statistical Analysis

Statistical analyses were performed in R version 3.6.1 (5 July 2019) (The R Foundation
for Statistical Computing). To analyze statistical differences between drug treatment
groups, fecal output (normal, slightly low, low, very low) and food consumption levels (full,
moderate, low) were coded numerically. Jacket use (yes/no) was also coded numerically
for use as a covariate. Analysis was restricted to the experimental drug treatment period,
following acclimation.

3. Results

Fecal output was numerically coded as Normal = 1, Slightly Low = 2, Low = 3,
and Very Low = 4 following comparable fecal output scoring descriptions as outlined in
Weaver et al. [44]. Food consumption was numerically coded as Full = 1, Moderate = 2, and
Low = 3. Mean fecal output per animal decreased from fentanyl (mean = 1.24, SD = 0.305)
to control (mean = 1.26, SD = 0.216) to morphine groups (mean = 1.33, SD = 0.151). Mean
food consumption per animal decreased from control (mean = 1.32, SD = 0.204) to fentanyl
(mean = 1.49, SD = 0.362) to morphine groups (mean = 1.81, SD = 0.251).
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Non-jacketed animals included all morphine group rabbits (n = 7) and saline control
group rabbits (1 = 3). Non-jacketed animals had lower mean fecal output (mean = 1.33
SD =0.283) than jacketed animals (mean = 1.23, SD = 0.152). Similarly, non-jacketed
animals had lower mean food consumption (mean = 1.68, SD = 0.382) than jacketed animals
(mean =141, SD = 0.249). These trends may reflect the lowest fecal output and food
consumption of morphine group rabbits, which comprise 70% of non-jacketed animals.

Graphic representation of food consumption and fecal output (Figure 1) suggested
that these two variables were correlated. Pearson’s correlations were used, as a Shapiro-
Wilk test indicated that all drug groups were normally distributed in both mean fecal
output (Control: W = 0.928, p = 0.532; Morphine: W = 0.865, p = 0.167; Fentanyl: W = 0.905,
p = 0.365) and mean food consumption (Control: W = 0.910, p = 0.394; Morphine: W = 0.927,
p = 0.527; Fentanyl: W = 0.913, p = 0.420). Fecal output and food consumption were strongly
(r = 0.5-1.0) and significantly (p < 0.05) correlated for all drug groups (Control: r = 0.821,
p = 0.034; Morphine: r = 0.901, p = 0.006; Fentanyl: r = 0.857, p = 0.024).

Figure 1. Correlation between mean food consumption (solid green line) and mean fecal output (solid brown line). Data

points indicate food consumption (green) and fecal output (brown) for individual animals. Study timepoints include drug

treatment initiation (red vertical line) and subsequent calcein injections (green vertical lines). For morphine rabbits, mean

food consumption is depressed relative to mean fecal output between the drug treatment start date and the third injection.

A one-way ANCOVA indicated that fecal output was not significantly impacted by
either the main effect of drug treatment group (F(2, 17) = 0.286, p = 0.755, np2 = 0.033,
power = 0.095) or the co-variate of jacketing (F(1, 17) = 0.451, p = 0.767, np2 = 0.511,
power = 0.103). ANCOVA was suitable for this analysis as a Shapiro-Wilk test indicated
that residuals were normally distributed (W = 0.930, p = 0.211). A Levene’s test confirmed
homogeneity of variances (F = 0.877, p = 0.433).

The main effect of drug treatment group did have a significant effect on food con-
sumption, as indicated by a one-way ANCOVA (F(2, 17) = 5.441, p = 0.0149, np2 = 0.390,
power = 0.841). A retrospective power analysis confirmed that our drug treatment group
size (n = 7) exceeds the per-group sample size (n = 6.14) needed to obtain the observed

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



Osteology 2021, 1

229

effect size (Cohen’s f = 0.8) at the recommended 0.80 power Mean food consumption
followed the pattern Control > Fentanyl > Morphine. Post-hoc analyses with Tukey’s
HSD indicated that differences in mean food consumption reached statistical significance
only for the Control > Morphine pairwise comparison (p = 0.012). Food consumption did
not significantly differ between control and fentanyl groups (p = 0.501) or fentanyl and
morphine groups (p = 0.118). The co-variate of jacketing had no significant effect on food
consumption (F(1, 17) = 0.177, p = 0.680, np2 = 0.010, power = 0.07) (Figure 2).

Figure 2. Non-significant differences between jacketed (dark blue) and non-jacketed (light blue) animals in both fecal
output and food consumption. Study timepoints include drug treatment initiation (red vertical line) and subsequent calcein
injections (green vertical lines).

ANCOVA was suitable for this analysis as a Shapiro-Wilk test indicated that residuals
were normally distributed (W = 0.958, p = 0.474) and a Levene’s test confirmed homogeneity
of variances (F = 1.611, p = 0.227). The injection route of analgesic administration further
appeared less stressful for the animals qualitatively when compared to fentanyl rabbits.
Yet, the morphine sulfate injections consistently resulted in severe sedation within the first
hour following dosing.

4. Discussion

Here, we provide a novel longitudinal perspective on opioid delivery in a rabbit animal
model via transdermal fentanyl patch application for experimental research. Prior studies
have reported limited concomitant effects of short-term use. Foley and colleagues [42] eval-
uated the efficacy of transdermal fentanyl patch administration in NZW rabbits. Animals
were treated with fentanyl patches for one patch application cycle (72-h). Skin irritation
was noted by the authors [42]; however, it was largely attributed to shaving the animals’ fur
for patch application. More recently, Mirschberger and colleagues [36] examined the use of
transdermal fentanyl patches in rabbits on three different patch locations in the context
of post-operative pain management. Their group reported that the neck and outer ear
surface were the best options for transdermal patch placement. Their experimental period
was 120-h and the authors reported associated erythema and animals attempting patch
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removal. Ultimately, the authors concluded that transdermal patches are an acute and
effective delivery route for pharmacologic analgesics. Additionally, Jain and colleagues [35]
examined how opioid administration delays recovery and bone healing following spinal
fusion surgery in a rabbit model. In this study, animals were treated with transdermal
fentanyl patches for 10 weeks (four weeks pre-operatively and six weeks post-operatively).
No information was reported regarding subject skin condition in relation to treatment
with transdermal fentanyl patches. Although transdermal fentanyl patches have been
documented as an effective pain relief agent in such clinical settings, we report novel
side effects correlated with prolonged use which have implications for efficacy in the
laboratory setting.

4.1. Skin Irritation Resulting from Prolonged Patch Application

Long-term transdermal fentanyl patch treatment presented several qualitative chal-
lenges for overall rabbit health and experimental facilitation by lab personnel. Specifically,
rabbit chewing, and removal of transdermal patches had to be countered with patch
re-application, telemetry jackets and VetWrap™ (3M, Maplewood, MN, USA; Figure 3).
Grooming restrictions and excessive chewing behaviors were imposed by the coverings.
These limitations, combined with a strong adhesive associated with the fentanyl patches,
resulted in notably irritated, flaky, and bruised patch application sites compared to the
other groups (Figure 4). Surrounding fur was further matted and compressed (Figure 5).

While transdermal patches did not require daily application, this mode of drug
delivery incited the need for daily patch checks and preventative measures to counter
chewing behavior and skin irritation. Initially following patch application, certain rabbits
began chewing the patch and dressings, and exhibited marked grooming surrounding the
associated skin and fur. Fentanyl group rabbits were more commonly observed displaying
such behaviors, compared to control group rabbits with only Tegaderm™ patch treatment.
This difference may be due to the increased adhesive residue left behind by the fentanyl
patch or a differential behavioral response associated with opioid delivery.

Figure 3. Fentanyl patch rabbit with applied VetWrap™ to prevent treatment patch chewing
and manipulation.
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Figure 4. Representative images of skin irritation in each of the treatment groups. Transdermal
fentanyl patch rabbit (A) displaying a contusion at a previous patch removal site, fur regrowth with
adhesive residue, dry skin, and poor fur condition. Tegaderm™ control patch rabbit (B) showing fur
regrowth and marked difference in quality of skin and fur condition. Saline control injection rabbit
(C) with little fur regrowth, few injection site blemishes, and healthy fur condition. Morphine sulfate
injection rabbit (D) displaying characteristic "V’ shaped fur regrowth, injection site blemishes, and
good overall fur condition.

Figure 5. Fentanyl patch rabbit displaying poor overall fur quality resulting from grooming re-
strictions and excessive chewing behaviors from the placement of VetWrap™ and Lomir jackets to
prevent the chewing and removal of the fentanyl patches.

