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1 | INTRODUCTION

| Tanya C. Garcia? |

Susan M. Stover? | David P. Fyhrie®>*

Abstract

Medial proximal sesamoid bones (PSBs) from Thoroughbred racehorses that did (Case) or
did not (Control) experience unilateral biaxial PSB fracture were evaluated for bone
volume fraction (BVF), apparent mineral density (AMD), tissue mineral density (TMD), and
microdamage in Case fractured, Case contralateral limb intact, and Control bones. A
majority of Case bones had a subchondral lesion with high microdamage density, and low
BVF, AMD, and TMD. Lesion microdamage and densitometric measures were associated
with training history by robust linear regression. Exercise intensity was negatively related
to BVF (0.07<R?*<0.12) and positively related to microcrack areal density
(0.21 <R?<0.29) in the lesion; however, in an undamaged site, the relationships were
opposite in direction. Regardless of location, TMD decreased with event frequency for
both Case and Control, suggesting increased bone remodeling with exercise. Measures of
how often animals were removed from active training (layups) predicted a decrease in
TMD, AMD, BVF, and microdamage at regions away from the lesion site. A steady-state
compartment model was used to organize the differences in the correlations between
variables within the data set. The overall conclusions are that at the osteopenic lesion site,
repair of microdamage by remodeling was not successful (e.g., lower bone mass, increased
damage, and lower mineralization) but that in regions away from the lesion remodeling
successfully controlled damage (e.g., higher bone mass, less microdamage, and lower

mineralization).

KEYWORDS

biomechanics, bone, injury prevention, modeling, racehorse

consistent fracture configurations, and association with high-speed

exercise support that PSB fractures are stress fractures.*~”

Proximal sesamoid bone (PSB) fracture is a common fatal injury
among Thoroughbred racehorses.2® A subchondral bone lesion has
been observed in medial PSBs from both forelimbs of racehorses that

sustain unilateral biaxial PSB fracture.®>™> Bilateral bone lesions,

Stress fractures are similar to fatigue fractures of nonliving
materials. However, unlike in nonliving materials, bone reacts to
damage, mechanical loads, and environmental factors.2~1° In healthy

bone, cells modulate the quantity of bone and turnover rate in
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response to the load environment and to repair damaged tissue.'!
Bone reacts to these stimuli through two processes: modeling and
remodeling. During remodeling the cellular processes of bone
resorption and formation are coupled, but they are uncoupled during
modeling. Microdamaged tissue is removed and replaced with
undamaged tissue by remodeling. The newly formed tissue mineral-
izes, with the time and rate of mineralization partially controlled by
bone cells.'? Resorption reduces the apparent elastic modulus by
forming pores that can be stress risers at the site of damage repair.*®
Consequently, damage formation and porosity may increase at the
repair site in a vicious cycle if training is not reduced.®?1*15 |n
healthy adults, the amount of tissue removed and formed during
remodeling are approximately the same (i.e., balanced). However,
both negative (e.g., the formation of Haversian canals during
remodeling of primary cortical bone) and positive (e.g., in cancellous
bone a positive remodeling balance can be induced with parathyroid
hormone)!®?” remodeling balances are possible.

A compartment model for the “bone tissue turnover cycle” is
proposed (Figure 1). It separates bone tissue into four volumes:
undamaged mineralized bone (BVyp), damaged mineralized bone
(BVp), osteoid (OV), and marrow or vascular space (MV). These tissue
types are defined histologically'® and completely fill the tissue
volume (TV =BVp+BVyp+MV +0V). Tissue types can transform
along designated paths at the corresponding rates (kq-ks; Figure 1
and Supporting Information C). The rates are known to vary with
mechanical loading (e.g., strain frequency, magnitude, and so on), age,
and other biological factors. Each compartment is a volumetric
average within the TV. Volume averaging of tissue types is analogous
to many morphometric measures, which define properties relative to

a set referent (i.e., measure per volume).'®

The four tissue types are
related to histological measures, including bone volume fraction
(BVF) and void space (1-BVF) as measured by microcomputed

tomography (LCT). In this case, BVF is equivalent to the mineralized

Damaged
Mineralized Bone ks
(BV,)

Undamaged AT
Mineralized Bone > MV)
(BV,,)
ks Osteoid k2

(0v)

FIGURE 1 Compartment model of bone remodeling that assumes
a volume of bone tissue can be classified into four distinct types:
undamaged mineralized bone, damaged mineralized bone, osteoid,
and marrow. The arrows indicate the path a volume subunit can
follow to transform into the different tissue types and k; are the
transformation rates

BVF (BVM/TV, where BV/TV = (BVp + BVyp)/TV) and void space
(1 - BVF) is equivalent to the unmineralized BVF (BVym/TV, where
BVum/TV = (OV + MV)/TV).

The tissue turnover cycle (Figure 1) represents both bone
modeling and remodeling. However, changes to any volume fraction
cannot be directly attributed to either process. When bone is
mathematically characterized using volume fractions, the internal
surfaces are lost and, therefore, the distinction between bone
remodeling and pure internal (i.e., trabecular [TB] surface) modeling
is also lost. For example, an increase in mineralized BVF could occur
by unbalanced positive remodeling, modeling to widen trabeculae,
and/or other additive changes, but the model cannot distinguish the
processes used to increase mineralized TV fraction. This model
retains the concept of modeling on anatomical bone surfaces, as
exterior surfaces remain after volume averaging. However, in the
current study, we are only considering internal changes in tissue
fractions below the joint surface; therefore, the model represents
changes in volume fractions due to internal modeling and remodeling.

Objectives were to (1) compare densitometric and microdamage
measures in the medial PSBs of racehorses that did (Case) and did not
(Control) sustain unilateral biaxial PSB fracture, (2) determine
relationships between measures and high-speed exercise, and (3)
assess the model as a mechanism to understand the results.

