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Abstract

Objective: Characterise the spatiotemporal trabecular and cortical bone responses to complete spinal cord injury (SCI)
in young rats. Methods: 8-week-old male Wistar rats received T9-transection SCI and were euthanised 2-, 6-, 10- or
16-weeks post-surgery. Outcome measures were assessed using micro-computed tomography, mechanical testing, serum
markers and Fourier-transform infrared spectroscopy. Results: The trabecular and cortical bone responses to SCI are
site-specific. Metaphyseal trabecular BV/TV was 59% lower, characterised by fewer and thinner trabeculae at 2-weeks
post-SCI, while epiphyseal BV/TV was 23% lower with maintained connectivity. At later-time points, metaphyseal BV/TV
remained unchanged, while epiphyseal BV/TV increased. The total area of metaphyseal and mid-diaphyseal cortical bone
were lower from 2-weeks and between 6- and 10-weeks post-SCI, respectively. This suggested that SCl-induced bone
changes observed in the rat model were not solely attributable to bone loss, but also to suppressed bone growth. No tissue
mineral density differences were observed at any time-point, suggesting that decreased whole-bone mechanical properties
were primarily the result of changes to the spatial distribution of bone. Conclusion: Young SCI rat trabecular bone changes
resemble those observed clinically in adult and paediatric SCI, while cortical bone changes resemble paediatric SCI only.
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deterioration of both bone quantity and microarchitecture
means that patients with spinal cord injury (SCI) are
at a significantly higher risk of fragility fractures in
the lower extremities than the able-bodied population,
particularly around the knee (distal femur and proximal
tibia), in the trabecular-rich epiphyseal and metaphyseal
compartments?. For individuals with a complete SCI,
fracture incidence increases with time, from 1% in the first
12-months, to 4.6% per year at 20-years post-injury?.
Long term follow-up suggests that up to half of all patients
with SCI will sustain at least one fragqility fracture, with an
average time to first fracture of 8.9 years post-SCI°.

Rat models are commonly used to characterise and
understand the mechanisms of SCl-induced osteoporosis.
The majority of previous studies have used a single-time point,
studying only the acute (less than 6-week phase)*~'° or more
chronic phase of the injury''. Most studies have used young,
skeletally immature rats (10-week-old or younger®1213),
in which there is continuing longitudinal and appositional
bone growth. Most clinical cases of traumatic SCI occur in
skeletally mature humans'4 and whether skeletally immature
rats are a good model of clinical SCl-induced osteoporosis
has not been investigated.

A major variable in all these rat studies is the type of SCI.
Both contusion®'!"1516 gand transection*57-'2 type injuries
have been used. Contusion injuries are always incomplete
injuries, always accompanied by recovery of motor function.
This recovery is faster and more extensive than in human SCI.
The recovery of motor function in the model confounds the
investigation of disuse related osteoporosis. A transection
injury, which completely severs the spinal cord, results in
complete and permanent loss of volitional movement. This
avoids the confounding effect of motor recovery inincomplete
models and makes it more suitable for studying SCl-induced
osteoporosis.

Several time course studies have been performed. Peng et
al., (2020)'" and Minematsu et al. (2014)° examined changes
in metaphyseal trabecular microstructure only, for the femur
and tibia, respectively, during the first week and first 5-weeks
after transection SCI, respectively, in 8-week-old male rats.
Otzel et al. (2019)'¢ evaluated the trabecular and cortical
bone deterioration over 3-months after contusion SCI in
16-week-old rats. Despite the trabecular-rich epiphyseal and
metaphyseal compartments being most common to fracture
clinically, so far only one single-time point rat study has
examined the epiphysis''.

In this study, we used 8-week-old male rats that received
a T9-transection SCI, with age-matched sham-operated
controls. The motivation was to assess the suitability
of a young rat model in mimicking the SCl-induced
osteoporosis observed in human SCI, by characterising
the temporal changes produced by a transection SCI on
the microarchitecture of several different distal femoral
trabecular and cortical bone site.
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Material and Methods

Animals

Sixty-four male Wistar rats weighing 200+4q
(approximately 7-weeks-old) were acquired from Harlan
Laboratories, Loughborough, UK. Rats were housed in
pairs, in a temperature-controlled room under a 12-hour
light-dark cycle, with ad libitum access to food and water.
All experimental procedures were approved by the Ethical
Review Panel of the University of Glasgow and carried out
in accordance with the Animals (Scientific Procedures) Act
1986.

Experimental Design

Rats were randomly assigned to SClI or SHAM groups
(n=32 per group). Subsets of rats were euthanised at 2-,
6-, 10- or 16-weeks post-surgery (n=8 per group) by
anaesthetic overdose (Euthatal, Merial Animal Health Ltd,
Harlow, UK). Body mass was measured daily for the first
week post-surgery, subsequently a weekly measurement
was performed. Blood samples were acquired at the time
of sacrifice via the descending aorta. Serum was separated
and stored at -80°C. Right gastrocnemius muscles (both
medial and lateral heads), biceps and triceps muscles and
tibiae and humeri and left and right femora were dissected
and weighed. Femoral length was measured parallel to the
shaft between the femoral head and condyles using digital
callipers. Femurs were wrapped in PBS-soaked gauze and
stored at -20°C for micro-computed tomography (uCT) and
subsequent destructive mechanical testing.

Surgery and Postoperative Care

Following 1-week of acclimatisation (8-week-old) rats
underwent transection of the spinal cord at thoracic level TO.
Surgery and postoperative care were carried out as previously
described'®. Briefly, a laminectomy was performed at the
T9-T10 level in anesthetised rats. In SHAM rats, the wound
was immediately closed. In SCI rats, a transection injury was
produced by making a small hole in the dura and cutting the
spinal cord transversely at two locations, approximately
Imm apart. Rats received buprenorphine (0.05 mg/kg s.c.)
and carprofen (5 mg/kg s.c.) the morning of and morning
after surgery. Saline (3-5 ml s.c.) and enrofloxacin (5 mg/kg
s.c.) were given for 3- and 7-days post-surgery for SHAM and
SCI, respectively. The bladders of SCI rats were expressed
3-times per day until spontaneous voiding returned.

UCT analysis

Right femurs were scanned using UCT (Bruker SkyScan
1172 scanner, Kontich, Belgium) at 6.9 um isotropic voxel
size, as described previously'®. 2D global morphometry
was performed on the most distal 60% of the femur (Online
Resource 1), which guided the volume of interest (VOI)
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selection for 3D morphometric analysis. A percentage of
bone length-based approach was used to define the VOIs. Two
trabecular VOIs, both only containing secondary spongiosa
were selected, a metaphyseal (81-85% bone length from the
proximal end) and epiphyseal (93-97% bone length from the
proximal end) VOI. Two cortical VOIs were also selected, a
metaphyseal (81-85% bone length from the proximal end)
and mid-diaphyseal (58-62% bone length from the proximal
end) VOI, as previously described'®. Trabecular measures
included: bone volume fraction (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), trabecular separation
(Tb.Sp), specific bone surface (BS/BV), connectivity density
(Conn.D) as described by Bouxsein et al. (2010)'°, trabecular
pattern factor (Tb.Pf)?*°, and the un-plate index (uPi), which
is the ratio of a structure’s Th.Th to the thickness derived
assuming a 2D plate-based model, indicating departure from
an ideal plate morphology?'. Cortical measures included:
average cortical thickness (Ct.Th), cortical bone area (Ct.Ar),
total cross-sectional area inside the periosteal envelop (Tt.
Ar), medullary area (Ma.Ar), cortical area fraction (Ct.Ar/
Tt.Ar), polar moment of area (J), specific cortical bone surface
(BS/BV) and eccentricity (Ecc)?2. Trabecular volumetric bone
mineral density (vBMD) and cortical tissue mineral density
(TMD) were determined after calibration using two 4mm
diameter hydroxyapatite calibration phantoms, with densities
of 0.25 and 0.75 gcm,