To prevent chewing, all fentanyl and patch control rabbits were fitted with jacket
coverings (Lomir Biomedical Inc.). The jackets fully covered the chest and back of the
rabbit, and were secured with collars at the neck, shoulders, and hips. One rabbit in the
fentanyl treatment group removed the jacket and ingested the opioid-containing patch
from underneath the jacket. No long-term consequences were documented beyond an
acute sedative effect. To prevent subsequent patch ingestion events, this rabbit was fitted
with a pillow collar in addition to the jacket. Several other rabbits were able to partially
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unzip and remove the jackets on multiple occasions but did not attempt to remove or ingest
the patch.

Jackets that rubbed against the patch application sites were observed to lift the Tega-
derm™ dressings and loosen the patches” adhesive edges. When jacket removal or patch
loosening was observed, the back and chest of the rabbit were wrapped with VetWrap™ to
prevent patch manipulation. Rabbits commonly attempted to pull the VetWrap™ from un-
derneath the jacket and chew it open, with fentanyl rabbits spending significant portions of
their observation time continually chewing/pulling the jackets and underlying VetWrap™.
These behaviors required repeated replacement of jackets that were chewed beyond repair.
By the study’s end, patch presence and adherence needed to be checked daily, negating the
time-saving qualities of applying a slow-release patch versus daily subcutaneous injection.

Additionally, fentanyl group rabbits commonly developed contusions or abrasions
after a series of patch removal events (Figure 6). Compared to the Tegaderm™ dressing, the
fentanyl patch adhered very tightly to the skin and was difficult to remove when associated
with adjacent fur or areas of new fur growth. Over the 72-h patch cycle, adhesive residue
became tightly bound to the skin. These adhesive deposits could not be easily removed
from bare skin and required the underlying hair follicles to grow out enough to allow for
removal with clippers. Consequently, we typically adjusted patch placement immediately
laterally, rostrally, or caudally to the original application site to avoid existing bruising,
erythema, or adhesive buildup Restraining an increasingly irritated rabbit was difficult
and time-consuming during the process of patch removal, fur clipping, patch re-application,
antibacterial ointment application to contusions, VetWrap™ application, and jacketing.

Figure 6. A representative example of skin irritation and contusions from prolonged use of trans-
dermal fentanyl patch placement. (A) displays patch placement with Tegaderm™ covering applied.
(B) shows the same animal with the fentanyl patch removed. Note the adhesive residue and matted
fur from previous patch placement in the superior portion of both figures.

4.2. Opioid Effects on Fecal Output and Food Consumption

Analysis of fecal output revealed no significant influences from drug treatment or
jacket use. The common side-effect of constipation from chronic opioid use [45] was
not observed in morphine or fentanyl treatment groups, compared to controls. Food
consumption was significantly impacted by the drug treatment, with morphine group
rabbits consuming significantly less food on average than control or fentanyl group rabbits.
Morphine group rabbits experienced a qualitative change in activity within the first hour
after dosing, appearing sedated and sedentary, which was attributed to the subcutaneous
delivery of the bolus. Since all rabbits were fed daily with base and enrichment foods
following dosing, sedation during the initial delivery of new food may have reduced overall
food consumption for morphine group rabbits. Fecal output and food consumption were
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strongly and significantly correlated. Control group and fentanyl group rabbits maintained
this correlation throughout the study. Graphic visualization (Figure 1) indicated that
morphine group rabbits dropped in mean food consumption, relative to mean fecal output,
after the drug treatment start date. Mean food consumption, however, increased over
this depressed period, suggesting that morphine group rabbits became acclimated to the
sedative effect over the course of the study. Mean fecal output and food consumption are
aligned for morphine group rabbits.

Although fentanyl group rabbits were acutely agitated by the application of jackets,
collars, VetWrap™ (3M), and tightly adhered patches, these devices did not significantly
affect their food consumption or fecal output in comparison to controls. Notably, jacket use
also had no significant effect on fecal output or food consumption across jacketed control
and fentanyl group rabbits.

Certain animals across each opioid group presented with acute anorexia, which was
associated with abnormally low fecal output. No direct causes of anorexia were identified
apart from one rabbit who sustained a laceration of the lower gingiva and was treated with
a chlorohexidine rinse. All animals exhibiting this trend regained normal gastrointestinal
motility within one week of onset.

4.3. Limitations

Longitudinal blood collection was not conducted to assess plasma opioid concentra-
tion at different timepoints throughout the dosing period. Regular blood draws would
have increased stress for the animals due to the employment of rabbit restrainers and
were discouraged by attending veterinarians given the stress behaviors witnessed. This
exclusion presents challenges for determining the circulating level of opioid in the blood
of the animal. Consequently, the experimental dose was based on literature from pre-
existing studies where acute opioid delivery was assessed in similar rabbit models with
established success [42]. In addition, our study did not employ quantitative measures for
determining food consumption or fecal output (e.g., obtaining weights of these variables).
Daily observations were performed and recorded, however, by a consistent technician team
with extensive rabbit husbandry experience. These observations were further consistent
with previously published scoring descriptions provided by Weaver et al. [44]. It is also
important to note that animals may have obtained higher doses of opioids via subcuta-
neous injection due to difficulties with jacket compliance in the fentanyl group. As such,
a promising area for future experimentation may involve the administration of opioids
via osmotic pumps [46]. While likely not capable of spanning the longitudinal duration of
this study, a revised administration route may prevent a low-maintenance alternative to
slow-release transdermal patch application.

4.4. Bone Remodeling and Transdermal Fentanyl Patches

To better characterize the effects of chronic opioid use on bone remodeling, rabbits
offer a promising model system as they are the smallest traditionally used laboratory
animals with well-defined cortical remodeling [17]. As a result, rabbits have been used
as experimental animals for studying central canal size and the vascular network of
cortical bone [18,19]. Bone remodeling can be highly influenced by mechanical loading
properties (including force strength, frequency, duration), resulting in increases in bone
deposition [47]. While there are documented differences in mechanical loading properties
following chronic opioid administration [48], it is critical to note that restrictions imposed
via jackets, VetWrap™, and pillow collar can influence bone remodeling, as evidenced
by behavioral changes in canine studies [49]. Thus, researchers must remain consistent in
strategic interventions to prevent patch removal across treatment and control groups. It
is possible that the extrapolation of these data to the context of the greater literature may
result in inconsistencies for jacketed, patch administration animals. This evidence further
supports our recommendation to refrain from using transdermal patches for longitudinal
opioid delivery in a rabbit model in the context of bone research.
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5. Conclusions

Rabbits have served as model organisms to test the efficacy of prophylactic antibiotics
following surgery [21-23], new biocompatible implants and hardware [24-28], and to
mimic bone and tendon pathological states [28-32]. These studies highlight the benefit
of the use of rabbits in comparative research to explore novel therapeutic methods in the
orthopedic field. The literature, however, fails to consider the practical use of rabbits as a
model organism when administered opioid analgesics. Although the use of transdermal
fentanyl patches for rabbit analgesia may be preferred in an acute clinical setting, this
delivery method is not feasible for long-term pain relief or opioid delivery in a laboratory
context. In the current study, all animals subjected to transdermal fentanyl patch application
consistently displayed erythema and continuously attempted to remove patches, which
resulted in acute animal stress and an increased time commitment for lab personnel. In
contrast, the morphine sulfate injection group did not demonstrate detrimental changes in
fur appearance or overall health, though these animals consumed less food throughout
the study. There were no significant effects of opioid administration on fecal output, with
morphine group rabbits regaining normal correlation with food and fecal output for the last
fourth of the experimental period. The observed sedative side-effects of the subcutaneous
delivery of a larger opioid dose could have implications for individuals hoping to assess
metabolic performance or other time-sensitive metrics. With the drawbacks associated with
transdermal patch opioid administration, we suggest that orthopedic researchers employ
an alternative administration route when conducting longitudinal opioid studies. In future
work, we plan to evaluate the prolonged impact of longitudinal fentanyl administration
via subcutaneous injection on bone turnover in a rabbit model system, while controlling for
indirect confounding effects of opioid exposure including caloric intake, hormonal effects,
and exercise regimens.
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Appendix XI: Rabbit Opioid SkyScan uCT SOP

Cutting Tibia

10.

11.

12.

Thaw the tibia inside the tube the day before the scan by moving it from the freezer to the
refrigerator. Alternatively, set out the tibia in the chemical hood for approximately 30 minutes.

Put on proper PPE — double gloves, lab coat, goggles. You may want a face shield or mask during
the waterpik portion to prevent splashback.

Unwrap tibia

Use the calipers to measure 87 from proximal end to the distal shaft. Mark this circumference on
the bone

Set up the isomet and sharpen the larger 8 inch blade if this has not been done recently
Clamp bone in the small chuck and cut off the distal end at this line.