2 | MATERIALS AND METHODS

Densitometric and microdamage parameters were measured in 10
fractured medial PSBs (FX-PSB) from Case racehorses killed due to
unilateral biaxial PSB fracture (1 female, 5 castrated males, 4 males;
2-8 years old), 10 contralateral limb intact medial PSBs (CLI-PSBs)
from the same Case racehorses, and 10 medial PSBs from Control
racehorses (CTRL-PSBs) killed for injuries unrelated to PSB fracture
(3 female, 5 castrated males, 2 males; 2-7 years old). The medial FX-
PSBs had either a simple (n=8) or comminuted (n=2) transverse
midbody fracture configuration. The lateral FX-PSBs were not
examined, but sustained either a midbody or oblique fracture. Study
horses were selected from a larger group of California racehorses
that were killed due to musculoskeletal injuries, while in race-training
from 2000 to 2017.% Horses were selected using an exercise-related
stratified random sampling technique (see “Study 1” of Shaffer et al.%),
so that a wide range of racehorse exercise histories would be
represented. Specimens were collected at necropsy and stored until
studied, as previously reported.* This study was exempt from

Institutional Animal Care and Use Committee approval.

2.1 | Subject specific exercise history

The date and distance for all official lifetime racing-speed activities
were acquired (Jockey Club Information Systems). Individual Events
were classified as a Race (i.e., a competition) or Work (i.e., a training
activity). Sixty-seven derived variables represented four categories:
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lifetime exercise, exercise intensity, layup (260 days without an

Event), and exercise intensity in the year before death (Table S-A1)’.

2.2 | Specimen preparation

PSBs were imaged using pCT (UCT 35, ScanCo Medical; 18.5 um®
cubic voxels at 7kVP, 114 pA, 2.5 s integration time) calibrated to a
phantom and segmented at the same threshold. A global threshold of
540 mg HA/ccm was determined by examining candidate thresholds
and choosing that which best segregated the tissue into solid and
void at the TB level as determined by one observer (SKS).

PSBs were previously assessed for focal discoloration, presence
of a radiolucent bone lesion, and sectioned into 3 mm-thick serial
sagittal sections.* The section with the greatest focal subchondral
discoloration was selected for microdamage measurement, as it
correlated with lesion presence.* Similarly located sections were
selected for PSBs without focal discoloration.

Sections were stored in 70% ethanol for 8 days then en bloc
stained in 1% basic fuchsin (F98-10, Fischer Chemical) in ascending
grades of ethanol (80%, 90%, 100%; 6 days/grade) under vac-
uum.*?-2! Stained samples were infused in glycol methacrylate resin
(Technovit 7200, Exakt Technologies, Inc./Kulzer) in descending
grades of ethanol (70%, 30%, 0%; 7 days/grade) under vacuum,
placed in a mold, and cured for 8 h of white then blue light (Histolux,
Exakt Technologies, Inc.). Hardened blocks were mounted (Technovit
4000 and 7210) on plastic slides, sectioned to 400 um, then ground
and polished to 70 um thickness (Exakt 400 CS grinder, Exakt
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Apparateau GmH & Co.; Buehler MicroPolish 1 um). Brightfield digital
microscopy images (Olympus VS120; Olympus OlyVia) were manually

stitched (Adobe Photoshop) for microdamage quantification.

2.3 | Densitometric assessment

BVF, apparent mineral density (AMD), and tissue mineral density
(TMD) were quantified in four 166.5 um-wide regions of interest
(LROIs) on uCT reconstructions (Figure 2; ScanCo pCT Evaluation
Software v6.5-3; ScanCo Medical) by one observer. In bones with a
lesion, UROIs were created on the sagittal uCT slice with maximum
lesion area. In PSBs without a lesion, the uROIs were created on the
sagittal uCT slice at 34.5% of the axial-abaxial width from the most
abaxial slice, the mean location of maximum lesion sagittal area in
CLI-PSBs. The four uROls were as follows: central subchondral (CS),
central subchondral border (CSB), proximal subchondral (PS), and TB
MROI (Figure 2).

2.4 | Microdamage quantification

Microdamage was quantified for six histology ROIs (hROls) by one
observer (SKS), blinded to group (CLI and CTRL, but not FX) and
horse (ImageJ).?? Three 1.5mm-deep quadrilateral regions equally
divided the articular surface and formed the PS, CS, and distal
subchondral (DS) hROIs. The proximal deep (PD), central deep (CD),
and distal deep (DD) hROIs were duplicated palmarly (Figure 2).

(B) Proximal

Subchondral
Palmar

Distal —on

FIGURE 2 (A) Sagittal-plane microcomputed tomography (LCT) from a case contralateral intact (CLI) proximal sesamoid bone (PSB). The uCT
regions of interest (UROIs) are as follows: central subchondral (CS), central subchondral border (CSB), proximal subchondral uROI (PS), and
trabecular pROI (TB). The CS pROI surrounded the lesion, if present, or was a 0.09 cm? semicircle at 39% of the proximodistal height (i.e.,
average lesion size and location in CLI-PSBs). The CSB HROI was a 1 mm-thick border around the CS uROI. The PS uROI was a 0.06 cm?
semicircle whose distal edge was 0.5 mm from the proximal edge of the CS uROI. The TB uROI was a 0.60 cm? square drawn 5 mm from the
subchondral bone surface and the proximal PSB border. (B) Basic fuchsin-stained section from a CLI-PSB showing histology ROls (hROls) in a
CLI-PSB. The six hROls are as follows: PS hROI (PS), CS hROI (CS), distal subchondral hROI (DS), proximal deep hROI (PD), central deep hROI
(CD), and distal deep hROI (DD). Mean hROI area was 7.9 mm? in FX-PSB, 8.7 mm? in CLI-PSBs, and 8.8 mm? in CTRL-PSBs; in FX-PSBs, tissue
gaps were excluded from hROI and pROI areas
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Microdamage was not assessed for two CTRL-PSBs, as the tissue was
inadvertently destroyed during grinding.