Mechanical Testing

Subsequent to PCT scanning, right femurs underwent
loading to failure in a three-point bend test in the posterior-
anterior configuration (with the posterior surface in tension)
at Imms’', usingaservohydraulic testingmachine witha 2kN
load cell (Zwick/Roell z2.0, August-Nagel-Strasse 11, Ulm,
Germany). Load and actuator displacement were digitally
recorded at a sampling rate of 100 Hz, using testXpert II
(Version 3.61) software. A 15 mm span length was used
for 6-, 10- and 16-weeks post-surgery femurs, while span
length was reduced to 13mm for 2-week groups (to avoid
the distal growth plate of these smaller bones resting on
one of the outer supports). Force-displacement data were
convertedtomoment(M=FL/4)andnormaliseddisplacement
(d’=12d/L2), respectively, to account for differences in span
length?3. The whole-bone mechanical properties of rigidity,
ultimate moment, and energy-to-fracture were obtained.
The tissue-level mechanical properties of elastic modulus
and ultimate stress were calculated from the equations
of beam theory?4. Left femurs underwent a torsion test,
using a servohydraulic testing machine (Instron 8511 load
frame, High Wycombe, UK, MTS Series 793 controller), as
previously described by Bosemark et al. (2014)25, in which
the proximal end was fixed, and the distal end was rotated at
6° s until failure. The whole-bone mechanical properties of
rotational stiffness, ultimate torque and energy-to-fracture
were obtained, and the tissue-level mechanical properties
of shear (rigidity) modulus and ultimate shear stress were
calculated. Furthermore, the whole-bone mechanical
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properties derived from three-bend and torsion testing
were adjusted for body mass using the linear regression
method?.

Serum Measurements

Serum markers of bone formation and resorption were
measured from each rat using Rat/Mouse Procollagen type
1 N-terminal propeptide (PINP) and RatLaps™ C-terminal
telopeptide of type I collagen (CTX-I) enzyme immunoassay
kits (Immunodiagnostic Systems, Tyne & Wear, UK),
respectively at the time of death. The assays were performed
following manufacturer’s instructions.

Fourier Transform Infrared (FTIR) Spectroscopy

Mid-diaphyseal bone from the proximal end of
torsion-tested 10-week post-surgery SHAM (n=7) and
SCI (n=8) femora were prepared for a preliminary FTIR
spectroscopy study through dehydration and embedding
in PMMA (Online Resource 2). Longitudinal sections of 3
pm were cut centrally and were placed on BaF, windows.
Measurements were done at the B22 beamline at Diamond
Light Source (Didcot, UK), using Endstation 2 with a Bruker
3000 microscope and Vertex 80V Fourier Transform IT
Interferometer, with an MCT detector and 36x objective.
Spectra for each measurement point were collected using
a 10 x 10 um? beam size and spectral resolution of 4 cm™
with averaging of 32 scans, in the range of 500-4000
cm’'. Calibration of the system was performed before
every measurement session following the manufacturer’s
instructions. The background was measured after every
10 sample measurements. Based on the light microscope
image, measurements were done as line scans with 5
um spacing over the cortex, resulting in 124+56 (mean
+ SD) data points per line. For each rat, two sections
were measured, each with three lines across the mid-
diaphyseal cortex in the posterior region (Online Resource
2). Measurements were performed away from the failure
site. Mineral-to-matrix ratio (phosphate peak [900-1200
cm™']/ amide | peak [1585-1720 cm™'1)?¢, acid phosphate
substitution (APS, 1127/1096 cm™)?’, and collagen
maturity (XLR, 1660/1690 cm™)?® were determined after
removing the spectrum of the embedding media using pre-
defined methods (MATLAB, v 7.6.0 MathWorks Inc. Natick
USA)?°. Linear baseline corrections were performed
for each peak area measurement using the peak’s
wavenumber region (e.g. 900-1200 cm™ for phosphate).
The mean as well as the spatial heterogeneity*° were
calculated for each parameter for each rat and compared
between SHAM and SCI.

Statistical analysis
Group (SCI, SHAM) and time (2-, 6-, 10- and 16-weeks

post-surgery) main effects and interactions were
determined with two-way [2x4] ANOVAs for all outcome
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Figure 1. Representative pCT-based images of metaphyseal trabecular architecture and mean morphometric outcome measures for 2-,
6-, 10- and 16-weeks post-surgery SCl and SHAM groups (all n=8). Data shown as mean + SD. *, ** and *** indicate p<0.05, p<0.01 and
p<0.001, respectively, for SCl versus SHAM at the same post-surgical timepoint.
- J

measures, with Tukey's post hoc tests for multiple
comparisons among groups. Additionally, four targeted
Student’s t-tests for independent samples were performed
a priori to determine differences between SCI and SHAM
groups at the same post-surgery time point. The Wilcoxon
signed ranks test was performed to study the differences
between epiphyseal vs. metaphyseal trabecular bone
compartments for the 2-week post-surgery SHAM group
only. Significance was defined as p<0.05.
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Results

Body mass at time of surgery was similar between SCI
(235+2g) and SHAM (232+2g) groups. Due to growth in
the rat model, between time of surgery and 16-weeks post-
surgery there was a 53% and 86% (both p<0.001) increase
inbody mass for SCland SHAM, respectively (Online Resource
3). From day 3 post-surgery SCI body mass was lower than
SHAM (p<0.05). The sublesional gastrocnemius, femoral and
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Figure 2. Representative uyCT-based images of epiphyseal trabecular architecture and mean morphometric outcome measures for 2-,
6-, 10- and 16-weeks post-surgery SCl and SHAM groups (all n=8). Data shown as mean * SD. *, ** and *** indicate p<0.05, p<0.01 and
p<0.001, respectively, for SCl versus SHAM at the same post-surgical timepoint.

J

tibial masses in SCI were significantly lower at all time points
(2-, 6-, 10- and 16-weeks) post-surgery (p<0.001) (Online
Resource 4). By 2-weeks post-surgery gastrocnemius mass
was 36% (p<0.001) lower in SCI. Femoral bone mass changes
lagged behind muscle mass changes at 2-weeks post-
surgery, where an 8% (p<0.001) lowering was observed in
SCI. By 6-weeks the difference increased to 20% (p<0.001),
which was maintained at later time points. In contrast, for the
upper extremities, supralesional biceps, triceps and humeri
masses were only significantly lower (p<0.05) at 10-weeks
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post-surgery in SCI (Online Resource 5). Femoral length
was unaffected by SCl-induced osteoporosis. A 15% and
16% increase in femoral length was observed between 2-
and 16-weeks post-surgery for SCI and SHAM, respectively
(Online Resource 6).

UCT Analysis of Metaphyseal Trabecular Morphometry

Representative distal femoral metaphyseal secondary
spongiosa VOIs and morphometric measures are shownin
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Figure 1. Group main effects indicated that SCI exhibited
lower BV/TV, vBMD, Tb.N and Conn.D, as well as higher
Tb.Sp, BS/BV, Th.Pf and uPi. Time main effects indicated
higher Tb.Th and lower BS/BV, Conn.D and Tb.Pf (SCI
only) for later time points post-surgery in SHAM and SCI
groups.