Wash out the inside of the bone with the waterpik inside the sink. A tube of fat will likely fall out
of the marrow cavity

Wrap bone as indicated below
Rewrap the cut distal end in the saline soaked gauze and replace in the tube

Spray the outside of the tube, isomet surface, chuck, isomet blade, water pik, inside of the sink,
and your working surface with 10% bleach and dry with a paper towel, or use a Clorox wipe to
sterilize.

Place wrapped tibia in a plastic sample bag with the tube alongside to maintain provenience.

If you are scanning the next day, place tibia in the refrigerator. If you are scanning in several
days, freeze the tibia.

Wrapping and Orientation Markers

1.

2.

Pre-cut your parafilm
a. You will need approximately four squares and two double-squares of parafilm per bone
b. Stretch the parafilm thin between your fingers before wrapping. As you wrap, pull the
parafilm taut and press it down onto the bone to adhere it to previous layers.

Wrap the proximal end using a single square of parafilm. Repeat for the cut distal end.
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3.  Wrap the shaft using a double-square of stretched parafilm. Wrap one end of the bone, and then
proceed in a diagonal wrapping manner to reach and wrap the other end of the bone. Repeat this
process with the second double-square of stretched parafilm.

4. Make sure there are no exposed tissue regions or leakage — if water is drawn out of the bone
during scanning through a leak, the bone may move.

5. Spray the outside of the parafilm with 10% bleach (in the spray bottle by the grinder sink) and dry
with paper towels. Or use Clorox wipes to sterilize the external surface of the parafilm-wrapped
bone.

a. You also need to sterilize the outside of the tube, your working surface, and any tools
used on this unfixed tissue
b. Change your gloves before proceeding

6. Select a foam “A” and place it upside down just under the tibial crest. Fill the triangular hole in
the “A” with modeling clay or sticky tack.

7. Select a foam “M” and place it upside down on the medial side of the bone, directly adjacent to
and at the same level as the foam “A”. Fill the triangular divot in the “M” with modeling clay or
sticky tack. You will need to squish the sides of the “M” to get it to fit on the medial side.

8. Cover the letters with a half-square of stretched parafilm to hold them in place.

9. It is recommended to draw the outline of the tibial diaphysis on the outside of the parafilm with
Sharpie, so that it is easier to position.

10. Place the wrapped bone and the tube in a plastic sample bag to transport to the microCT

Turning On the Micro-CT

1. Turn on SkyScan 1172 machine using the ‘ignition’ key on the right side. Turn the key to the
middle then to the right.

2. Open the software on the computer, Skyscan 1172 shortcut.
o Select yes

3. Select the hazard/radiation symbol (yellow) and wait 15 minutes for the X-ray tube to warm up

4. While the tube is warming up, prepare sample on the machine platform with dental wax and wrap
the bottom in parafilm.

a. Use dental wax to fully plug the smaller stage. The tibia needs to sit just above the metal
rim on a platform made of dental wax.

b. You will need to invert the tibia so that the proximal end is on the stage and the distal
(cut) end points up

c. Cover the proximal end of the tibia with dental wax and press the dental wax down onto
and around the edges of the stage.
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d. For proximal end scans: Center the entire proximal end on the stage over the central
peg below the stage

e. For diaphyseal scans: Center the diaphysis on the stage over the central peg below the
stage. The fibular region will likely hang somewhat off the stage, so reinforce it with
dental wax underneath. The entire bone will also be tilted off its central axis so that the
tibial diaphysis alone is vertically oriented over the central peg.

f.  Wrap the dental wax base in a stretched square of parafilm. Check and re-position the
tibial orientation after wrapping as it may have moved.

Alignment (Once Per Day)

Select Options tab—Select Ctrl+Alt+Shift+S to make grayed out options (Acquisition
Mode/Alignment) appear

Make sure no filters applied
Select open door button and insert taller calibration peg, then close the door
Click the TV button to make the alignment peg appear on screen

Options—> Alignment = Yes
e Machine will run the alignment automatically. It may say “Not Responding”. When
responding, the scanner will place hash marks on the alignment peg’s anatomical center
and rotate the stage 360°

If the scanner asks if you want to compensate for misalignment by camera movement, click Yes

Remove alignment pin

Flatfield Correction

Options = Preferences = Uncheck the two boxes to the right of flatfield
a. The two boxes to the right of median filter should be checked

Click voltage symbol (A) to set at 74 KV. Source current should be 134 uA.
a. To achieve this combination, uncheck the box to keep power maximized
b. You can use the arrow keys to adjust voltage/current stepwise if you click on the button
next to the voltage/current

TV button (Live View)
Right click to bring up average current measurement on screen

Adjust filters at the bottom of the screen
a. Filter: Al 0.5 mm < Will auto-change voltage, so check it
b. Image pixel size:
i. 5.5 um for diaphysis (will change to 5.49)
ii. 11 um for proximal end (will change to 10.99)
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c. Camera size: Medium Camera, 2000 columns x 1300 rows
d. The vertical stage position does not need to be constant

6. Let current average drop to ~60% +/- 2
5. Options—Acquisition Modes
o Acquire bright + dark for current mode = OK
o Use central positioning
o Turn off xrays after acquiring
o Don’t modify any other settings

Sample Positioning

1. Putin sample
2. TV button (Live View)
3. Options = Preferences > Check two boxes to the right of flatfield again

4. Double click on height at the bottom tab to raise the sample into the field of view (FOV)

a. Place the clay markers at the bottom of the FOV for the tibia scans

b. Can increase resolution to zoom out and see if centered

c. Check orientation by rotating to 90° and 180°
i. Recommended 10° increments if you are unsure whether it is out of the FOV
ii. You may need to move the sample down slightly to a slimmer region, but keep

majority of clay markers in the FOV
d. Open door and reorient sample if its longest width does not fit within the FOV
e. Check voltage and resolution each time you open the door — the system may reset it

Scan Setup

1. Options - Preferences: Make sure the two boxes to the right of Flatfield and to the right of
Median Filter are checked

2. Options—>Acquisition (from Cooper Lab SOP)
e Rotation Step (deg)=0.200

Frame Averaging=ON (4)

Random Movement=0OFF (0)

Use 360 Rotation=NO

Camera Offset=OFF

3. From lab SOP:
o Modify file path and prefix - Browse—Select file—>new folder—rename file
o Xray off after scanning
o Uncheck open door after scan
o Uncheck partial width

4. Check voltage, pixel size, filter, camera size to see if they changed
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5. Right click the screen to show gray levels. Wait a minute for them to stabilize. Stabilization may
take long if the door was open for a long time.

6. Select blue arrow “recycle” button and begin scan

7. Log out manually or remotely on FOM near end of start time!
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Appendix XII: Rabbit Opioid uCT Image Processing SOP

NRecon
NRecon converts the microCT acquisitions (projections) into cross-sectional slices called reconstructions.

1. Click on the NRecon shortcut on the Desktop
a. The GPUReconServer will pop up. You can minimize this window.
2. Open dataset... should pop up. If not, click the folder at the upper left hand corner of dataviewer.
Click on the first projection from your micro-CT acquisition
4. Under Output:
a. Uncheck Use ROI
b. Uncheck Scales ON
c. Destination: Browse and create a new folder called “Recon”
d. File format: BMP(8)
5. Under Advanced: No changes needed. Defaults should be:
a. Smoothing kernel: Gaussian
b. Uncheck Undersample
c. Uncheck Defect pixel masking
6. Under Settings
a. Check Smoothing: 1
b. Check Misalignment Compensation
i. Typically this estimation is close to correct. You can manually adjust the arrows
up and down to move the image so that the right and left edges align as closely as
possible.
Uncheck Object larger than field of view
Check Ring artifacts: 10
Check Beam Hardening: 30%
f.  CS rotation (deg): 0.00
7. Under Start = Fine Tuning
a. Select Post-Alignment
b. Number of Trials =5
c. Parameter Step =0.5
d. Click Start and five images will be generated under Output. You can switch between
them using the arrow keys on the top toolbar, and zoom in and out using the magnifying
glasses on the top toolbar.
i. Select the image that minimizes overlapping or shadowing at the edges of larger
pores. Try to maximize the number of small, round pores that are visible.
ii. If you cannot see the porosity, click Output. Click Auto. Move the right-side bar
closer to the histogram peaks. This will increase brightness.
e. The Alignment for your chosen image appears in the very bottom border of NRecon
under “Fine-tune(PA:)” Make sure that this is also selected under Settings: Alignment.
i. Copy the Alignment value into the Google Sheets document under NRecon
Alignment
8. Adjust the histogram under Output by clicking Auto. The resulting image will be dim! We will
adjust this more accurately in ImageJ later.