Subchondral bone microcracks (Cr) were defined as deeply
stained linear features with a surrounding halo of basic fuchsin.?®
Calcified cartilage microcracks (Md.Cg.Cr) were defined as linear
features extending from the tidemark with a surrounding halo of dark
staining in subchondral hROIs.*® The number of microcracks (N.Cr,
N.Md.Cg.Cr), length of individual microcracks (Cr.Le, Md.Cg.Cr.Le),
microcrack length sum (XCr.Le, XMd.Cg.Cr.Le where summation is
zero in the absence of cracks), proximal angle between articular
surface and calcified cartilage microcrack, hROI area (B.Ar), and
articular surface length (Cg.Bd) were quantified. The microcrack areal
density (N.Cr/B.Ar; number/mm?), microcrack length per area
(XCr.Le/B.Ar; mm/mm?), average microcrack length (XCr.Le/N.Cr;
mm), calcified cartilage crack number per articular surface length
(N.Md.Cg.Cr/Cg.Bd; number/mm?), average calcified cartilage crack
length (XMd.Cg.Cr.Le/N.Md.Cg.Cr; mm), average proximal angle
(degrees), and calcified cartilage crack length per articular surface
length (XMd.Cg.Cr.Le/Cg.Bd; mm/mm) were derived. Whole bone
microcrack variables were estimated by combining data from all
hROls.

Measurement repeatability for N.Md.Cg.Cr and N.Cr was tested
by interrater reliability (IRR; Shrout-Fleiss fixed set reliability statistic),
t tests, and Bland-Altman plots. N.Cr IRR was 0.65-0.92 among
hROIs and 0.92 for whole bone; N.Md.Cg.Cr IRR was 0.79-0.96
among hROIs and 0.95 for whole bone. No significant differences

(b = 0.05) or biases were observed.

2.5 | Statistical analysis

Exercise history variables were compared between Groups (Case,
Control) using a two-sided t-test or Wilcoxon test depending on
data normality (Shapiro-Wilks statistic, W = 0.9). The effects of
Group (CLI, CTRL, and FX-PSB) and uROI or hROI on densitomet-
ric and microcrack variables were assessed using analysis of
variance (ANOVA) or ranked ANOVA depending on ANOVA
residual normality (SAS 9.4; proc mixed).! Group, ROI, and their
interaction were fixed effects and horse was a random effect. The
effects of a lesion (present and absent) and ROl on densitometric
and microcrack variables were similarly assessed. Linear regres-
sion was used to assess the relationships between microdamage
and densitometric measures in the following (uUROI and hROI)
pairs: (CS and CS), (PS and PS), (whole bone and CS), and (whole
bone and TB). The relationships between densitometric and
microcrack variables with exercise history variables were deter-
mined using robust linear regressions (SAS 9.4) using data from
CLI and CTRL-PSBs in all uROIs and the CS, PS, PD, and whole
bone hROIs.2* The relationships between the presence of
calcified cartilage cracks and exercise history were assessed
using univariate logistic regressions, as 60% of samples had
N.Md.Cg.Cr = 0. For all analyses, p <0.05 was considered statisti-
cally significant.

3 | RESULTS

Averaged over uROls, mean TMD was lower in FX-PSBs than CLI-
PSBs. Averaged over Groups, AMD, TMD, and BVF differed among
UROIs (Table S-B1). The interaction between Group and pROI was
significant for AMD and BVF (Table 1).

Group densitometric differences were observed in the CS and TB
MUROls (Table 1 and S-B1). BVF, TMD, and AMD in the CS uROI were
9%, 8%, and 3% lower in the FX-PSB compared with CTRL-PSBs.
However, BVF, AMD, and TMD in the CS pROI of CLI-PSBs had
intermediate values similar to CTRL-PSBs. In contrast, AMD in the TB
UROI was 6% lower in CTRL-PSBs than in CLI-PSBs.

Regional densitometric differences within Groups were most
apparent in FX-PSBs and CLI-PSBs (Table 1). BVF, AMD, and TMD
were lowest in the CS pROI of FX-PSBs and CLI-PSBs. In FX-PSBs,
the CS pROI BVF was 10.1% lower than in the CSB pROI and 6.8%
lower than in the PS uROI. In contrast, CTRL-PSBs TB uROI BVF was
nearly 8% lower than all other CTRL uROls and no differences were
apparent for AMD among all CTRL puROls.

All PSBs contained subchondral bone microcracks. The fracture
line passed through the CD hROI in all FX-PSBs, the CS in 9/10 FX-
PSBs, the PD in 2/10 FX-PSBs, and the PS in 1/10 FX-PSBs.
Regardless of Group, microdamage was greatest in the CS, PS, and
CD hROIs and least in PD and DD hROls (Table 2, Figure 3, and
Table S-B2 and S-B3). The CS and PS hROI N.Cr and N.Cr/B.Ar were
not significantly different among Groups; however, the >Cr.Le/N.Cr
in FX-PSB CS hROI was 41% higher compared with CTRL or CLI-
PSBs, and FX-PSB CD hROI N.Cr/B.Ar was 65% higher than in
CTRL-PSBs.