At 2-weeks post-surgery, SCI experienced 58% and
59% lower metaphyseal vBMD and BV/TV (both p<0.001),
respectively, compared to SHAM. The lowering of BV/TV
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was characterisedby a 53% and 15% lower Th.N (p<0.001)
and Tb.Th (p<0.01), respectively, with 65% higher Tb.Sp
(p<0.05) compared to SHAM. These structural changes
led to 30% higher BS/BV (p<0.01), 32% lower Conn.D
(p<0.05) and a 145% and 10% higher Tb.Pf and uPi (both
p<0.001), respectively in SCI compared to SHAM. At all
later time points assessed post-SCI, no further vBMD or
BV/TV changes were observed for SHAM or SCI. Despite
this, further microstructural changes occurred. Tb.Th
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increased monotonically between 2- and 16-weeks for
SHAM and SCI (both p<0.001), by 16-weeks post-surgery
no difference existed between groups, while Tb.N remained
relatively constant. BS/BV and Conn.D decreased between
2- and 16-weeks for SHAM and SCI (p<0.05). Tukey’s
post hoc time comparisons for SHAM and SCI groups are
provided in Online Resources 7, 8, 9, 10, 11 and 12, for
all assessed trabecular, cortical and mechanical outcome
measures.

www.ismni.org

UCT Analysis of Epiphyseal Trabecular Morphometry

Representative distal femoral epiphyseal spongiosa
VOIs and morphometric measures are shown in Figure 2.
A comparison of 2-week post-surgery SHAM metaphyseal
secondary spongiosa and epiphyseal spongiosa VOIs
showed that the epiphyseal VOIs contained higher BV/TV,
characterised by higher Tb.Th (both p<0.001), but lower
Conn.D and BS/BV (both p<0.001). Group main effects
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Figure 5. Three-point bend-determined whole-bone and material-level mechanical properties for 2-, 6-, 10- and 16-weeks post-surgery
SCI and SHAM groups (all n=8). Whole-bone mechanical properties were adjusted for body mass using the linear regression method.
Data shown as mean * SD. *, ** and *** indicate p<0.05, p<0.01 and p<0.001, respectively, for SCI versus SHAM at the same post-
surgical timepoint.
N J

indicated that SCI exhibited lower epiphyseal BV/TV, vBMD
and Tb.N and higher Tb.Sp, Tb.Pf and uPi compared to SHAM.
Time main effects indicated higher BV/TV, vBMD, Tb.Th (SCI
only), Tb.N, and lower Tb.Sp, BS/BV, Conn.D and uPi for later
time points post-surgery in SHAM and SCI groups.

At 2-weeks post-surgery, SCI experienced 16% and
23% lower epiphyseal vBMD and BV/TV (both p<0.001),
respectively, compared to SHAM. The lowering of BV/TV
was characterised by 15% lower Tb.Th (p<0.001). These
structural changes led to 23% higher BS/BV (p<0.001),
14% higher Tb.Pf (p<0.01) and 4% higher uPi (p<0.001). At
the later time points post-surgery, SCI and SHAM epiphyseal
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VOIs exhibited increased vBMD and BV/TV (both p < 0.05).
The 25% increase in BV/TV (p<0.001) for SHAM between
2- and 10-weeks post-surgery was characterised primarily
by increased Th.N, while 42% increase in BV/TV (p<0.001)
for SCI between 2- and 16-weeks post-surgery, was due to
increased Th.Th.

UCT Analysis of Cortical Morphometry

Representative distal femoral metaphyseal and mid-
diaphyseal cortical bone VOIs and morphometric measures
are shown in Figures 3 and 4, respectively. Group main
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Figure 6. Torsion test-determined whole-bone and material-level mechanical properties for 2-, 6-, 10- and 16-weeks post-surgery SCI
and SHAM groups (all n=8). Whole-bone mechanical properties were adjusted for body mass using the linear regression method. Data
shown as mean £ SD. *, ** and *** indicate p<0.05, p<0.01 and p<0.001, respectively, for SCI versus SHAM at the same post-surgical

J

effects indicate that SCI groups exhibited lower Tt.Ar, Ct.Ar,
Ma.Ar, Ct.Th (mid-diaphysis only) and J, as well as higher
BS/BV (mid-diaphysis only) at both cortical sites. Time
main effects indicated higher Tt.Ar (SHAM only), Ct.Ar, Ct.Th
(except metaphyseal SHAM), J (except metaphyseal SHAM),
Ecc (SHAM only) and Ct.Ar/Tt.Ar (diaphysis only) and lower
BS/BV (except metaphyseal SHAM) for later time points
post-surgery in SHAM and SCI groups. This suggests a
general trend of increasing cortical mass accumulation with
time post-surgery for both metaphyseal and diaphyseal VOIs,
in both SCI and SHAM groups, but these changes occurred at
different rates. Between 2- and 10-weeks post-surgery only
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SHAM rats exhibited a progressive increase in Ct.Ar, Tt.Ar,
Ct.Th (diaphysis only), J and Ecc. In SCI, increases in cortical
structural parameters were only observed between 10- and
16-weeks.

At 2-weeks post-surgery, in both metaphyseal and
diaphyseal VOIs Ct.Ar was lower, by 17% (p<0.01) and
10% (p<0.05), respectively, in SCI compared to SHAM. The
metaphyseal change was characterised by 12% (p<0.01) and
10% (p<0.05) lower Tt.Ar and Ma.Ar, respectively. These
structural changes contributed to 12% lower Ct.Th (p<0.01)
and BS/BV (p<0.05), and 26% (p<0.01) lower J. Thereafter,
Ct.Ar was only lower at 10-weeks (p<0.05), but Ma.Ar, Tt.Ar
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and J remained lower (all p<0.05) in SCI for all later time
point groups.

In contrast, the 2-week post-surgery diaphyseal change
led to @ 12% (p<0.01) and 11% (p<0.05) lowering of Ct.Th
and Ct.Ar/Tt.Ar, respectively, and 13% (p<0.01) higher BS/
BV in SCI compared to SHAM. Thereafter, Ct.Ar and Ct.Th
remained lower, while BS/BV remained higher in SCI for all
later time point groups. Tt.Ar and Ma.Ar were lower (p<0.05)
at 6- and 10-weeks post-surgery, Ecc at 10- and 16-weeks
post-surgery and J at all three of these later time points in
SCl compared to SHAM.

Cortical Density

There was no difference in either metaphyseal or mid-
diaphyseal cortical TMD between SCI and SHAM at any time
point (Figures 31 and 4l). Time main effects indicated higher
TMD at later post-surgical time points.

Mechanical Testing

Femoral three-point bend-derived and torsion-derived
mechanical properties are shown in Figures 5 and 6,
respectively. Group main effects indicated that SCI exhibited
lower ultimate moment, rigidity and energy-to-fracture
compared to SHAM. Time main effects indicated higher
ultimate moment, rigidity, elastic modulus and ultimate
tensile stress for later time points in both SCI and SHAM
groups. At 2-weeks post-surgery, ultimate moment, rigidity
and energy-to-fracture were 31%, 30% and 47% lower (all
p<0.05), respectively, in SCl compared to SHAM. A maximum
difference of 40% and 46% (both p<0.001) were observed
at 10-weeks for ultimate moment and rigidity between SCI
and SHAM.

Group main effects indicated that SCI exhibited lower
ultimate torque and rotational stiffness compared to SHAM.
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Time main effects indicated higher ultimate torque, rotational
stiffness, rigidity modulus and ultimate shear stress at later
time points post-surgery in both SCI and SHAM groups. At
2-weeks post-surgery, ultimate torque, rotational stiffness,
rigidity modulus and ultimate shear stress were 41%, 54%,
24% and 20% (all p<0.05) lower in SCI compared to SHAM,
respectively. At 16-weeks post-surgery ultimate torque
and rotational stiffness were 27% and 36% lower (both
p<0.001), in SCl respectively.

Serum Measurements

PINP was found to be 52% lower (p<0.05) at 6-weeks
post-surgery and CTX-l was found to be 47% higher (p<0.01)
at 2-weeks post-surgery in the SCI group (Figure 7).

Fourier Transform Infrared (FTIR) Spectroscopy

No significant differences were found for any average
compositional parameter between 10-week post-surgery
SCI and SHAM groups (Online Resource 13). With regards
to heterogeneity within the samples, collagen maturity was
higher in SCI compared to SHAM (p<0.05).