W

S

158
2018-DU-BX-0188 Final Technical Report
October 2021

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



9. Under Start, click Start to begin processing.

Anatomical Tomo Rotation

The reconstructed images will be referred to as “tomo” (tomographic) images throughout this guide. We
want to orient the image so that anterior is up and medial to the right of each image slice. Clay markers
have been included with the micro-CT scan to indicate anterior and medial orientation. We will rotate the
image in DataViewer.

1. In File Explorer, open the new Recon folder
a. Move the spr projection and the text file to a new subfolder “Files” so that they do not
disrupt image processing
2. Load the tomo files from the reconstruction in Dataviewer
a. Click the DataViewer shortcut on the desktop
b. Click the folder in the top left corner
c. In the popup window, navigate to the “Recon” folder and click the first image file in the
folder
d. Change “Open As” dropdown box to “3D View”
e. Do not check the Resize box
f.  Click Open
3. Click View > Rotate/Shift Operations = Rotate 180 degrees
a. Wait a moment for the image to rotate. On the transaxial (lower left) cross-sectional
image, one clay marker should be approximately on the top and the other clay marker
should be approximately on the right.
4. Click in the approximate center of the marrow cavity on the transaxial (lower left) image to move
the crosshairs to that location
5. Rotate the transaxial (lower left) cross-sectional image by holding down Ctrl and clicking and
dragging the mouse cursor
a. To get a better view of the clay markers, move the Z-level of the transaxial cross-section.
i.  Or click in the coronal (top) or sagittal (lower right) windows to reposition the
cross-hairs on a thicker part of the clay marker
b. For the tibia, the anterior clay marker is on the pointed end (tibial crest). Rotate the
transaxial image until the middle of the anterior clay marker intersects with the vertical
line of the crosshairs.
c. You may need to reposition the crosshairs in the center of the marrow cavity by clicking.
d. The horizontal line of the crosshairs should approximately intersect the medial clay
marker on the right side. However, it may not be in the center of the medial clay marker.
6. Click View = Rotate/Shift Operations = Rotate to Any Orientation
a. The Image Rotation window will pop up
b. Copy the values for Alpha, Beta, and Gamma into the Google Sheets file under Tomo
Alpha, Tomo Beta, and Tomo Gamma, respectively
i. Tomo Alpha should always be 270
ii. Tomo Beta should always be 180
iii. Tomo Gamma will be variable as it is the transaxial rotation value
c. Click Cancel in the Image Rotation window
7. Save the rotated image stack using Actions = Save = Transaxial (X-Y) Images as Dataset
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a. Two popups will warn you that the image is rotated and that output will be 8-bit. Click
OK for both.
b. Save in a new folder “Anatomical Tomo” as type (8bit)BMP(*.bmp)

Femur: Tomo file before (left) and after (right) anatomical rotation.
Note that the linea aspera often points more to the left. Anterior is at the top of the transaxial
image, and medial is at the right.

Tibia: Tomo file before (left) and after (right) anatomical rotation.
Note that the anterior clay marker (top) sits on the tibial crest. Anterior is at the top of the
transaxial image, and medial is at the right.
TA Extraction

Now that the tomo files are oriented anatomically in a cross-sectional sense, they must also be adjusted
vertically. We will orient the filled total area (TA) mask of the tomo image stack, which we first extract in
Batman, which is the batch manager for CT Analyser. This uses a custom macro I made for this purpose.
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1. Navigate to the new Anatomical Tomo folder. The first and (sometimes) last image file are partial
cross-sections due to the slight rotation. Move the partial cross-sections and the text file to a new
subfolder called “Partial”

2. Click the Batman shortcut on the Desktop

3. Click Import. Navigate to Local Disk (D:) = Rabbit Opioid Scans Backup = CTan Macros =
TAExtractor.ctt. Click Open and the macro will load.

4. Click Add. Open the Anatomical Tomo folder. Click the first image. Click Open.

a. Do not check the box to resize the image
b. You can load multiple Anatomical Tomo image stacks if you have several ready to go.
Click Add for each image stack and they will line up to batch process.

5. Click the arrow next to Properties = Change Pixel Size. Make sure the pixel size is 5.49426 um
for All Datasets.

6. Make sure the boxes are checked next to all of the loaded Anatomical Tomo files

7. Click Start and the macro will run on its own.

c. The Anatomical Tomo folder will receive a subfolder labeled TA

Femur: Anatomical Tomo file (left) and TA mask (right) created by CTan macro
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Tibia: Anatomical Tomo file (left) and TA mask (right) created by CTan macro
Skeletonization

Due to the curved nature of the femoral shaft and the imperfect manual positioning in the micro-CT, the
shaft is not completely vertical within the field of view. We want to rotate the shaft segment to its most
vertical orientation so that pore orientations relative to the longitudinal axis will be correct. We do this by
skeletonizing the TA image stack, vertically orienting the skeleton, and then using the same vertical
orientation for the anatomical tomo image stack. This procedure is based on Behrooz et al. 2017. This
protocol runs through a macro that prompts the user to select the output folder and open the image stack.
The protocol automatically skeletonizes TA, dilates it three times for visibility, and saves it in the user-
selected output folder.

1. Open ImageJ
2. Install the Skeleton Save macro
a. Open Plugins = Macros > Install, which will pop up the macros filter
b. Click Skeleton Save.ijm then Open
3. Click Plugins = Macros = Skeleton Save
4. In the popup Select_Output, navigate to the Anatomical Tomo folder
a. Create a new subfolder “Skeleton”
b. Enter the Skeleton folder
c. Click Select
5. You will be prompted to open Image Sequence
a. Navigate to the TA folder, and enter it so that the TA images appear.
b. Click the first TA image
c. Click Open
6. The Sequence Options window will open.
a. Make sure Sort Names Numerically is checked
b. Don’t check any other boxes, and make sure Use Virtual Stack is not checked
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C.

Click OK

7. Allow the macro to run on its own

a.

Warning: This procedure has many thinning iterations and will take approximately half a
day to run. You can run multiple skeletonizations in separate ImageJ windows. However,
the more you have open, the longer each procedure will take.

8. Load the completed skeleton in DataViewer

a.
b.
C.

d.
e.
f.
9. Enter pi

Click the DataViewer shortcut on the desktop

Click the folder in the top left corner

In the popup window, navigate to the “Skeleton” folder and click the first image file in
the folder

Change “Open As” dropdown box to “3D View”

Do not check the Resize box

Click Open

xel sizes in the User Input popup window: 5.49426 um for both X and Y pixel size

10. Re-orient the skeleton longitudinally

a.

d.

In the transaxial window (lower left), use the cursor to click on a bright dot. You may
have to scroll through the slices using the “Z” position on the toolbar to the left

The skeleton should appear in the coronal (top) and sagittal (lower right) windows
Hold down Ctrl on the keyboard and click in the coronal (top) window.

1. Still holding down Ctrl, move the mouse to rotate the skeleton until it is aligned
with the vertical bar. You can click inside the coronal window to reposition the
vertical bar.

Hold down Ctrl on the keyboard and click in the sagittal (bottom right) window.

i.  Still holding down Ctrl, move the mouse to rotate the skeleton until it is aligned
with the vertical bar. You can click inside the sagittal window to reposition the
vertical bar.

11. Find the revised coordinates of the rotated skeleton

a.

b.

C.

In DataViewer, click View = Rotate/Shift Operations - Rotate to Any Orientation
i. The Image Rotation window will pop up

Copy the values for Alpha, Beta, and Gamma into the Google Sheets file under TA

Alpha, TA Beta, and TA Gamma, respectively

Click Cancel in the Image Rotation window

12. Rotate the anatomical tomo files to match the skeleton orientation

a.
b.

o a0

2018-DU-BX-0
October 2021

In DataViewer, click the folder in the top left corner
In the popup window, navigate to the “Anatomical Tomo” folder and click the first image
file of the tomo sequence in the folder
Change “Open As” dropdown box to “3D View”
Do not check the Resize box
Click Open
In DataViewer, click View = Rotate/Shift Operations = Rotate to Any Orientation
i. The Image Rotation window will pop up
Enter the values for TA Alpha, TA Beta, and TA Gamma that you copied from the
skeleton
i. A popup will warn you that 3D values will be loaded from the memory buffer.
Click OK.
Click OK and the Anatomical Tomo image will rotate to its most vertical orientation
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i. Save the rotated image stack using Actions = Save = Transaxial (X-Y) Images as
Dataset
i. Two popups will warn you that the image is rotated and that output will be 8-bit.
Click OK for both.
ii. Save in a new folder “Centerline Anatomical Tomo™ as type (8bit)BMP(*.bmp)
13. Remove partial anatomical tomo files
a. Near the top and bottom of the anatomical tomo file stack, cross-sections will be cut off
by the image rotation. Move these to a folder called “Partial”
i. Also move the text file created by DataViewer to this folder
b. If you cannot clearly see if a file is cut off, click and drag the Centerline Anatomical
Tomo folder from File Explorer into ImagelJ. Or click File > Open = Image Sequence
and click on the first image file in the Centerline Anatomical Tomo folder.
i. Check the box “Use Virtual Stack” and click Yes.
ii.  Scroll through the image stack to see which files are partial. Note their file
numbers so you now which images to move.
c. Record the start and end file numbers in the Google Sheets document under Tomo Start
and Tomo End. Number of slices will calculate automatically.