Calcified cartilage microcracks were more numerous and larger in
Case PSBs (CLI and FX-PSB) than in CTRL-PSBs (Tables S-B2 and S-
B3); they were found in 10/10 FX-PSBs, 9/10 CLI-PSBs, and 2/10
CTRL-PSBs. Case PSBs CS hROI had higher N.Md.Cg.Cr, N.Md.Cg.Cr/
Cg.Bd, XMd.Cg.Cr.Le/N.Md.Cg.Cr, and XMd.Cg.Cr.Le/Cg.Bd than the
CTRL-PSBs (Table 3). In the PS and DS hROls, calcified cartilage
variables were not different among Groups (Table 3). Although not
statistically different, the mean proximal angle changed from being
>100° in the PS and CS hROIs to ~56° in the DS hROI (Table S-B2).

3.1 | Densitometric and microdamage results by
the presence of subchondral bone lesion

Densitometric and microdamage observations in PSBs with or
without a lesion largely paralleled Group differences. Most Case
horses (9/10 horses) had a subchondral lesion in the FX-PSB. The
subchondral lesions were bilateral (found in FX and CLI-PSB) in 7/10
Case horses and unilateral (FX-PSB only) in 2/10 Case horses.*
Lesions were not observed in CTRL-PSBs.*

The greatest differences between PSBs with, and without, a
lesion occurred in the CS and TB ROls (Tables S-B4 and SB-5). The CS
UROI of PSBs with a lesion had 7.5% lower BVF, 7.8% lower AMD,
and 2.8% lower TMD than PSBs without a lesion. The TB BVF in PSBs
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TABLE 1 Least-square means * SE from ANOVA or raw means = SD from ranked ANOVAT for tissue properties in each ROl in all three

study groups

ROI

Central subchondral*
Central subchondral border
Trabecular

Proximal subchondral

Central subchondral*
Central subchondral border
Trabecular

Proximal subchondral

Central subchondral*
Central subchondral border
Trabecular

Proximal subchondral

BVFT T

CTRL*

0.98 (0.04)"

0.97 (0.05),*

0.90 (0.09),°

0.97 (0.04)"
AMD™# (mg HA/cc)

CLI*

0.96 (0.04),g"
0.98 (0.05),°
0.97 (0.03)*
0.96 (0.07),*®

FX*

0.90 (0.09)g"
0.99 (0.01),°
0.96 (0.03),*®
0.96 (0.07),°

CTRL
796.06 (13.40),*
814.90 (13.40),»
782.41 (13.40)*
791.75 (13.40),2

TMD'* (mg HA/cc)

CLI*

782.19 (13.40)*
822.67 (13.40), B
827.57 (13.40)s°

795.41 (13.40),*B

FX*

733.08 (13.40)5"
817.05 (13.40).2
816.65 (13.40),,5°

786.66 (14.70).2

CTRL*

812.37 (5.79)*
837.61 (5.79)8
843.47 (5.79).°
811.62 (5.79)"

CLI*

809.15 (5.79)"
838.84 (5.79).°
852.94 (5.79).°
819.54 (5.79)*

FX*

790.55 (5.79)"
830.26 (5.79).2¢
842.63 (5.79).°
812.77 (6.32),C

Note: Significant ANOVA effects are indicated by variable superscripts: T(ROI), §(Group), and $£(Group x ROI). Pairwise comparisons of ROIs within a group
(down column) are indicated by superscripts (A, B, and C). Pairwise comparisons of Groups for each ROI (across row) are indicated by subscripts (a and B).
For all comparisons, significant comparisons are indicated by * and variables that do not share a superscript are significantly different at p < 0.05.

Abbreviations: AMD, apparent mineral density; ANOVA, analysis of variance; BVF, bone volume fraction; CLI, case contralateral intact group; CTRL,
control group; FX, case fractured group; ROI, region of interest; TMD, tissue mineral density.

with a lesion were significantly higher than those without. In PSBs
with a lesion, N.Cr and N.Cr/B.Ar were highest in the CS hROI,
however, N.Cr and N.Cr/B.Ar were not different in the three
subchondral hROIs of PSBs without a lesion. Calcified cartilage
cracks were found in 16/16 PSBs with a lesion and 5/14 PSBs
without a lesion. Additionally, BVF in the PS and CSB puROls were
higher in PSBs with a lesion than those without.

3.2 | Relationship between microcracks and
densitometric measures

Variance in whole bone N.Md.Cg.Cr/Cg.Bd explained the largest
amount of variance for BVF, AMD, and TMD in the CS uROI
(Table 4). Whole bone and CS hROI N.Md.Cg.Cr and N.Md.Cg.Cr/
Cg.Bd were negatively related to CS uROI TMD, AMD, and BVF.

3.3 | Differences in exercise history among Case
and Control racehorses

Case horses participated in over twice as many lifetime works and

events, accumulated nearly twice the lifetime work and event

distance, had over twice as much time in training since last layup,
and performed nearly twice the distance, events, and works each
month, 1-12 months before death (Table 5). Average event distances
and race variables were not different between Case and Control
horses. Other exercise intensity variables were not different or had
marginally insignificant differences between Case and Controls
groups (0.10 < p < 0.05; Table S-A2).

3.4 | Relationships between exercise history,
microcracks, and densitometry

The directions of the regressions between BVF and AMD with
exercise intensity, layup, and exercise intensity in the year before
death in the CS ROIs differed from other regions and was most
apparent between the CS and TB pROls (Figure 4). In the CS uROl,
BVF and AMD decreased with exercise intensity (e.g., increasing
with days between activities; 0.07 <R%?<0.12), BVF decreased
with events and works 2-12 months before death
(0.09 <R?<0.12), and AMD increased with time in layup
(R?=0.10). Conversely, in the TB pROIl, BVF increased with
exercise intensity (R?=0.17), BVF decreased with time in layup
(0.10 < R? < 0.15), and BVF and AMD decreased with time elapsed
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TABLE 2 Raw means (SD) of microdamage variables for group and ROI

N.CrT (#)