Discussion

SClI resulting in paralysis below the lesion triggers rapid
and significant muscle atrophy and osteoporotic changes
to the quantity and microstructure of bone in the affected
limbs3'. This leads to an elevated risk of fragility fractures,
particularly in the trabecular-rich distal femur and proximal
tibia, compared to the able-bodied population, which
increases with time post-injury?. In this study, SCI was
modelled in young skeletally immature rats (approximately
8-weeks-old) by a T9 spinal cord transection and the time
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course effects on the structural and mechanical properties
of the distal femur were assessed. The data suggests that:
i) longitudinal bone growth was not affected by SCI; ii)
there were site-specific trabecular bone changes within the
distal femur post-SCI, with metaphyseal trabecular bone
undergoing rapid and severe deterioration in bone quantity
and microstructure, while epiphyseal trabecular bone was
more structurally resistant to SCl-induced deterioration;
iii) cortical bone changes were also site-specific, with
metaphyseal regions experiencing the most severe lowering
of Ct.Ar at 2-weeks post-injury, cortical bone changes
overall were more prolonged than trabecular bone changes,
with group and time main effects indicating delayed cortical
bone mass accumulation and reduced spatial distribution
of cortical bone in SCI relative to SHAM; iv) cortical TMD
remained unaffected by SCI; v) both three-point bend- and
torsion-derived cortical whole-bone mechanical properties
were lowered after SCI, with no overall indication of material-
level changes, and vi) the bone resorption marker CTX-1 was
only raised at 2-weeks post-SCl, while the bone formation
marker PINP was lowered at 6-weeks post-SCl only.
Several human SCI studies describe an exponential
decline in vBMD in trabecular regions of sublesional long
bones, stabilising at less than 50% of pre-injury values,
between 4-and 7-years after injury®233, Our study shows
rapid trabecular bone changes within the metaphysis,
characterised by 58% lower trabecular vBMD, and 59%
lower BV/TV with associated microstructural changes
(lower Th.N, Tb.Th and Conn.D, and higher Tbh.Sp, BS/BV,
Tb.Pf and uPi) within 2-weeks of SCI. uPi is an alternative
to the structural model index, as it increases it indicates
that overall the trabecular bone VOI departs from the
structurally stronger plate-like to a rod-like configuration,
characterised by thinner, elongated trabeculae?'. It is noted
that at 2-weeks post-surgery circulating CTX-1 was elevated,
while PINP was comparable to SHAM. At the later time
points post-surgery, there were no further changes in BV/
TV for either SHAM or SCI. Despite this, at the later time
points microstructural changes occurred, overall there were
similar trends between SHAM and SCI at these later time
points, such as trabecular thickening and loss of connectivity.
These results suggest that acute osteoclastic resorptive
activity is increased which appears to be transient in these
young rats, reducing with time post-surgery. These results
are in accordance with Minematsu et al. (2014)°, where
after low thoracic transection in young male rats, a similarly
severe proximal tibial metaphyseal trabecular lowering was
observed after the first week, while further microstructural
changes were rarely observed in 3- and 5-week groups.
Also, Morse et al. (2008)¢ observed increased osteoclastic
activity at 10-days post-SCI in 7-week-old T10 contusion
injured rats. Contrary to our results, Jiang et al. (2007a)°
observed elevated circulating bone resorption marker
NTX at 3- and 6-weeks, and 6-months post-SCI in 6-week-
old male rats. Our results are suggestive of a new steady-
state being reached with lower trabecular bone mass, on a
background of continued bone growth, very early on after
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SCI. These results are also in accordance with all previous
young rat SCl-induced osteoporosis studies, where over 1-to
16-weeks post-SCl, a 37 to 73% lowering of metaphyseal
BV/TV is observed*®'2'3, No trend between time post-SCI
and lowering of BV/TV is apparent across these studies.
Interestingly, rapid and marked trabecular microstructural
changes have been observed in skeletally mature rats that
received incomplete contusion SCI'®. 2-weeks post-SCl distal
femoral metaphyseal trabecular BV/TV was over 50% lower
than time-matched SHAM, characterised by lower Tb.N and
Tb.Th'e. However, no time course studies of transection
SCl-induced osteoporosis in skeletally mature have been
performed.

Epiphyseal sites at the ends of long bones are by far the
most commonly assessed site in human SCI pQCT studies
and only Dudley-Javoroski and Shields (2012)** have
quantified changes in the metaphysis. Despite this, only one
previous rat SCl-induced osteoporosis study has examined
the epiphysis''. In our study, epiphyseal trabecular bone also
underwent a rapid lowering of vBMD and BV/TV, but less
marked than within the metaphysis. The epiphyseal BV/TV
change was characterised by lower average Tb.Th, indicating
that trabeculae that were originally thicker than those in the
metaphysis thinned but were not removed entirely. Thus,
the connectivity of the epiphyseal compartment remained
intact after SCI. This result is in accordance with Lin et al.
(2015)", who in 4-month-old male rats with a T9-contusion
SCI, examined 16-weeks post-injury, observed a much
milder deterioration of epiphyseal compared to metaphyseal
trabecular bone. A second difference between epiphyseal
and metaphyseal trabecular bone observed in our study was
that epiphyseal vBMD and BV/TV increased between 2- and
16-weeks for SCl and SHAM as the femurs continued to grow,
indicating a net gain in both trabecular BV and BV/TV. Thus,
there were site-specific and time-specific differences in the
structural effects of SCI on both compartments. This time
course change in the epiphyseal compartment has not been
observed in children with SCI, in fact a continued reduction
in epiphyseal vBMD was observed between serial pQCT from
an initial scan at an average of 7.6 years and follow-up scan
10.7 years post-SCI°5.

Adult humans with SCI experience cortical bone loss
through endocortical thinning (marrow expansion), before
new geometric and densiometric steady-states are eventually
reached, typically a number of years post-SCI?233, These
cortical bone changes occur more slowly than trabecular
changes?®. A rapid and marked site-specific cortical response
was found in our study. At 2-weeks post-SCI metaphyseal
cortical bone was more severely affected than diaphyseal
bone in terms of reduction in Ct.Ar compared to SHAM.
This difference was at least in part due to the metaphysis
having a significantly higher BS/BV than the diaphysis, which
equates to a larger surface area on which bone turnover
can occur on. This result is in accordance with human SCI-
induced osteoporosis, where more pronounced changes are
observed distally compared to the shaft of a long bone?®. In
our young rat model, Tt.Ar for metaphyseal cortical bone
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was lower from 2-weeks and for mid-diaphyseal cortical
bone was lower between 6- and 10-weeks post-surgery
in SCI. This suggests diminished periosteal expansion,
resulting in reduced periosteal bone apposition throughout
the distal femur. The smaller Tt.Ar and Ct.Ar led a decrease
in J, the geometric parameter related to torsional strength
and stiffness. The torsional failure site was consistently
supracondylar, occurring within the metaphysis and
torsional testing suggested that lower J led to proportionally
weak bone. For the diaphysis, significant cortical thinning
was observed in SCI at all time points, but not through
endocortical thinning (marrow expansion) and eccentricity,
which is a geometric parameter responsive to load bearing®’,
was decreased from 10-weeks in SCI compared to SHAM.
These result are consistent with what is observed in the long
bones of children with SCI, where Ct.Ar, Tt.Ar and eccentricity
of the diaphysis are reduced when compared with controls®®.
For the SHAM groups, metaphyseal Ct.Th remained relatively
constant with time post-surgery, this appears a consequence
of the longitudinal growth process, and is in accordance
with clinical observations seen in young children®. Despite
a persistent lowering of Tt.Ar, Ma.Ar and J after SCI, there
was only an initial cortical thinning in the 2-week SCI group.
At later time points Ct.Th was comparable for SCIl and SHAM,
but the spatial distribution of cortical bone in SCI was always
significantly reduced. This suggests that SCl-induced cortical
bone changes are a combination of bone loss and supressed
bone apposition. Interestingly, in skeletally mature contusion
SCI rats Otzel et al. (2019)'¢ did not observe a lowering of
Tt.Ar at the mid-diaphysis. Although there was evidence for
lower Tt.Ar at more distal cortical sites in SCI, compared to
age-matched SHAMs, but their difference versus SHAM was
considerably less marked than that observed in our study.