TA Skeleton Before (Left) and After (Right) Vertical Rotation
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Anatomical Tomo Before (Left) and After (Right) Vertical Rotation

ROI and TA Extraction

In order to calculate percent porosity, we need a region of interest (ROI) mask of the cortex. We will
extract this from the centerline anatomical tomo image in Batman. This macro will also extract the
correctly oriented TA, which we will use to calculate relative cortical area later.

1. Click the Batman shortcut on the Desktop
2. Click Import. Navigate to Local Disk (D:) - Rabbit Opioid Scans Backup > CTan Macros
- ROIandTAExtractor.ctt. Click Open and the macro will load.
3. Click Add. Open the Centerline Anatomical Tomo folder. Click the first image. Click Open.
a. Do not check the box to resize the image
b. You can load multiple Centerline Anatomical Tomo image stacks if you have several
ready to go. Click Add for each image stack and they will line up to batch process.
4. Click the arrow next to Properties = Change Pixel Size. Make sure the pixel size is 5.49426
um for All Datasets.
5. Make sure the boxes are checked next to all of the loaded Centerline Anatomical Tomo files
6. Click Start and the macro will run on its own.
a. The Centerline Anatomical Tomo folder will receive subfolders labeled ROI and TA
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Femur: The centerline anatomical tomo file (left) and the cortical area ROI (center) and TA mask
(left) created by the custom CTan macro

Tibia: The centerline anatomical tomo file (left) and the cortical area ROI (center) and TA mask
(left) created by the custom CTan macro

Porosity Extraction

We extract the pores from the centerline anatomical tomo image using histogram enhancement followed
by local (neighborhood) thresholding with a low-contrast Phasalkar filter. This is a custom macro I made
that runs automatically. The required inputs are the centerline anatomical tomo image and its ROI mask,
which is used to eliminate noise outside of the cortex.

1. Within the Centerline Anatomical Tomo folder, move the tomo images to a subfolder “Tomo”.
This will make them easier to find during the macro prompts. Exclude the Batman output files.
Open ImagelJ from the Desktop shortcut.
Open Plugins = Macros = Install, which will pop up the macros filter
Click Adaptive Thresholding.ijm then Open
Click Plugins = Macros = Adaptive Thresholding
In the popup Select Tomo Images, navigate to your Centerline Anatomical Tomo folder and
enter the Tomo subfolder.

a. Click Select

b. Note: You will not see any images appear

AN
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7. In the popup Select ROIs, navigate to your Centerline Anatomical Tomo folder and enter the
ROI subfolder.
a. Click Select
b. Note: You will not see any images appear
8. In the popup Select Output, navigate to your Centerline Anatomical Tomo folder and click the
New Folder icon (folder with a starburst).
a. Create a new subfolder “Pores”
b. Enter the Pores folder
c. Click Select
9. The macro will run automatically. It will pop up a threshold window. You can view progress by
looking at the Pores folder in File Explorer, where the extracted pore images will appear.
10. You can run multiple pore extractions simultaneously, but they must be in separate ImagelJ
windows.

Femur: The centerline anatomical tomo file (left) and the extracted porosity (right)
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Tibia: The centerline anatomical tomo file (left) and the extracted porosity (right)

Pore Morphometry

A custom macro for Batman runs 3D pore morphometry on the porous cortex (bone = white, pores =

black) to extract porosity, and on the isolated pores (bone = black, pores = white) to extract summed and

individual object pore morphometry. The output is a summary morphometry .csv file, and individual

object morphometry .csv file, and folders containing grayscale images representing trabecular thickness,
trabecular separation, and individual object size.

o

Click the Batman shortcut on the Desktop
Click Import. Navigate to Local Disk (D:) = Rabbit Opioid Scans Backup > CTan Macros -
PoreMorphometry8-27-2019.ctt. Click Open and the macro will load.
Click Add. Open the Pores folder. Click the first image. Click Open.
a. Do not check the box to resize the image
Click the down arrow next to Add. In the popup menu, select Load ROL.
a. Navigate to the ROI subfolder of Centerline Anatomical Tomo
b. On the lower right dropdown menu, change ROI files (.roi) to Bitmap files (.bmp). The
list of ROIs should appear.
c. Click the first image on the list, then Open
d. You will be warned that the ROI will be monochrome. Click OK.
You can load multiple Pores and matched ROIs in this manner.
Click the arrow next to Properties > Change Pixel Size. Make sure the pixel size is 5.49426 um
for All Datasets. Note that pixel size must typically be changed at this point, because the
resolution data is lost through ImageJ processing.
Make sure the boxes are checked next to all loaded Pores files
Click Start and the macro will run on its own.
The macro should output:
a. A _.batman file containing summary pore data
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b. A _i3d file containing individual pore data

c. TBTH: Image stack of trabecular thickness
d. TBSP: Image stack of trabecular separation
e. Individual Objects by Size: Image stack

f.

Note: The three image stacks use grayscale coding of the lowest values (approximate to

black) so they will not be very visible on the actual image. However, they can be seen

clearly in Dragonfly or Amira.

Pore Morphometry Data Transfer

Open the spreadsheet file in D:/Rabbit Opioid Scans Backup/Statistics/Excel Spreadsheets -
Colored/Total Pore Statistics — 100 um Despeckling

In the .batman file, the first set of results represents porosity measurements of black pores on white
bone.

Copy the following data from the first “Morphometry Results” vertical column to the boxes listed under
“From First Vertical Column”. These headers are highlighted in blue.

The second set of results represents individual pore measurements of white pores on black space.

Copy the following data from the second “3D Analysis Summary” horizontal row to the boxes listed

Fractal dimension
Number of closed pores
Closed porosity (percent)
Open porosity (percent)
Total porosity (percent)

under “From Second Horizontal Row”. These headers are highlighted in yellow.

Tissue volume

Bone volume

Percent bone volume

Tissue surface

Bone surface

Intersection surface

Bone surface / volume ratio

Bone surface density

Trabecular thickness

Trabecular separation

Trabecular number

Degree of anisotropy (note — divide the numbers into DA1 and DA2 (parenthetical))
Fractal dimension

Number of objects

Euler number

Connectivity

Connectivity density

Standard deviation of trabecular thickness
Standard deviation of trabecular separation
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All other morphometry measurements (under the “Calculated” heading in green) are automatically
calculated based on the data entered. Pull down the corner of the above columns to continue this
calculation.

Cross-Sectional Geometry

A custom macro for Batman runs 2D and 3D morphometry on the cortical area (ROI) with the total area
(TA) as a mask to extract cross-sectional geometry (2D morphometry) and relative cortical volume
(BV/TV from 3D morphometry)

1. Click the Batman shortcut on the Desktop
2. Click Import. Navigate to Local Disk (D:) = Rabbit Opioid Scans Backup - CTan Macros =
CrossSectional Geometry9-9-2019.ctt. Click Open and the macro will load.
3. Click Add. Open the ROI folder from within Centerline Anatomical Tomo. Click the first image.
Click Open.
a. Do not check the box to resize the image
4. Click the down arrow next to Add. In the popup menu, select Load ROI.
a. Navigate to the TA subfolder of Centerline Anatomical Tomo
b. On the lower right dropdown menu, change ROI files (.roi) to Bitmap files (.bmp). The
list of TA images should appear.
c. (Click the first image on the list, then Open
d. You will be warned that the ROI will be monochrome. Click OK.
5. You can load multiple ROIs and matched TAs in this manner.
6. Click the arrow next to Properties > Change Pixel Size. Make sure the pixel size is 5.49426 um
for All Datasets.
7. Make sure the boxes are checked next to all loaded ROI files
8. Click Start and the macro will run on its own.
9. The macro should output:
a. A __.batman file containing summary cross-sectional data for 2D and 3D morphometry
b. A 2D analysis summary line in the Cross-Sectional Geometry .csv folder under the
Statistics folder in Rabbit Opioid Scans Backup
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Appendix XIII: Femur and Tibia Quadrant Regional Processing SOP

Region Extraction

1. Open ImagelJ from the Desktop shortcut.

2. First time you use that session of ImageJ Only: BonelJ always opens an orientation window
that apparently cannot be closed from inside a macro. This will crash all subsequent attempts to
open BoneJ from a macro. When you open a new ImageJ window, you must “burn” a BoneJ
session to prevent this

a. Open a single random ROI image in ImageJ by dragging and dropping it only ImageJ
from File Explorer, or by using File > Open

Click Plugins - Bonel] - Slice Geometry

Immediately Cancel the Options Window

Close the Orientation window

Close the Image

Now you are free of the orientation bug! You can skip this step if you run a subsequent

region extraction in this same ImageJ session.