CTRL*
Proximal subchondral 11.0 (11.3) B

Central subchondral 19.8 (22.0)*

cLI* FX*
29.1 (33.7)B 13.7 (15.0)8¢

52.0 (39.0)* 60.9 (40.5)*

Distal subchondral 6.1 (9.7)¢ 11.6 (13.4).5¢ 9.4 (7.3)5¢
Proximal deep 4.3 (4.9),P 4.9 (5.8)2¢ 3.0 (3.0),°€
Central deep 6.9 (9.7)*B 14.5 (10.8)qp™BC 15.6 (9.4)B
Distal deep 2.2 (3.2)° 1.5 (3.3)C 2.0 (2.4).°
N.Cr/B.Ar! (#/mm?)
CTRL* CLI* FX*
Proximal subchondral 1.1 (1.0) AB 3.1 (34N B 1.6 (1.5)5¢
Central subchondral 2.1 2.1)A 6.0 (4.1) 7.6 (5.1)°
Distal subchondral 0.6 (1.0),%¢ 1.3 (1.4)B¢ 1.3 (1.1)8¢
Proximal deep 0.4 (0.5)2¢ 0.5 (0.6). P 0.4 (0.5),°¢
Central deep* 0.7 (0.9)gB< 1.6 (1.0)g "8 2.0 (1.2)8
Distal deep 0.2 (0.3),C 0.2 (0.4).° 0.3 (0.4).°
SCr.Le/N.Cr¥ (mm)
CTRL CLI* FX*
Proximal subchondral 0.07 (0.02)* 0.07 (0.04),* 0.06 (0.03).2¢

Central subchondral* 0.07 (0.02),*

0.07 (0.03)," 0.12 (0.05)g"

Distal subchondral
Proximal deep
Central deep

Distal deep

Proximal subchondral
Central subchondral*
Distal subchondral
Proximal deep

Central deep*

0.04 (0.04),*
0.05 (0.04),
0.07 (0.05)*
0.05 (0.07),*

SCr.Le/B.ArT (mm/mm?)

0.05 (0.03),*®
0.03 (0.03),*®
0.07 (0.04),*®
0.02 (0.03),®

0.04 (0.03),“
0.07 (0.06),B<
0.10 (0.06),*®
0.05 (0.06),°

CTRL*

0.09 (0.10),®
0.17 (0.22)g"
0.06 (0.11),°
0.03 (0.03),°
0.06 (0.09)g"®

CLI*

0.27 (0.34),*®
0.50 (0.36)q"
0.08 (0.08),%¢
0.03 (0.03),°¢
0.11 (0.07), "B

FX*
0.12 (0.14).%¢
0.91 (0.54),*
0.08 (0.08),*<P
0.05 (0.08),“P
0.19 (0.14),*®

Distal deep 0.02 (0.03),2

0.01 (0.02).° 0.02 (0.03).°

Note: Significant ANOVA effects indicated by variable superscripts: t(ROI), §(Group), and $(Group x ROI). Pairwise comparisons of ROIs within a group
(down column) are indicated by letters (A, B, C, and D). Pairwise comparisons of Groups within each ROI (across row) are indicated by greek letters (a and
B). For all comparisons, significance is indicated by * and variables that do not share a superscript are significantly different at p < 0.05.

Abbreviations: ANOVA, analysis of variance; CLI, case contralateral intact group; CTRL, control group; FX, case fractured group; N.Cr, microcrack number;
N.Cr/B.Ar, microcrack density; XCr.Le/B.Ar, microcrack length per area; ZCr.Le/N.Cr, average microcrack length; ROI, region of interest.

between death and the previous event (R?=0.34, 0.39). When
significant, BVF decreased with lifetime measures in both the CS
and TB pROIs (Table S-A3). CS uROI AMD had no significant
relationships to lifetime summary measures; AMD increased with
horse age in the PS and CSB pROIs (R?=0.18, 0.13), and with age
at start of training in the TB pROI (R? = 0.20).

In the CS and TB pROIs, TMD decreased with exercise intensity
(0.14 < R? < 0.27). TMD increased with lifetime summary variables in
the CS, CSB, and PS uROls (Table S-A4). TMD was not associated
with exercise in the year before death.

The relationships between microdamage and exercise in the CS
hROI were different from those in the PS and PD hROls, which had
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FIGURE 3 Basic fuchsin-stained histology
sections showing internal and calcified cartilage
microcracks on Control (CTRL; left), case
contralateral intact (CLI; center), and case
fractured (FX; right) proximal sesamoid bones
(PSBs). The top row shows the entire stained
sagittal section, where the box encompasses the
central subchondral and central deep histology
regions of interest (hROIs). The bottom row
shows the central deep hROI and central
subchondral hROI from the CTRL, CLI, and FX
PSB in more detail. The arrows indicate calcified

FX

cartilage microcracks

low, but detectable, amounts of microdamage. In the CS hROI, N.Cr,
N.Cr/B.Ar and XCr.Le/B.Ar increased with exercise frequency
2-4 months before death (0.19 < R? < 0.29); opposite of the relationships
observed between BVF, AMD, and exercise intensity in the overlapping
CS UROIL. In the CS hROI, XCr.Le/B.Ar increased with time spent in layup
(R?=0.18). Events 1-2 months before death were the only predictors of
presence of calcified cartilage cracks (Table S-A5).

Damage was not observed within the TB region; however, in the
low damage PS and PD hROIs, N.Cr and N.Cr/B.Ar decreased with
exercise intensity (0.15 < R2 < 0.36) and in the PD hROI $Cr.Le/B.Ar
or XCr.Le/N.Cr decreased with exercise intensity 1-10 months
before death (0.15 < R? < 0.32). In the PS and PD hROls, N.Cr, N.Cr/
B.Ar increased with time in layup (0.14 < R? < 0.28). A summary of all
regressions is in Tables S-A3-S-A5.