Metaphyseal and diaphyseal cortical TMD did not
significantly differ between any age-matched SCI and SHAM
groups, which is in accordance with Lin et al. (2015)".
Whole-bone mechanical properties (both three-point bend-
and torsion-derived) were overall lower in SCI which is in
accordance with Beggs et al. (2015)'°, Jiang et al. (2006b)*
and Liu et al. (2008a)’, while tissue-level properties were
similar between SCI and SHAM, which is in accordance
with Sugawara et al. (1998)*°. These results suggest that
the reduction in femoral strength is not due to changes in
bone material properties, but due to changes in the spatial
distribution of the bone material. Whole-bone mechanical
properties derived from three-point bend and torsion testing
were normalised for body mass, the results suggested that
bone strength and stiffness in SCI rats were not appropriate
for body size, but significantly lower.

The cross-sectional experimental design as opposed to
a truly longitudinal design can be a limitation. Using in vivo
MCT to follow up the same rats at different time points,
would allow microstructural changes in the same bone to be
observed. However, this would not have allowed mechanical
testing at each time point. To our knowledge, only one
rodent study has used in vivo uCT to examine SCl-induced
osteoporosis, where only proximal tibia metaphyseal BV/
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TV was monitored at O-, 2- and 8-weeks post-surgery'.
Additionally, dynamic histomorphometry for the measure of
bone formation parameters would have be a useful additional
tool for investigating the mechanisms involved in the reduced
cortical bone mass accumulation and spatial distribution
observed here.

To conclude, this model resembles the rapid metaphyseal
trabecular bone changes observed clinically in both adults
and juveniles with SCI. It is therefore a suitable model for
testing the efficacy of therapeutic interventions aimed
at preventing, attenuating or reversing SCl-induced
osteoporosis. This study also highlights that caution must be
exercised when interpreting results from young rat studies.
The young rat model used in this study overall mimics better
the cortical bone changes observed following SCI in children
and young adults, where bone changes cannot be solely
attributed to bone loss, but also suppressed bone apposition,
which is a different mechanism from the SCI-induced bone
loss observed in adults. This indicates that optimised models
should be considered, depending on the mechanisms of
interest, younger rats may better represent bone changes in
paediatric SCI in particular, while older, skeletally mature rat
models may better represent adult SCI.
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Online Resource 1. Global 2D morphometric analysis of A) trabecular bone area fraction for 60 to 100% bone length and B) cortical
area for 40 to 85% bone length for 2- and 16-week post-surgery SCl and SHAM rats. Trabecular and cortical VOIs used for subsequent
3D are superimposed on distributions. Data shown as mean + SE for every 1% bone length.
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Online Resource 2. Schematics to represent location, measurement approach and collected FTIR spectra.
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Online Resource 3. Body mass with time post-surgery for SCl and SHAM rats. Data shown as mean + SE. * and ** indicate p < 0.05 and
p <0.01, respectively, for SCl versus SHAM at the same post-surgical timepoint.
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Online Resource 4. Sublesional bone wet masses and muscle mass for SCl and SHAM rats at 2-, 6-, 10- and 16-weeks post-surgery for
the right hindlimb. A) Femur wet mass, B) Tibia wet mass and C) gastrocnemius (both medial and lateral heads) muscle mass. Data shown
as mean + SE. *** and **** indicate p < 0.001 and p<0.0001, respectively, for SCI versus SHAM at the same post-surgical timepoint.
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Online Resource 5. Supralesional bone wet mass and muscle masses for SCl and SHAM rats at 2-, 6-, 10- and 16-weeks post-surgery
for the right forelimb. A) Tricep mass, B) Bicep mass and C) Humeri wet mass. Data shown as mean = SE. * and ** indicate p<0.05 and
p<0.01, respectively, for SCI versus SHAM at the same post-surgical timepoint.
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Online Resource 7. 3D distal femoral metaphyseal secondary spongiosa (81 - 85% bone length) average morphology for SHAM and SCl rats at 2-, 6-, 10- and 16-weeks post-surgery.

2 Weeks (n = 8)
4.86 +0.63

(A GEK:))
6.67 £0.52°

10 Weeks (n = 8)
6.24+0.42

16 Weeks (n = 9)

2 Weeks (n = 8)

6 Weeks (n = 8)

10 Weeks (n = 8)

16 Weeks (n = 8)

BV (mm?) 6.28 +0.68 2.20 +£0.45* 1,702 £0.21* 1.91 £ 0.49* 2.86 +0.24*°
(3.33-6.39) (5.43 -7.90) (5.24-7.23) (4.61 -7.95) (1.03 - 3.36) (1.19-2.21) (0.65-3.17) (2.26 - 3.45)
BV/TVSST (%) 23.41 £2.53 2545+ 1.67 26.29+1.43 24.20+2.26 9.55+ 1.81* 8.76 + 1.16* 9.04 + 1.88* 12.35 £ 0.80*
(17.22 - 29.59) (21.50 - 29.41) (22.91 - 29.67) (18.68 -29.72) (4.91 - 14.20) (6.02 - 11.50) (4.22-13.86) (10.39 - 14.31)
BS/BV (mm") 48.43 +1.94 46.75+ 198 43.07+ 1.88*° 38.73+0.74*° 63.02+ 3.24* 55.75+ 1.23** 53.35+ 1.85*? 43.46+1.23%2°
(43.69-53.17) (42.07 - 51.43) (39.10 - 47.04) (36.92 - 40.55) (54.69 - 71.35) (52.84 - 58.64) (48.58 - 58.12) (40.44 - 46.48)
Tb.ThS™ST (mm) 0.08 +£0.00 0.08 +£0.00 0.08 + 0.002* 0.09 +0.002*¢ 0.06 +0.00* 0.07 +0.00 0.07 £ 0.00** 0.09 + 0.00%b¢
) (0.07 -0.08) (0.07 -0.08) (0.08 - 0.09) (0.09-0.10) (0.06 - 0.07) (0.07 - 0.07) (0.07 -0.08) (0.08-0.10)
Tb.SpsST (mm) 0.31 £0.04 0.29+£0.03 0.26 £0.02 0.34+0.03 0.51 £0.07* 0.69 + 0.09* 0.81 £0.14* 0.52 +£0.04*
) (0.21 - 0.41) (0.23-0.36) (0.21-0.32) (0.27 - 0.42) (0.33-0.70) (0.48-0.91) (0.44-1.16) (0.42 -0.61)
Tb.NSST (mm) 3.10+0.27 3.35+0.20 3.10+£0.15 2.57+0.24 1.47 £0.24* 1.22 +0.15* 1.20 +0.24* 1.39 +0.08*
) (2.49 -3.75) (2.87 - 3.83) (2.75 - 3.46) (1.98 - 3.16) (0.85 - 2.08) (0.87 - 1.57) (0.59 - 1.82) (1.20-1.58)
Tb.PETST (mm™) 8.54+1.22 4.15+0.95° 6.71+£1.23 9.19 + 1.04° 2095+ 2.03* 17.28 + 1.28* 16.48 + 1.44* 15.11 = 1.39*
) (5.56 - 11.51) (1.91 - 6.39) (3.79-9.62) (6.65-11.73) (15.73 - 26.16) (14.25-30.31) (12.78 - 20.19) (11.70-18.51)
uPissT 2.13+0.02 2.09+£0.02 2.17 £0.06 2.19+0.04 2.34 +0.04* 2.35+0.01* 2.38 £0.04* 2.30+0.01*
(2.08-2.19) (2.04-2.14) (2.03 -2.31) (2.09 - 2.29) (2.25-2.43) (2.32-2.38) (2.28 - 2.48) (2.26 - 2.33)
Conn.DS™ST (mm-3) 230.5+20.2 251.8 +28.1 229.3 +35.7 158.8 +18.2 157.0 + 12.8* 112.4 + 15.9* 94.0 + 17.3** 92.8 +4.7*2
(181.2-279.9) (185.4 - 318.2) (1449 -313.8) (114.2 - 203.4) (124.2 - 189.8) (74.8 - 150.1) (49.6 - 138.5) (81.3-104.4)

Data presented as mean + standard error of the mean, data in brackets represents the lower and higher bounds of the 95% confidence interval.
S Significant effect of SCI, T significant effect of time post-surgery, 5T significant injury-time post injury interaction; ANOVA p<0.05.