Open Plugins = Macros => Install, which will pop up the macros filter

Click Femur Quadrants.ijm (for the femur) or Tibia Quadrants.ijm (for the tibia) then Open

Click Plugins - Macros = Femur Quadrants (or Tibia Quadrants)

In the BoneJ Usage popup, click OK

In the popup Select Cortical ROI, navigate to:Local Disk (D:) > Rabbit Opioid Scans Backup

- [Choose the next femur to run] = Anatomical Rotation = Centerline Anatomical Tomo >

ROI
a. Click Select
b. Note: You will not see any images appear

8. In the popup Select Output Directory, navigate to your Centerline Anatomical Tomo folder and
click the New Folder icon (folder with a starburst).

a. Create a new subfolder “Region ROI”
b. Enter the Region ROI folder
c. Click Select

9. The macro will run automatically. It will pop up a threshold window and a results window — you
can move these around but do not close them. You can view progress by looking at the Region
ROI folder in File Explorer, where the extracted ROI regions will appear.

10. The outputs into the new Region ROI folder are ROI masks:

a. Anterior ROI

U

NownkWw

b. Lateral ROI

c. Medial ROI

d. Posterior ROI

e. Drawn Octants — shows the drawn lines of the four quadrants

Pore Morphometry

10. Click the Batman shortcut on the Desktop
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11. Click Import. Navigate to: Local Disk (D:) = Rabbit Opioid Scans Backup = CTan Macros =
RegionalPoreMorphometry10-7-2019.ctt.

a. Click Open and the macro will load.

12. Click Add. Navigate to an existing pore output in: Local Disk (D:) = Rabbit Opioid Scans
Backup - [Choose the next femur to run] = Anatomical Rotation = Centerline Anatomical
Tomo - Pores

a. Click the first image. Click Open.
b. Do not check the box to resize the image
13. Click the down arrow next to Add. In the popup menu, select Load ROI. Navigate to:

Local Disk (D:) = Rabbit Opioid Scans Backup = [Choose the next femur to run] > Anatomical
Rotation = Centerline Anatomical Tomo = Region ROI
a. Select one of the Regional ROI subfolders (e.g. Anterior ROI) and click Open
b. On the lower right dropdown menu, change ROI files (.roi) to Bitmap files (.bmp). The
list of ROIs should appear.
c. Click the first image on the list, then Open
d. You will be warned that the ROI will be monochrome. Click OK.
14. You can load multiple Pores and Regional ROIs in this manner. For example, load the same Pores
set four times. Then load Anterior, Posterior, Medial, and Lateral ROIs separately as ROIs
15. Click the arrow next to Properties = Change Pixel Size. Make sure the pixel size is 5.49426 um
for All Datasets. Note that pixel size must typically be changed at this point, because the
resolution data is lost through ImageJ processing.
16. Make sure the boxes are checked next to all loaded Pores files
17. Click Start and the macro will run on its own.
18. The macro should output the following inside the Pores folder:
A _.batman file containing summary pore data
A _i3d file containing individual pore data
TBTH: Image stack of trabecular thickness
TBSP: Image stack of trabecular separation
Individual Objects by Size: Image stack
Note: The three image stacks use grayscale coding of the lowest values (approximate to
black) so they will not be very visible on the actual image. However, they can be seen
clearly in Dragonfly or Amira.
19. If you loaded more than one ROI for the same pore set: Each output will be numbered
according to the order of the runs [e.g. TBTH, TBTH(1), TBTH(2)].
a. Ifyou are not sure which is which, check the order of the runs associated text file that
ends in .batman. The name of the ROI will be listed in the first line.
i. Alternatively open a despeckled pore image in that numbered folder and check
whether it is Anterior (top), Medial (right), Posterior (bottom), or Lateral (left)
b. Move each set of outputs into its own subfolder (e.g. Anterior Pores)

o o o
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Description: Extracts a mask of total area from the grayscale micro-CT image for centerline

Appendix XIV: CTAnalyser Macros

TA Extractor

skeletonization and subsequent longitudinal orientation

Workflow:

Thresholding (2D space)

Mode Two-dimensional (Otsu method)

Kernel Round
Radius 1
Background Dark

Despeckle
Type: Sweep (3D space)

Remove: all exept the largest object

Apply to: Image

ROI shrink-wrap

Mode : Shrink-wrap (3D space)

Morphological operations
Type: Erosion (3D space)
Kernel: Round

Radius: 2

Apply to: Region of Interest

Morphological operations
Type: Dilation (3D space)
Kernel: Round

Radius: 2

Apply to: Region of Interest

Morphological operations
Type: Closing (2D space)
Kernel: Round

Radius: 30

Apply to: Region of Interest

Morphological operations
Type: Erosion (3D space)
Kernel: Round
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Radius: 2
Apply to: Region of Interest

Save bitmaps (only ROI)
File format: bmp

ROI and TA Extractor

Description: After longitudinal orientation, extracts a mask of total area and a mask of cortical area to
serve as regions of interest (ROI) for pore extraction and morphometric analysis

Workflow:

Thresholding (2D space)

Mode Two-dimensional (Otsu method)
Kernel Round

Radius 1

Background Dark

Despeckle

Type: Sweep (3D space)

Remove: all exept the largest object
Apply to: Image

ROI shrink-wrap
Mode : Shrink-wrap (3D space)

Morphological operations
Type: Erosion (3D space)
Kernel: Round

Radius: 2

Apply to: Region of Interest

Morphological operations
Type: Dilation (3D space)
Kernel: Round

Radius: 2

Apply to: Region of Interest

Morphological operations
Type: Closing (2D space)
Kernel: Round

Radius: 30
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Apply to: Region of Interest

Morphological operations
Type: Erosion (3D space)
Kernel: Round

Radius: 2

Apply to: Region of Interest

Save bitmaps (only ROI)
File format: bmp

Despeckle

Type: Remove pores (2D space)
Detected by: by image borders
Apply to: Region of Interest

Save bitmaps (only ROI)
File format: bmp

Pore Morphometry

Pore Morphometry Description: Acquires morphometric measurements from cortical pore networks on
whole cross-sections; also generates binary image stacks of despeckled pore networks and grayscale
image stacks of pore thickness and pore separation

Regional Pore Morphometry Description: Same functions as “Pore Morphometry”, but limited to a
given anatomical region of interest (Anterior, Posterior, Medial, Lateral)

Workflow:
Thresholding
Mode Global
Lower grey threshold 1
Upper grey threshold 255
Despeckle

Type: Remove white speckles (3D space)
Volume : less than 100 voxels
Apply to: Image

Thresholding
Mode Global
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Lower grey threshold 0
Upper grey threshold 254

3D analysis

MORPHOMETRY RESULTS

Description Abbreviation Unit

Fractal dimension FD

Number of closed pores Po.N(cl)

Closed porosity (percent) Po(cl) %

Open porosity (percent) Po(op) %

Total porosity (percent) Po(tot) %
Thresholding
Mode Global
Lower grey threshold 0
Upper grey threshold 254

Save bitmaps (only image)
File format: bmp

3D analysis

MORPHOMETRY RESULTS
Description Abbreviation Unit
Tissue volume TV Uun3
Bone volume BV Ur3
Percent bone volume BV/TV %
Tissue surface TS un2
Bone surface BS un2
Intersection surface .S un2
Bone surface / volume ratio BS/BV 1/U
Bone surface density BS/TV 1/U
Trabecular thickness Tb.Th U
Trabecular separation Tb.Sp U
Trabecular number Tb.N 1/U
Degree of anisotropy DA
Fractal dimension FD
Number of objects Obj.N
Euler number Eu.N
Connectivity Conn
Connectivity density Conn.Dn 1/U"3