4 | DISCUSSION

Medial PSBs from Thoroughbred racehorses that did (Case) and did
not (Control) have a unilateral biaxial PSB fracture were evaluated for
differences in tissue densitometric and microdamage measures at
multiple locations, including the site of a radiolucent subchondral
bone lesion.* In Case PSBs, the lesion site had higher N.Cr/B.Ar and
lower BVF, AMD, and TMD compared with surrounding tissue. The
lesion observed in Case PSBs is believed to precede PSB fracture and
tended to be bilaterally present, these findings are consistent with
previous reports.*2°

We hypothesize that the calcified cartilage cracks developed

after the osteopenic lesion. Likely, the lesion reduced tissue stiffness,

allowing greater deformation of and cracking in the calcified cartilage.
Three observations support this hypothesis. First, calcified cartilage
cracks were primarily observed in PSBs with a lesion. Second,
reduced BVF was associated with more calcified cartilage cracks at
the lesion site. Third, the probability of calcified cartilage cracks
increased with exercise 1-2 months before death, while subchondral
microcrack number and areal density increased with exercise
2-4 months before death. Similar observations have been associated
with articular surface collapse of horses with palmar osteochondral

disease.?®

41 | Relationship of exercise to densitometric and
microdamage variables

The relationships between BVF, N.Cr, N.Cr/B.Ar and exercise
intensity variables were different for the CS and other ROls.
However, the relationships between tissue mineralization (TMD)
and exercise intensity variables were similar among regions, providing
an opportunity to infer how the rate terms in the conceptual model of
bone remodeling (Figure 1) were related to exercise. Previous
research indicates that osteoid formation rate (k,), damage formation
rate (k4), undamaged mineralized bone resorption rate (kq), and
damaged bone resorption rate (ks) likely depend on mechanical
loading (e.g., strain magnitude and frequency) and, potentially,
microdamage-induced inflammation.'®2?=3° Primary mineralization
rate (ks) may be independent of mechanical loading.®**? The exact
dependencies of the rate constants on mechanical parameters are
unknown. However, inferences about how rate terms were affected
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TABLE 3 Raw means (SD) of calcified cartilage microcrack
variables for Group and ROI

N.Md.Cg.Cr'*5 (#)

CTRL CLI* FX*
Proximal subchondral 0.8 (1.5)" 2.0 (2.7) 1.5 (1.5)B
Central subchondral* 0.1 (0.4),* 2.6 (2.4)" 5.1 (4.1)"
Distal subchondral 0.0 (0.0)* 0.3 (0.7)8 1.7 (2.6),°

N.Md.Cg.Cr/Cg.Bd!S (#/mm)

CTRL CLI* FX*
Proximal subchondral 0.1 (0.2)* 0.3 (0.4),® 0.3 (0.2),*®
Central subchondral* 0.0 (0.1),* 0.5 (0.5)5" 0.9 (0.6)"
Distal subchondral 0.0 (0.0)* 0.1 (0.1)2 0.3 (0.5),%

>Md.Cg.Cr.Le/N.Md.Cg.Cr!* (mm)
CTRL CLI* FX

Proximal subchondral  0.07 (0.15),* 0.12 (0.13).*® 0.08 (0.08),*

Central subchondral*  0.01 (0.04),* 0.18 (0.16)"  0.18 (0.11)s"

Distal subchondral 0.00 (0.00),* 0.06 (0.13).2  0.09 (0.15)*

¥Md.Cg.Cr.Le/Cg.Bdt*® (mm/mm)
CTRL CLI* FX*

Proximal subchondral  0.03 (0.08),* 0.08 (0.11);*®  0.03 (0.03),2

Central subchondral*  0.00 (0.01),* 0.12 (0.13)*  0.17 (0.13)5"

Distal subchondral 0.00 (0.00),* 0.01(0.03)%  0.09 (0.16).°

Note: Significant ANOVA effects indicated by variable superscripts: T(ROI),
§(Group), and F(Group*ROI). Pairwise comparisons of ROIs within a group
(down column) are indicated by letters (A and B). Pairwise comparisons of
Groups for each ROI (across row), are indicated by subscripts (a and B). For all
comparisons, significance is indicated by * and variables that do not share a
superscript are significantly different at p < 0.05.

Abbreviations: N.Md.Cg.Cr, calcified cartilage crack number; N.Md.Cg.Cr/
Cg.Bd, number of calcified cartilage cracks per articular surface length;
>Md.Cg.Cr.Le/Cg.Bd, calcified cartilage crack length per articular surface
length; XMd.Cg.Cr.Le/N.Md.Cg.Cr, average calcified cartilage crack
length; ROI, region of interest.

by mechanical loadings (i.e., exercise) can be made from the
regression findings.

Two location-specific contradictory relationships were observed
between exercise intensity variables and BVF. In the CS region, BVF
decreased with exercise intensity and in the TB region BVF increased
with lifetime exercise intensity (Figure 4). In the model, BVF is
mineralized bone tissue per TV (BVF = BVp/TV = (BVp + BVyp)/TV).
Additionally, N.Cr/B.Ar (related to BVp/TV) was positively correlated
to exercise intensity before death in the CS region, but in the TB
region no microdamage was observed. Also, in the examined low
damage regions N.Cr/B.Ar was negatively correlated to exercise
intensity (Figure 4). These contradictory relationships are explained if
the rate constants depend on exercise intensity in a location-specific
manner. Location dependence could result from differences in strain
magnitude or rate among the sites.