* SClI different from SHAM at same timepoint post-surgery; p<0.05.
a Different from 2 weeks, ° different from 6 weeks, ° different from 10 weeks post-surgery; p<0.05.
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Online Resource 8. 3D distal femoral epiphyseal secondary spongiosa (93 - 97% bone length) morphology for SHAM and SCl rats at 2-, 6-, 10- and 16-weeks post-surgery.

2 Weeks (n = 8)

(A GER:))

10 Weeks (n = 8)

16 Weeks (n =9)

FA Y GER:))

6 Weeks (n = 8)

10 Weeks (n = 8)

A S GEE:))

BV (mm) 11.69 £ 0.69 12.92 £ 0.50 1296 +0.35 11.30+0.69 9.15 + 0.55* 11.84 £ 0.36° 11.72+0.30*° 12.16 £ 0.44°
(9.99-13.40) (11.75-14.10) (12.12-13.80) (9.66 - 12.94) (7.74-10.56) (10.99-12.70) (10.94-12.50) (9.66-12.94)
BV/TVSTST (%) 37.11 £0.76 42.71a+0.93 46.33 +0.69%° 44.24 +0.97° 28.72 £ 1.73* 36.79 £ 0.66*? 36.49+1.19*2 40.93+0.82*2P¢
(35.26 - 38.95) (40.51 - 44.90) (44.67 - 47.97) (41.94 - 46.54) (24.27 - 33.18) (35.24 - 38.34) (33.44 - 39.55) (38.99 -42.88)
BS/BV (mm-) 32.42 +0.51 33.53+1.74 29.04 +0.72° 29.39 £0.35° 39.90 + 1.00* 32.20 £ 0.64° 31.38a+0.60*2 29.39 +0.802*
(31.18 - 33.67) (29.41 - 37.64) (27.35 - 30.74) (28.55 - 30.23) (37.32-42.47) (30.69 - 33.70) (29.84 -32.92) (28.55 - 30.23)
Th.ThS™S.T (mm) 0.10 £0.00 0.09 £0.00 0.11 £0.00° 0.10 £ 0.00° 0.09 £ 0.00* 0.10 £0.00° 0.10 £ 0.00° 0.11 £ 0.002*¢
) (0.10-0.11) (0.08 -0.10) (0.10-0.11) (0.10-0.11) (0.08 - 0.09) (0.10-0.10) (0.10-0.11) (0.10-0.11)
Tb.SpS™ST (mm) 0.25 +0.01 0.20 £ 0.01 0.19 £ 0.02° 0.20 £ 0.01 0.27 £ 0.01 0.24 £0.01* 0.27 £ 0.01* 0.22 £0.012¢
’ (0.22-0.27) (0.18-0.22) (0.16 - 0.23) (0.18-0.23) (0.23-0.31) (0.22 -0.26) (0.24-0.29) (0.20-0.23)
TH.NSTST (mm-) 3.69 +0.09 4.80+0.18° 4.44 £0.17° 4.34+£0.13° 3.36 £0.16 3.70 + 0.08* 3.65+0.12* 3.81 £0.08*2
) (3.48 -3.90) (4.39-5.22) (4.03 - 4.65) (4.03 - 4.65) (2.96 - 3.76) (3.51-3.89) (3.33-3.97) (3.61 -4.01)
Tb.PfSTST (mm) -2.29 £ 0.41 -14.79 £3.17° -7.35 + 4.05 -895+ 1.67 0.93 £ 0.86* -3.01 £ 0.55* -6.62 + 1.81° -4.28 + 1.21*°
) (-3.28 --1.30) (-22.29 - 7.30) (-16.97 - 2.27) (-12.89 - -5.00) (-1.28 - 3.13) (-4.30--1.71) (-11.27 - -1.98) (-714--1.43)
UPISTST 2.00 £ 0.01 1.82 £0.02 1.87 £ 0.06 1.83 +£0.02 2.07 £0.02* 1.96 £ 0.01° 1.92 £ 0.022° 1.89 + 0.02%°
(1.98-2.01) (1.77 - 1.86) (1.71 - 2.02) (1.78 - 1.87) (2.04-2.11) (193 -1.98) (1.86 - 1.98) (1.85-1.94)
Conn.D™T (mm=) 135.4+ 7.1 126.82 £ 23.16 101.41 £ 25.31° 78.83 £ 10.22° 146.77+13.19 105.48 £ 9.15 84.67 £ 15.23° 65.77 £ 6.76°
(117.9-152.9) (72.1 - 181.6) (41.6-161.3) (54.7 - 103.0) (112.9-180.7) (83.9-127.1) (45.5-123.8) (49.8-81.8)
Data presented as mean + standard error of the mean, data in brackets represents the lower and higher bounds of the 95% confidence interval.
S Significant effect of SCI, T significant effect of time post-surgery, 57 significant injury-time post injury interaction; ANOVA p<0.05.
* SClI different from SHAM at same timepoint post-surgery; p<0.05.
° Different from 2 weeks, ° different from 6 weeks, ° different from 10 weeks post-surgery; p<0.05.
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Online Resource 9. 3D distal femoral metaphyseal (81 - 85% bone length) cortical bone morphology and densitometry for SHAM and SCl rats at 2-, 6-, 10- and 16-weeks post-surgery.

2 Weeks (n = 8)

(A GEK:))