Standard deviation of trabecular thickness SD(Tb.Th) U
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Standard deviation of trabecular

separation SD(Tb.Sp)
Individual object analysis (3D space)
Description Abbreviation
Object volume Ob;.V
Object surface Obj.S
Volume of pores Po.V
Surface of pores Po.S
Porosity Po
Number of pores Po.N
Centroid x Crd.X
Centroid y Crd.Y
Centroid z Crd.Z
Moment of inertia (X) MMI(x)
Moment of inertia (y) MMI(y)
Moment of inertia (z) MMI(z)
Polar Moment of inertia MMIl(polar)
Radius of gyration (X) Gr.R(x)
Radius of gyration (y) Gr.R(y)
Radius of gyration (z) Gr.R(z)
Polar Radius of gyration Gr.R(polar)
Product of inertia (xy) Pr.In(xy)
Product of inertia (xz) Pr.In(xz)
Product of inertia (yz) Pr.In(yz)
Orientation theta Or(theta)
Orientation phi Or(phi)
Structure model index SMI
Structure thickness St.Th
Equivalent rod length ERL
Major diameter Maj.Dm
Volume-equivalent sphere diameter ESDv
Surface-equivalent sphere diameter ESDs
Sauter diameter Sau.Dm
Sphericity Sph
Mean density Dens
Maximum density Dens(max)
Surface convexity index SCv.I
Euler number EuN
Connectivity Conn
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Unit
um”3
um”2
um”3
um”2
%

um
um
um
um”5
um”5
um”5
um”5
um
um
um
um
um”5
um”5
um”5

um
um
um
um
um
um

Index

Index
1/um
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https://SD(Tb.Sp

Legend of color-coded images:
Index
ESDv (um)

Save bitmaps (clipboard)

Cross-Sectional Geometry

Description: Extracts cross-sectional geometric measurements from the cortical area image stack, using

the total area image stack as a mask

Workflow:
Thresholding
Mode Global
Lower grey threshold 1
Upper grey threshold 255
2D analysis

Summary 2D data

Description

Tissue volume

Bone volume

Percent bone volume

Tissue surface

Peripheral tissue surface

Bone surface

Peripheral bone surface

Bone surface / volume ratio

Mean total crossectional tissue area
Mean total crossectional tissue perimeter
Mean total crossectional bone area
Mean total crossectional bone perimeter
Average moment of inertia (x)

Average moment of inertia (y)

Mean polar moment of inertia
Average principal moment of inertia
(max)
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Abbreviation

TV

BV

BV/TV

TS

TS(per)

BS

BS(per)
BS/BV
T.Ar

T.Pm

B.Ar

B.Pm
Av.MMI(x)
Av.MMI(y)
MMI(polar)

Av.MMI(max)

Unit

um”3
um”3
%
um”2
um”2
um”2
um”2
1/um
um”2
um
um”2
um
um”™4
um”™4
um”™4

um”4
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Average principal moment of inertia
(min)

Mean eccentricity

Crossectional thickness

Centroid (x)

Centroid (y)

Centroid (z)

Mean fractal dimension

Total intersection surface

Percent intersection surface
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Av.MMI(min)
Ecc

Cs.Th

Crd.X

Crd.Y

Crd.Z

FD

i.S

1.S/TS(per)

um”™4

um
um
um
um

um”2
%
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Appendix XV: ImageJ Macros

Adaptive Thresholding

Description: Applies a low-contrast, local thresholding Phansalkar algorithm to the grayscale micro-CT
image, extracting the cortical pore network as a binary image stack, and excluding external noise by using
the cortical area image stack as a mask

Workflow:

macro "Adaptive Thresholding" {
setBatchMode(true);

dir1= getDirectory("Select Tomo Images");
list1= getFileList(dir1);

dir2= getDirectory("Select ROIs");
list2= getFileList(dir2);

dir3= getDirectory("Select Output");

while (nImages>0) {
selectlmage(nlmages);
close(); }

//Clear any past results

run("Clear Results");

//Image loop

for (1=0; i<lengthOf{(list1); i++){

//Open the pore image and threshold

open(dirl+listl[i]);

tomo=getTitle();

selectimage(tomo);

run("8-bit");
run("Enhance Contrast...", "saturated=0.3 normalize");
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run("8-bit");
run("Gaussian Blur...", "sigma=1");

run("8-bit");
run("Auto Local Threshold", "method=Phansalkar radius=15 parameter 1=0 parameter 2=0 white");

//Invert tomo

selectimage(tomo);
run("8-bit");
run("Invert");
tomo=getTitle();

//Open ROI and use as mask
open(dir2+list2[i]);

roi=getTitle();

imageCalculator("AND create", tomo,roi);
out=getTitle();

selectlmage(out);

setAutoThreshold("Default dark");
run("Threshold...");

setThreshold(1, 255);
setOption("BlackBackground", true);
run("Convert to Mask");

selectImage(out);

run("8-bit");
run("Close-");
run("Fill Holes");

saveAs("bmp", dir3 + tomo);
//Close all open images

while (nImages>0) {
selectlmage(nlmages);

close(); }}}
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Skeleton Save

Description: Automatically runs and saves the Skeletonization 3D plugin on the total area mask,
converting it to a centerline skeleton image stack

Workflow:

macro "Skeleton Save" {
setBatchMode(true);

out= getDirectory("Select Output");

run("Image Sequence...");
orig=getTitle();

selectWindow(orig);
run("Skeletonise");

selectWindow(orig);
close();

skel=getTitle();

selectWindow(skel);

//3x Dilate

run("Dilate", "stack");

run("Dilate", "stack");

run("Dilate", "stack");

selectimage(skel);

run("Image Sequence... ", "format=BMP name=Skeleton start=0001 save=out");
while (nImages>0) {

selectlmage(nlmages);
close();

i
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Femur Quadrants / Tibia Quadrants

Description: Using the cortical area image stack as an input, finds the centroid with the Slice Geometry

plugin, and then rotates a line through this centroid to generate image stacks of masks representing the

Anterior, Posterior, Medial, and Lateral anatomical regions of each cross-section. A given regional mask

can be used as the region of interest (ROI) in the Regional Pore Morphometry macro to restrict
morphometric analysis of the pore network to that anatomical region.

Workflow:

macro "Femur Quadrants"{
setBatchMode(true);

//Pop up BoneJ Usage Legacy and prompt user for OK
run("BoneJ Usage (Legacy)");

//Clear any past results

run("Clear Results");

//Set background color to black for clearing regions
setBackgroundColor(0, 0, 0);

//Set input directories to prompt user to load cortical ROI stack

dir1= getDirectory("Select Cortical ROI");
list1= getFileList(dir1);

//Make an output directory
dir2= getDirectory("Select Output Directory");
//Make output subdirectories

regiondraw=dir2+"/Drawn Octants/";
File.makeDirectory(regiondraw);

regionA=dir2+"/Anterior ROI/";
File.makeDirectory(regionA);

regionM=dir2+"/Medial ROI/";
File.makeDirectory(regionM);
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regionP=dir2+"/Posterior ROI/";
File.makeDirectory(regionP);

regionL=dir2+"/Lateral ROI/";
File.makeDirectory(regionL);

//Burner Slice Geometry

open(dirl+list1[1]);

run("Slice Geometry", "bone=femur bone _min=1 bone_max=255 slope=0.0000 y intercept=0");
close();

run("Clear Results");

//Loop Start

for (i=0; i<lengthOf{(listl); i++){

//Open the cortical mask image

open(dirl-+list1[i]);
orig=list1[i];

imgname=getTitle();
//Remove scale
run("Set Scale...", "distance=0");

//Clear results
run("Clear Results");

//Run BoneJ Slice Geometry
run("Slice Geometry", "bone=femur bone_min=1 bone_max=255 slope=0.0000 y_intercept=0");
//Save slice geometry centroid X value

cX=getResult("X cent. (pixels)",0);
cY=getResult("Y cent. (pixels)",0);

//Draw a line through the centroid to the top and bottom of the image

w = getWidth();
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h = getHeight();
selectlmage(orig);

//Coordinates for centroid to top of image
//makeLine(cX, 0, cX, h);

//Rotation code based off of: https://stackoverflow.com/questions/14842090/rotate-line-around-center-

point-given-two-vertices

//Starting coordinates are as follows
/Ix=cX

/ly=0

//Add -1000 to Y to extend beyond borders
/lex =cX

/lcy=cY

//Rotate 45 degrees counterclockwise to AL line
a=45*PI/ 180;

xAL = ( (cX-cX) * cos(a) + (-1000 - cY) * sin(a) ) + cX;
yAL = (-(cX - cX) * sin(a) + (-1000 - cY) * cos(a) ) + cY;

//Rotate 135 degrees counterclockwise to PL line
a=135*PI/180;

xPL = ( (cX -¢X) * cos(a) +(-1000 - cY) * sin(a) ) + cX;
yPL = (-(cX - c¢X) * sin(a) + (-1000 - cY) * cos(a) ) + cY;

//Rotate 225 degrees counterclockwise to PM line
a=225*PI/ 180;

xPM = ( (cX -cX) * cos(a) + (-1000 - cY) * sin(a) ) + cX;
yPM = (-(cX - cX) * sin(a) + (-1000 - cY) * cos(a) ) + cY;

//Rotate 315 degrees counterclockwise to AM line
a=315*PI/180;

xAM = ( (cX - cX) * cos(a) + (-1000 - cY) * sin(a) ) + cX;
yAM = ( -(cX - ¢X) * sin(a) + (-1000 - cY) * cos(a) ) + cY;

2018-DU-BX-0188 Final Technical Report
October 2021

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.