We hypothesize that the contradictory relationships observed
are caused by the CS site unsuccessfully responding to microdamage
induced by exercise in Case horses. Damage and damage-induced
bone resorption resulted in increases in damaged bone (BVp) and
marrow space (MV) and decrease of BVyp. Other locations
successfully responded to exercise by increasing/maintaining BVyp
and maintaining a “low-enough” BV to prevent a damage feedback
loop. In Control PSBs, which had no lesions, all locations successfully
adapted to exercise levels. The model predicts solutions consistent
with this hypothesis if rate constants are allowed to vary among sites.
Damage formation rate (k;) can be used to arrive at a consistent
solution. The partial derivative of BVp/TV with respect to damage
formation rate (k) is positive and the partial derivative of BV\/TV
with respect to k4 is negative if the damaged bone resorption rate (ks)
is higher than the turnover rate (k4), a condition expected during
normal targeted bone remodeling (Supporting Information C).%1* At
steady-state, the model predicts a site with a higher damage
formation rate (ks) would have a higher BVp/TV and lower BVy/
TV than a site with a lower k4. That is, the model correctly predicts

TABLE 4 Linear regression slope (R%) between microdamage and densitometric measures in the CS uROI with the CD hROI and whole

bone hROIs
CS hROI
N.Md.Cg.Cr/
N.Md.Cg.Cr (#) Cg.Bd (#/mm) N.Cr (#) N.Cr/B.Ar (#/mm?)
CS uROI AMD (mg HA/cc) -7.55(0.29) -46.33 (0.31) NS NS
TMD (mg HA/cc) -2.86 (0.31) -17.39 (0.33) -0.19 (0.17) -1.76 (0.21)
BVF -0.01 (0.23) -0.06 (0.25) NS NS
Whole bone microdamage
CS uROI AMD (mg HA/cc) -6.2 (0.40) -113.79 (0.45) NS NS
TMD (mg HA/cc) -2.06 (0.34) -37.51 (0.37) NS NS
BVF -0.01 (0.36) -0.15 (0.40) NS NS

Note: Reported regressions are significant at p < 0.05; nonsignificant regressions are indicated by NS.

Abbreviations: AMD, apparent mineral density; BVF, bone volume fraction; CD, central deep; CS, central subchondral; hROI, histology region of interest;
HROI, microcomputed tomography region of interest; N.Md.Cg.Cr, calcified cartilage crack number; N.Md.Cg.Cr/Cg.Bd, number of calcified cartilage
cracks per articular surface length; N.Cr, microcrack number; N.Cr/B.Ar, microcrack density; NS, nonsignificant; TMD, tissue mineral density.
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TABLE 5

Variable type

Lifetime exercise

Exercise intensity

Layup

Exercise before
death

Variable (unit)

Age? (years)

Number of events® (events)
Number of races® (races)
Number of works® (works)
Days between events (days)

Days between events during active
training® (days)

Furlongs per month (furlong/mo)

Furlongs per month of active training
(furlong/mo)

Layup time® (days)

Average layup length? (days)
Percent career in layup® (%)

Time since end of last layup (days)
Events since last layup (events)

Events 1 month before death (events)

Events 2 months before death (events)
Events 4 months before death (events)
Events 6 months before death (events)
Events 8 months before death® (events)
Events 10 months before death? (events)

Events 1 year before death? (events)

Journal of 2839

Orthopaedic

Research®

Median (minimum, maximum) and mean (SD) of Case (n = 10) and Control (n = 10) exercise history variables

Median (minimum, maximum) Mean (SD)
Case Control Case Control
3.54 (2.34, 7.84) 3.38 (2.61, 7.37) 3.95% (1.58) 3.81* (1.53)

28.0 (14.00, 153.00) 15.50 (4.00, 78.00)
8.00 (0.00, 32.00) 5.00 (0.00, 26.00)
19.50 (12.00, 121.00) 10.50 (4.00, 52.00)
11.95 (7.83, 20.61)  17.54 (8.08, 41.85)

8.96 (7.83, 16.5) 11.34 (7.85, 13.78)

8.96 (2.99, 16.18) 4.57 (2.76, 10.69)

11.15 (2.99, 16.18) 9.05 (4.54, 15.51)

87.5 (0.00, 698.00) 62.00 (0.00, 927.00)

87.50 (0.00, 201.00) 55.25 (0, 323)
19.43 (0.00, 42.41)  24.36 (0.00, 81.25)
256.00 (61, 461) 94.00 (0.00, 237.00)
28.00 (8.00, 49.00)  10.00 (0.00, 26.00)

3.00 (2.00, 5.00) 2.00 (0.00, 4.00)

6.00 (3.00, 9.00) 4.00 (0.00, 7.00)

12.50 (8.00, 17.00) 8.00 (0.00, 14.00)
18.00 (11.00, 23.00) 10.00 (0.00, 22.00)
22.00 (14.00, 29.00) 10.50 (1.00, 26.00)
24.00 (14.00, 35.00) 11.00 (2.00, 26)

24.50 (14.00, 41.00) 11.00 (4.00, 26)

43.60" (41.19)
10.70" (9.92)
32.90 (32.76)
12.52” (4.09)
10.01* (2.67)

8.81” (3.57)
10.68" (3.49)

136.6" (211.02)
84.25" (81.39)
16.99" (16.05)
259.90" (139.86)
27.60" (13.48)
3.30" (0.95)

5.90" (1.91)
12.00" (3.20)
17.40" (4.06)
21.40" (6.33)
24.70* (8.21)
27.10” (10.40)

24.60° (23.68)
7.00* (8.38)
17.60" (15.83)
19.90”" (10.20)
10.87" (2.34)

5.89” (2.78)
9.76" (4.11)

234" (330.02)
106.75" (130.74)
30.92" (33.86)
104.708 (81.04)
10.408 (8.64)
1.908 (1.29)

3.508 (2.32)
7.208 (5.12)
9.908 (6.67)
11.608 (7.68)
11.808 (7.51)
12.208 (7.02)

Note: Within a row, Group means that share a superscript (A and B) are not significantly different at p < 0.05. Variable definitions and full results are given

in Supporting Information A.
#Nonnormal distributions.
PMarginal significance at p <0.10.

observed morphological differences in the CS and TB sites if the
mechanical damage rate is higher in the former compared to the
latter site.