10 Weeks (n = 8)

16 Weeks (n = 9)

2 Weeks (n = 8)

6 Weeks (n = 8)

10 Weeks (n =8)

16 Weeks (n = 8)

CLTRSST (mm) 0.40 +0.01 0.38 +0.01 0.41 +0.00 0.39 +0.01 0.35+0.01* 0.39 +0.01 0.38+0.02 0.40 +£0.01
(0.38-0.42) (0.37 -0.40) (0.40-0.42) (0.37-0.42) (0.33-0.38) (0.36-0.42) (0.32-0.43) (0.38-0.42)
TELArSTST (mm2) 12.89 +0.28 14.99 £ 0.61° 14.23 £+ 0.37 15.49 + 0.39° 11.33 £0.35* 11.52 £ 0.35* 10.49 +0.77* 13.87 + 0.44*abc
(12.21 - 13.56) (13.55-16.42) (13.25 - 15.20) (14.58 - 16.40) (10.35-12.31) (10.67 - 12.38) (8.51 - 12.46) (12.83 - 14.90)
CLAFSTST (mm?) 414 £0.15 4.34+0.10 4.62 +0.09 477 £0.13° 3.44+0.12* 394 +0.19 391 +£0.24* 4.51 £0.07°
) (3.77 -4.51) (4.11 -4.57) (4.38-4.85) (4.46 - 5.09) (3.12-3.76) (3.48-4.39) (3.28-4.52) (4.34-4.69)
Ma.ArSTST (mm?) 8.75+0.18 10.65+0.57° 9.61 £0.34 10.72 £ 0.39° 7.88+0.31* 7.59 +£0.22* 6.58 + 0.63* 9.35 + 0.04°¢
) (8.32-9.18) (9.31-11.98) (8.72 - 10.50) (9.79 - 11.65) (7.01 -8.76) (7.05-8.12) (4.98 -8.19) (8.25 - 10.46)
CtAr/Tt ArSTST 0.32+0.01 0.29 +0.01 0.32+0.01 0.31 +£0.01 0.31 £0.01 0.34 +0.01* 0.38 +0.02*2 0.33+0.01
) ) (0.30-0.34) (0.27-0.32) (0.30-0.35) (0.28-0.34) (0.28 -0.33) (0.32-0.37) (0.32-0.44) (0.30-0.36)
Tt Ar/LSTST (mm) 0.38 +0.01 0.41 +0.01 0.39+0.01 0.40 +0.01 0.34 +0.01* 0.32+0.01* 0.28 + 0.02* 0.36 + 0.01*¢
) (0.36 - 0.40) (0.38-0.45) (0.37-0.41) (0.38-0.42) (0.30-0.37) (0.31 -0.34) (0.23-0.33) (0.33-0.38)
Ec.Pms (mm) 16.16 £ 0.27 16.69 +0.27 16.96 + 0.63 16.76 + 0.31 15.07 +0.52 14.76 £ 0.27 16.14 £ 1.05 15.32 + 0.30*
) (15.49 - 16.83) (16.06 - 17.33) (15.32 - 18.60) (16.17 - 17.45) (13.64 - 16.50) (14.09 - 15.43) (13.43 - 18.85) (14.61 - 16.02)
Ps.PmSTST (mm) 29.05+0.38 30.29 £0.40 29.77 +0.45 2993 +0.40 27.28 + 0.69* 26.22 +0.27* 25.83 + 0.54* 27.63 + 0.40*¢
(28.13 - 29.98) (29.34 -31.24) (28.60 - 30.94) (29.04 - 30.81) (25.35-29.21) (25.55 - 26.89) (24.43 - 27.23) (26.68 - 28.58)
JSTST (mm) 20.53 + 1.07 21.54+0.74 21.48 +0.68 21.80+0.65 15.23 £ 0.81* 15.32 +0.78* 14.45 + 1.01* 17.73 £ 0.39*¢
(1792 -23.13) (19.79 - 23.29) (19.82 - 23.14) 20.37 - 23.22) (12.99 - 17.48) (13.40-17.24) (11.84 - 17.05) (16.82 - 18.65)
EccsTsT 0.48 +0.03 0.50+0.02 0.56 +0.02 0.58 +0.02a 0.48 +0.02 0.49 +0.03 0.45 + 0.04* 0.55+0.02
(0.41 -0.55) (0.46 - 0.54) (0.50-0.62) (0.54-0.62) (0.42 - 0.55) (0.42 -0.56) (0.34-0.56) (0.51 -0.59)
BS/BVSS.T (mm-) 7.89+£0.17 8.25+0.10 7.79 £0.013 791 £0.20 8.78 +0.27* 7.87£0.24 8.15+0.47 777 +0.17
(7.48 -8.30) (8.00-8.49) (7.44-8.13) (7.43 -8.38) (8.04-9.52) (7.30-8.45) (6.94 -9.35) (7.36-8.17)
TMD (gHA cm™) 1.22+£0.03 1.24+£0.03 1.25+0.02 1.27 £0.02 1.21 £0.02 1.24+£0.03 1.30+0.03 1.28 £0.02
Data presented as mean + standard error of the mean, data in brackets represents the lower and higher bounds of the 95% confidence interval.
S Significant effect of SCI, T significant effect of time post-surgery, 57 significant injury-time post injury interaction; ANOVA p<0.05.
* SClI different from SHAM at same timepoint post-surgery; p < 0.05.
° Different from 2 weeks, ° different from 6 weeks,  different from 10 weeks post-surgery; p<0.05.
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Online Resource 10. 3D femoral mid-diaphyseal (58 - 62% bone length) cortical bone morphology and densitometry for SHAM and SCl rats at 2-, 6-, 10- and 16-weeks post-surgery.

2 Weeks (n = 8)

(A GER:))

10 Weeks (n = 8)

16 Weeks (n =9)

FA Y GER:))

6 Weeks (n = 8)

10 Week s (n = 8)

A S GEE:))

CLThS™ST (mm) 0.59 +0.01 0.67 £0.01° 0.74 £0.012° 0.79 £ 0.012b< 0.52 +£0.02* 0.59 + 0.01* 0.62 +0.01** 0.71 £ 0.01*abe
(0.57 -0.62) (0.64-0.69) (0.72 - 0.76) (0.76 - 0.81) (0.48 - 0.57) (0.57 - 0.60) (0.58 - 0.66) (0.68-0.73)
THARSTST (mm?) 7.66+0.22 9.22+0.32° 9.03 £0.25° 9.30 £ 0.40° 7.78 +£0.31 6.77 £0.34* 6.96 +0.30* 8.37 £0.33"¢
(7.11 - 8.21) (8.45-9.99) (8.44-9.62) (8.36 - 10.25) (7.00-8.57) (5.93-17.61) (6.20-7.73) (7.60-9.14)
CLArSTST (mm?) 4.65+0.08 570+0.11° 6.16 £0.14° 6.51 £ 0.21°° 4.20+0.14* 4.20+0.21* 456 +£0.17* 5.64 + 0.17*abc
(4.46 - 4.84) (5.45 - 5.96) (5.84 - 6.49) (6.02 - 7.00) (3.85-4.56) (3.69 - 4.70) (4.12 - 5.00) (5.24 - 6.04)
Ma.ArSTST (mm2) 3.00+0.18 3.51+£0.24 2.87+0.13 2.79+0.21 3.58+0.27 2.58 +0.16*? 2.40+0.16** 273 +0.18°
(2.57 - 3.44) (2.93-4.09) (2.56 - 3.18) (2.29 - 3.29) (2.89 - 4.28) (2.17 - 2.98) (1.98 - 2.83) (2.29 - 3.16)
CtAL/TtAFSTST 0.61 +0.01 0.62 +0.01 0.68 +£0.01 0.70 £ 0.01 0.55+0.02* 0.62 +0.01 0.66 +0.01 0.68 +0.01
(0.58 - 0.64) (0.59 - 0.65) (0.67 - 0.70) (0.68-0.73) (0.50-0.60) (0.59 - 0.65) (0.62 - 0.69) (0.65-0.71)
THAL/LSTST (mm) 0.23 +£0.01 0.26 +0.01 0.25+0.01 0.24 £ 0.01 0.23 £0.01 0.19 £0.01*? 0.19 £0.01*2 0.22 +0.01
(0.21 - 0.25) (0.24-0.27) (0.23-0.27) (0.22 -0.26) (0.20 - 0.26) (0.17 - 0.22) (0.17 - 0.20) (0.20-0.23)
Ec.PmS™ST (mm) 10.57 £0.15 11.63 £0.19° 11.56 +0.16° 11.72 +0.28° 10.66 £ 0.21 10.19 £ 0.18* 10.02 +0.22* 11.03 £ 0.19°¢
(10.21 - 10.94) (11.18 - 12.07) (1117 - 11.94) (11.07 - 12.38) (10.12 - 11.20) (9.75-10.63) (9.46 - 10.59) (10.57 - 11.49)
Ps.PmMSST (mm) 17.36 +0.40 18.97 +£0.43 18.34+0.32 18.33+0.54 1799 +0.46 16.63 £ 0.35* 16.02 £ 0.42*2 17.54 +£0.38
(16.37 - 18.34) (17.94 - 20.00) (17.58 - 19.11) (17.05 - 19.61) (16.80 - 19.18) (15.77 - 19.18) (1493 - 17.11) (16.64 - 18.44)
JSTST (mmd) 8.05+0.38 11.83 +0.66° 12.08 +£ 0.64* 13.09 + 1.02° 7.70+0.49 7.09 +0.42* 6.92 +0.57* 10.26 + 0.71*abc
(7.11 - 8.98) (10.27 - 13.40) (10.56 - 13.60) (10.67 - 15.51) (6.44-8.96) (6.07-8.12) (5.45 -8.39) (8.59 - 11.93)
EccssT 0.60+0.02 0.62 +0.02 0.66 £ 0.01 0.66 £ 0.01 0.60 +£0.01 0.61 +£0.01 0.58 £0.01* 0.58 £0.03*
(0.56 - 0.65) (0.56 - 0.67) (0.64-0.67) (0.64 - 0.69) (0.56 - 0.63) (0.59 - 0.64) (0.55-0.61) (0.52 - 0.65)
BS/BVST (mm") 497 +0.09 4.56 £ 0.07° 4.24 +0.07°° 4.01 £0.042° 5.61 £0.16* 5.08 +0.09*2 4.74 + 0.09*2 4.35 + 0.05%2b¢
(4.75-5.20) (4.40-4.72) (4.08 - 4.39) (3.92-4.10) (5.19 - 6.03) (4.87 - 5.29) (4.52 - 4.96) (4.22 - 4.48)
TMD (gHA cm™) 1.33+£0.02 1.35+0.01 1.36 £0.02 1.40 £0.02 1.31 £0.03 1.35+0.02 1.37 £0.03 1.38 £0.02

Data presented as mean + standard error of the mean, data in brackets represents the lower and higher bounds of the 95% confidence interval.
S Significant effect of SCI, T significant effect of time post-surgery, ST significant injury-time post injury interaction; ANOVA p<0.05.