185


https://stackoverflow.com/questions/14842090/rotate-line-around-center

//Duplicate image and draw lines

selectlmage(orig); run("Duplicate...", "title=[Drawn]");
drawoct="Drawn";

selectimage(drawoct);

makeLine(cX, cY, xAL, yAL);
run("Draw");

makeLine(cX, cY, xPL, yPL);
run("Draw");

makeLine(cX, cY, xPM, yPM);
run("Draw");

makeLine(cX, cY, XxAM, yAM);
run("Draw");

saveAs("bmp", regiondraw + imgname);
close();

//Duplicate image and draw anterior quadrant

selectimage(orig);
run("Duplicate...", "title=[ Temp Octant]");
tempoct="Temp Octant";

makePolygon(xAM,yAM,xAL,yAL,cX,cY);

setBackgroundColor(0, 0, 0);
run("Clear Outside");

setAutoThreshold("Default dark");
run("Threshold...");
setThreshold(1,255);
setOption("BlackBackground", true);
run("Convert to Mask");

saveAs("bmp", regionA + imgname);

close();

//Duplicate image and draw lateral quadrant

selectlmage(orig);
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run("Duplicate...", "title=[ Temp Octant]");
tempoct="Temp Octant";

makePolygon(xAL,yAL,xPL,yPL,cX,cY);

setBackgroundColor(0, 0, 0);
run("Clear Outside");

setAutoThreshold("Default dark");
run("Threshold...");
setThreshold(1,255);
setOption("BlackBackground", true);
run("Convert to Mask");

saveAs("bmp", regionL + imgname);

close();

//Duplicate image and draw posterior quadrant

selectimage(orig);
run("Duplicate...", "title=[ Temp Octant]");
tempoct="Temp Octant";

makePolygon(xPL,yPL,xPM,yPM,cX,cY);

setBackgroundColor(0, 0, 0);
run("Clear Outside");

setAutoThreshold("Default dark");
run("Threshold...");
setThreshold(1,255);
setOption("BlackBackground", true);
run("Convert to Mask");
saveAs("bmp", regionP + imgname);
close();

//Duplicate image and draw posterior quadrant

selectlmage(orig);
run("Duplicate...", "title=[ Temp Octant]");

2018-DU-BX-0188 Final Technical Report
October 2021

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.

187



tempoct="Temp Octant";
makePolygon(xPM,yPM,xAM,yAM,cX,cY);

setBackgroundColor(0, 0, 0);
run("Clear Outside");

setAutoThreshold("Default dark");
run("Threshold...");
setThreshold(1,255);
setOption("BlackBackground", true);
run("Convert to Mask");
saveAs("bmp", regionM + imgname);
close();

//Close original image

selectlmage(orig);
close();
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Appendix XVI: Skeletonization SOP

General Avizo Tips

You can save your project view using File = Save Project As = Minimize Project Size 2 OK = Save
as type Amira Project (*.hx). When you open this file in Amira, all of your code will re-run.

Or choose Minimize Project Computation to save all of the backup files so you do not have to rerun code
(requires more space)

To delete an object in the Project View field, drag it to the Trash Can, or click Delete on the keyboard

To organize your Project View nicely, click the Reorder Project View button at the top

Extract Despeckled Pore File

Navigate to Desktop = Kassidy Skeletonization > Rabbit Femora
Select one of the 7zip Pore Files. Right-click 2 7zip = Open Archive
In the opened 7zip archive, navigate to Pores = Total Pores

Click on the Despeckled Pores Folder (it should turn blue)

Click “Extract” in the top toolbar

In the Copy popup, click OK

Despeckled Pores will extract to the main Rabbit Femora Folder
Right click = Rename

Rename it with Number Femur Despeckled

E.g. 01 Femur Despeckled

Load File in Amira

Double-click the Amira 6.4.0. icon on the Desktop

Open Blank Project

Open Data (Green button in upper left hand corner)

Navigate to Desktop = Kassidy Skeletonization = Rabbit Femora - The extracted despeckled pore file
In the popup, click the top file in the folder. Scroll to the bottom. Hold down shift and click the bottom
file in the folder. All of the files in the folder should now be highlighted. Click Open.

Amira should pop up an “Out of Core Data” popup. If not, check the Amira icon on the bottom of the
window — it may be hidden behind Amira.

Select “Read complete volume into memory”

Do not check Run Batch

Click OK

Image Read Parameters should pop up.

Channel conversion: Channel 1

You can change the object name if you like, or leave it as default

Original Coordinate Units: micrometer

Define: Voxel Size

Min coord: 0 0 0

Voxel size: 5.494265.494265.49426

Uncheck Read as multiple files

Click OK
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Sometimes you accidentally load only one slice. To make sure the volume loaded in 3D, you can click the
green object file that popped up when you loaded the image, then select “Volren”

Use the hand tool at the top of the toolbar to rotate the 3D image

Use the four-way arrow tool to move the 3D image laterally or up and down within the field of view

Use the magnifying glass to zoom in and out

Setting Up Auto-Skeleton

Right-click the green object file that popped up when you loaded the image. If you changed the file name,
it will have your chosen name.

Right-click will pop up a menu of functions.

Navigate to Image Processing = Skeletonization = Auto-Skeleton > Create

OR you can search for Auto Skeleton in the toolbar on the popup

Auto-Skeleton Properties

Data = Name of your loaded image stack

Filament type = Bright on Dark

Threshold = 1 (or can leave as default, since all pixels in this image are 254 pixel brightness)

Preview = Off (saves time)

Smoothing = ON

Smooth = 0.5

Attach to Data = 0.25

Number of Iterations = 10

Click on the arrow next to Output Options

Create Objects: Uncheck All

Show Spatial Graph: Check

Click Apply and the Auto-Skeleton will run. It may take several hours to run.

Try to not touch Amira during this time or run any other programs. It may say it is Not Responding, but it
is still running. If it pops up an error, choose “Wait for Program to Respond”. The screen may become
grayed out.

Exporting LineSet and Statistics

Saving Spatial Graph: Right click the .SptGraph object created by Auto Skeleton

Click on Export Data As... which looks like a folder with a yellow arrow

In the popup Export Data As, change Save As Type to “AmiraMesh Spatial Graph (*am)”
Navigate to your Number Femur Despeckled folder and click New Folder, which you will name
“Skeletonization Files”

Save the SptGraph ibject in your new Skeletonization Files folder

We will use the LineSet data to run Isaac Pratt’s code eventually

Creating LineSet: Right click the .SptGraph object

In the functions menu, select Convert = Spatial Graph to Line Set > Create = Apply

Saving LineSet: Right click on the .SptGraph-LS object created

Click on Export Data As... which looks like a folder with a yellow arrow

In the popup Export Data As, change Save As Type to “LineSet(*lineset)

Change the save location to your Number Femur Despeckled = Skeletonization Files folder and click
Save

We will use the LineSet data to run Isaac Pratt’s code eventually
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Creating Statistics: To export statistics, right click the .SptGraph object created by Auto Skeleton
In the functions menu, select Measure and Analyze = Spatial Graph Statistics [ Create

In Spatial Graph Statistics Properties:

Data: Your SptGraph object

Output: Spreadsheet

Click Apply

This creates a .statistics object

Saving Statistics: Right click on the .statistics object

Click on Export Data As... which looks like a folder with a yellow arrow

In the popup Export Data As, change Save As Type to “CSV (*csv)”

Change the save location to your Number Femur Despeckled [ Skeletonization Files folder and click
Save

You can open the .csv file in Excel to get summary statistics and individual segment statistics

Adjusting Visualization
Click on the Amira 6.4.0 icon to open Amira
File = Open Project
Open your Amira Spatial Graph Image Template
File = Open Data = Open the SptGraph object you want to visualize
Right-click on the SptGraph green object [1 Display [ Spatial Graph View [ Create
Click the Spatial Graph View so its Properties appear
Data: Spt.Graph object
Node = OFF
Segment = ON
Segment Style
Uncheck Lines and Points
Check Tubes
Tube Scale = Thickness
Tube Scale Factor = 1.4
Segment Coloring = Thickness
Segment Colormap
Edit - physics VolRend 1to81.am
Make sure the left value is 1 and the right value is 81. If this alters the colormap, you will need
to adjust the annotation as seen below.
Edit > Options = Uncheck everything by clicking on it
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https://physics_VolRend_1to81.am
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