In the TB region bone damage was not detected, but the BVF in
horses with a lesion was higher than those without a lesion. In the
model, BVp/TV =0 is predicted if the damage formation rate (ky) is
zero and non-zero BVyp/TV is predicted if the other rate constants
are non-zero. Damage formation rate (k) increases with tissue stress
and, therefore, would be different at the subchondral and TB tissue
sites if respective stresses are different. In support of this hypothesis,
previous research indicates that subchondral tissues experience a
localized higher stress magnitude than deeper tissues,® that shear
stresses resulting from the contact stress cause linear microcracks
like those observed in the CS site,®*

increases with BVF®” and decreases with N.Cr/B.Ar.%¢ So, there is

and that Young's modulus

likely a stress difference between the two regions that is exacerbated
when the BVF at the CS site is low. This low BVF CS site may act as a

stress riser, causing a further increase in the damage formation rate
(k4). Regional dependencies on the other rate constants may exist,
but a full analysis is beyond the scope of this study. To fully test this
set of hypotheses, a stress analysis model coupled with the proposed
turnover model is needed.

Unlike BVF, TMD decreased with event frequency regardless of
location. TMD is the extent of mineralization of the mineralized bone
volume (BVy = BVyp + BVp). In this model, ks represents the rate of
primary mineralization of bone, so BVy, is bone that had reached
primary mineralization. Secondary mineralization is not explicitly
included in the model but depends on elapsed time between initial
mineralization and resorption of the mineralized tissue. In a steady-
state model (as presented here) the rate at which tissue “cycles”
through a compartment depends on the magnitudes of the rate
constants, but not upon their ratios. The negative correlation of TMD
with event frequency, therefore, suggests that at all sites the “cycle

rate” is increased by event frequency. At a high cycle rate tissue
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FIGURE 4 Selected exercise robust linear regressions for bone volume fraction (BVF) and number of subchondral microcracks (N.Cr). In all
panels, the arrow below the x axis title shows the direction of increasing exercise intensity. Data from case contralateral limb intact (CLI) PSBs
are shown with the black filled circle, case fractured (FX) PSBs with the gray filled circle, and control with the open diamond; only CLI-PSB and
CTRL-PSB data were used to build the robust linear regressions. In the central subchondral region of interest, BVF decreased with an increase in
exercise intensity (or with fewer days between works; R? = 0.10) and N.Cr increased with exercise intensity (R? = 0.18). In the trabecular
microcomputed tomography region of interest, BVF decreased with a decrease in exercise intensity (or with more days between events;
R?=0.17). In the proximal deep histology region of interest, N.Cr decreased with exercise intensity (R? = 0.17)

remains in a mineralizing compartment (i.e., BVp or BVyp) for less
time, so mineralization has less time to proceed, and TMD is reduced.
The reduced TMD observed at the lesion site, compared with other
regions, suggests a higher turnover rate at the lesion site. This
hypothesis is consistent with the observation that TMD increases
with tissue age and decreases with tissue turnover rate.3”%®

Exercise intensity variables and layup variables were the best
predictors of densitometric and microdamage measures. Rate of
loading and the difference between applied and habitual loads affect
bone formation, bone turnover, damage formation, and damage
repair rates.?’"2%32 Exercise intensity variables reflect load applica-
tion rate, whereas layup variables reflect changes in load magnitude
from a habitual condition; so, the observed relationships between
these variable types and measured densitometric and microdamage
variables are consistent with previous research.®

Exercise intensity variables were expressed as either activities
per time or distance per time. These somewhat correlated measures
may have different effects on bone biology and thus the rate
constants. The response of bone cells to mechanical loading saturates
rapidly after loading begins.2’ Therefore, if saturation occurs early in
an exercise event, event frequency variables may be better suited to
drive osteoid formation rate (k) than distance frequency. However,
fatigue damage is related to the total number of applied load cycles.
When combined with average stride length, distance frequency

FIGURE 5 Magnetic resonance image of the left fetlock joint of
living racehorse from a different racing population (outside United
States) showing a bone bruise in the same location (arrow) as the
density lesions identified in this study. Increased signal indicates
active bone remodeling at the lesion site. This horse suffered low-
level intermittent lameness, but no other clinical symptoms. This
image is used with permission of Drs. Weir, Riggs, and Stewart



SHAFFER ET AL.

Journal o f
Orthopaedic 284_1

variables indicate number of load cycles, so distance frequency
variables may be better suited to drive damage formation rate (k).
Study results neither support nor refute this hypothesis, as both
event and distance frequency variables were related to densitometric
and microcrack data.

Limitations of this study include examination of only medial PSBs
from a small sample of racehorses in one geographic population.
Medial PSBs were selected because unilateral PSB fracture is more
common in medial than lateral PSBs and subchondral lesions have
previously been reported in medial PSBs.*?° Examination of PSBs
from only California Thoroughbred racehorses limits the extent to
which results can be generalized to other racehorses. However,
similar changes have been reported or clinically observed (Figure 5) in
other racing populations.?®

An abaxial region of focal osteopenia and high microdamage was
observed in racehorses that were euthanized after incurring unilateral
biaxial PSB fracture; these focal changes were not observed in
racehorses killed during training from other injuries. The densitomet-
ric properties and microdamage measures within this bone lesion site
had different relationships to exercise compared with other sites
within the bone. A compartmental model of bone's tissue turnover
cycle was introduced and used to understand the site-specific
differences in densitometric and microdamage measures, and in the

relationships of those measures to exercise.
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