* SClI different from SHAM at same timepoint post-surgery; p < 0.05.
@ Different from 2 weeks, ° different from 6 weeks, ° different from 10 weeks post-surgery; p<0.05.
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Online Resource 11. Three-point bend-derived whole-bone and material-level mechanical properties of the femur for SHAM and SCl rats at 2-, 6-, 10- and 16-weeks post-surgery.

2 Weeks (n=7)

6 Weeks (n=7)

10 Weeks (n=7)

16 Weeks (n = 9)

2 Weeks (n = 8)

6 Weeks (n=7)

10 Week s (n = 8)

16 Weeks (n = 8)

Rigidity (N/mm?)ST 14512 + 309 26818 + 1385 36144 + 13862° 33597 + 17182° 10161 + 875* 17105 + 1022* 19610 + 1256* 29612 + 20052
U't'"(‘;t;n"f)‘;ﬂ"e"t 392,3+23.3 543.4+ 14.9° 632.8+ 12.3° 630.3 +33.0° 2714+ 7% 3717 £5.1% 380.5+10% | 54551 30.3%
Post-yield
displacement 0.42 +0.02 0.40 +£0.04 0.36 £+ 0.04 0.31 £0.06 0.33 £0.03* 0.32+0.01 0.30+0.02 0.28 £0.2
(mm)3
E"erqy&");irad“re 128419 12.6+0.8 11.3+0.6 1M1+17 6.8 +0.6* 7.6 +0.3* 6.9+0.2* 9.2+ 1.1°
E'aSt('éz'a")?”'”S 431+034 5.58 +0.38 7.67 +0.35% 6.96 + 0.56° 3.42+064 5.55 + 0.56° 6.74+0.63° 6.25 + 0.70°
U't'm;;ﬂress 160.3 £8.7 171.8+5.8 196.0 +6.1° 199.8+9.7° 124.8 + 10.3* 1717 +5.3° 1749 +6.9° 194.5 +9.9°
Data presented as mean + standard error of the mean, data in brackets represents the lower and higher bounds of the 95% confidence interval.
s Significant effect of SCI, " significant effect of time post-surgery, 57 significant injury-time post injury interaction; ANOVA p<0.05.
* SClI different from SHAM at same timepoint post-surgery; p < 0.05.
@ Different from 2 weeks, ° different from 6 weeks, ° different from 10 weeks post-surgery; p<0.05.

Online Resource 12. Torsion-derived whole-bone and material-level mechanical properties of the femur for SHAM and SCl rats at 2-, 6-, 10- and 16-weeks post-surgery.

10 Weeks (n = 8)

16 Weeks (n = 8)

2 Weeks (n = 8)

6 Weeks (n = 8)

10 Weeks (n = 8)

16 Weeks (n=9)

2 Weeks (n = 8)

6 Weeks (n = 8)

www.ismni.org

Rotational Stiffness 1387 £ 54 1692 + 145 2458 + 130 2971 £ 1072°¢ 636+ 67* 1078 £ 74*2 1281 £ 91*2 1901 £ 116*2b<
(Nmm/6)sT (1259 - 1515) (1337 - 2047) (2153 - 2764) (2719 -3223) 477 - 795) (880-1275) (1065 - 1496) (1627 - 2176)
Ultimate Torque 3349+ 19.0 428.7 + 38.1 486.1 + 17.4° 595.0 + 44.8%P¢ 198.1 £ 21.0* 306.9 + 12.8* 290.4 + 18.2*° 432.9 + 15.4*abc
(Nmm)sT™ (290.0 - 379.8) (335.5-522.0) (440.6 - 531.6) (489.1 - 700.8) (148.6 - 247.7) (274.8 - 339.0) (247.3 -333.4) 396.4 - 469.3)
Energy-to-fracture 541 +6.2 711 £ 1141 60.2+3.7 76.4+ 11.1 485+ 79 50.0+3.8 38.5+ 3.6* 66.2 £8.2°
(mJ)sT (39.5-68.6) (43.8-98.3) (50.5-70.0) (50.2 - 102.6) (29.8-67.1) (39.5-60.6) (30.0-47.1) (46.8 -85.5)
Rigidity Modulus 211 £0.17 2.25+0.18 3.33+0.182%° 4.07 +£0.20%° 1.60 + 0.06* 2.28 +0.24° 3.00+£0.212 3.90 £ 0.35%"¢
(GPa)sT (1.85-2.38) (1.97 - 2.53) (3.05-3.62) (3.70-4.44) (1.51 - 1.68) (1.90 - 2.66) (2.65-3.34) (3.39-4.40)
Ultimate Shear 70.7+4.2 73.8+2.6 78.6 £ 3.6 94.6 + 6.7°° 56.7 £ 3.6* 704 7.1 70.1+4.6 83.7 £3.9°
Stress (MPa)sT (60.5 -81.0) (67.7 - 79.9) (73.2-84.0) (83.7-105.5) (51.6 - 61.5) (60.1 - 80.6) (63.5-76.6) (76.0-91.4)
Data presented as mean + standard error of the mean, data in brackets represents the lower and higher bounds of the 95% confidence interval.
S Significant effect of SCI, T significant effect of time post-surgery, 57 significant injury-time post injury interaction; ANOVA p<0.05.
* SClI different from SHAM at same timepoint post-surgery; p<0.05.
? Different from 2 weeks, ° different from 6 weeks,  different from 10 weeks post-surgery; p<0.05.
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Online Resource 13. Fourier Transform Infrared (FTIR) Spectroscopy-derived compositional parameter averages and spatial heterogeneity from proximal femoral diaphyseal cortical bone from
10-week post-surgery SHAM and SCI rats. MM: Mineral to Matrix ratio, CM: Carbonate to Mineral ratio, CP: Carbonate to Phosphate ratio, XLR: collagen cross-link ratio (collagen maturity) and
APS: Acid Phosphate Substitution.

Average MM CM (o XLR APS Crystallinity
SHAM (n = 8) 8.86 +0.14 0.056 +£0.002 0.006 + 0.000 2.21 £+0.03 0.49 +£0.01 0.87 £ 0.01
(8.52-9.20) (0.052 - 0.061) (0.006 - 0.007) (2.15-2.28) (0.47 - 0.50) (0.86 -0.89)
sClin=7) 8.96 £0.22(8.42 - 0.059 + 0.002 0.007 £ 0.000 2.20+0.02 0.48 + 0.01 0.88 £ 0.01
9.51) (0.053 - 0.065) (0.006 - 0.007) (2.14-2.26) (0.47 - 0.49) (0.85-0.91)
Heterogeneity MM CM CP XLR APS Crystallinity
SHAM (n = 8) 5.35+0.58 0.073 +£0.010 0.007 £0.001 0.80£0.07 0.15+0.02 0.40 +0.06
(3.96 -6.74) (0.049 - 0.097) (0.004 -0.010) (0.63 -0.96) (0.11 -0.20) (0.26 - 0.54)
sClin=7) 5.24+0.43 0.096 +0.021 0.008 + 0.002 0.58 + 0.03* 0.14 £0.02 0.33+0.05
(4.18 - 6.30) (0.045 -0.147) (0.004 -0.012) (0.50 - 0.65) (0.10-0.18) (0.21 - 0.45)
Data presented as mean + standard error of the mean, data in brackets represents the lower and higher bounds of the 95% confidence interval.
* SClI different from SHAM at 10-weeks post-surgery; p<0.05.
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