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Abstract

Purpose—Premature musculoskeletal joint failure is a major source of morbidity among
childhood cancer survivors. Radiation effects on synovial joint tissues of the skeleton are poorly
understood. Our goal was to assess long-term changes in the knee joint from skeletally mature rats
that received total-body irradiation while skeletal growth was ongoing.

Materials and Methods—14 week-old rats were irradiated with 1, 3 or 7 Gy total-body doses
of 18 MV x-rays. At 53 weeks of age, structural and compositional changes in knee joint tissues
(articular cartilage, subchondral bone, and trabecular bone) were characterized using 7T MRI,
nanocomputed tomography (hanoCT), microcomputed tomography (microCT), and histology.

Results—T?2 relaxation times of the articular cartilage were lower after exposure to all doses.
Likewise, calcifications were observed in the articular cartilage. Trabecular bone
microarchitecture was compromised in the tibial metaphysis at 7 Gy. Mild to moderate cartilage
erosion was scored in the 3 and 7 Gy rats.

Conclusions—Late degenerative changes in articular cartilage and bone were observed after
total body irradiation in adult rats exposed prior to skeletal maturity. 7T MRI, microCT, nanoCT,
and histology identified potential prognostic indicators of late radiation-induced joint damage.

Keywords
Radiation; articular cartilage; knee joints; arthritis; 7T MRI; nanocomputed tomography

© 2014 Informa UK, Ltd.

Corresponding Author: Jeffrey S. Willey, Wake Forest School of Medicine, 411 NRC, Radiation Biology Section, Medical Center
Blvd, Winston-Salem, NC 27157. Phone: 336-713-7637. jwilley@wakehealth.edu.

Declaration of Interest Statement: The authors report no declarations of interest



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hutchinson et al.

Page 2

Introduction

lonizing radiation is used to treat childhood malignancies and pre-condition patients for
bone marrow transplantation (Kobos et al. 2012). However, many of these regimens expose
unaffected musculoskeletal tissues to potentially damaging levels of radiation (Armenian et
al. 2011; Rueegg et al. 2013). The current focus in pediatric patients has first been to
successfully treat the presenting condition and then manage the systemic co-morbidities
associated with radiation therapy, including endocrine, neurological, gastrointestinal,
respiratory, and reproductive dysfunction and secondary malignancies (Bhatia & Sklar 2002;
Faraci et al. 2005; Oeffinger & Bhatia 2009; Greene-Schloesser et al. 2012). In the
musculoskeletal system, the clinical concerns in children have been altered growth, bone
fracture, spinal deformity, osteochondroma, and secondary bone malignancies (Leiper et al.
1987; Chemaitilly et al. 2007; Shido et al. 2012). Metaphyseal trabecular bone changes,
osteonecrosis of the femoral head, growth plate cartilage manifestations, including slipped
capital femoral epiphysis, and platyspondylyl of the spine have been well studied and
documented (Kaste et al. 2004; Damron et al. 2008; Damron et al. 2009; Miyazaki et al.
2009; Pritchard et al. 2010; Mostoufi-Moab et al. 2012; Mostoufi-Moab et al. 2013).

Although chronic musculoskeletal health has not been an immediate concern of the treating
physicians and translational researchers, decreased mobility and premature joint failure have
recently emerged as major sources of morbidity among childhood cancer survivors (Hudson
et al. 2003; Oeffinger et al. 2006; Braam et al. 2013). For example, Oeffinger et al. (2006)
found an adjusted relative risk of 54 for joint replacement in pediatric cancer survivors when
compared to age-matched sibling controls with a mean age of 26.6 years. In this cohort,
62.2% of the patients received radiation therapy. The development of debilitating
degenerative joint damage may account in part for the decreased mobility observed in
childhood cancer survivors; decreased mobility has negative psychosocial consequences
directly impacting quality of life and likely influencing mental health outcomes (Hudson et
al. 2003; Braam et al. 2013). Decreased mobility also impacts cardiovascular and respiratory
health (Oeffinger et al. 2006).

Following childhood exposure to pre-conditioning total-body irradiation (TBI) for bone
marrow transplantation, Miyazaki et al. (2009) describe a series of early bone changes,
including osteochondromata, irregular epiphyseal ossification, metaphyseal fraying,
striations and sclerosis, osteochondromas, slipped femoral epiphysis, genu valgum and
platyspondylyl. Nine of the eleven patients in their study had painful or unstable hip and/or
knee joints (Miyazaki et al. 2009). Indeed, the finding of painful symptomatic valgus knee
joints following irradiation has been described elsewhere (King et al. 2013; Fletcher et al.
1994). However, current clinical studies fail to follow progressive, debilitating articular
cartilage degenerative changes in children and adolescents after irradiation out to early
adulthood where their risk of joint replacement is significant. Moreover, the link between
radiation-induced articular cartilage damage and joint failure has been tenuously made
following occupational and therapeutic radiation exposure in adults, not children (Kolar et
al. 1967; Collis et al. 1988).
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The effects of radiation on articular cartilage remain poorly understood. Radiation exposure
has been shown to cause acute degenerative alterations of the cartilage matrix composition
and metabolism in vitro; specifically, radiation is known to lower proteoglycan (PGs)
content and compressive stiffness (Cornelissen & de Ridder 1990; Cornelissen et al. 1993,
1996; Pritchard et al. 2010; Lindburg et al. 2013; Willey et al. 2013). Biological changes in
the joint are also likely influenced by radiation-induced bone changes and biomechanical
alterations across the joint that disrupt the normal distribution of forces. Osteonecrosis that
alters the shape of the femoral head and the nature of the articulation can cause secondary
osteoarthritis in the hip by modifying cartilage loading (Bullough & DiCarlo 1990). In the
context of whole joint health, potential radiation-induced changes to the stabilizing
ligaments, menisci, and muscles may further alter joint knee kinematics as well as contribute
to a catabolic milieu within the joint (Stone et al. 2014). It is important to consider that the
clinical evidence suggests an indolent pathological process in irradiated childhood cancer
survivors with the increased incidence of premature joint failure and replacement only
becoming evident at long term follow-up (Oeffinger et al. 2006).

The use of advanced imaging technologies to identify and evaluate bone and joint disorders
in preclinical animal models is gaining popularity (Tremoleda et al. 2011). Quantitative
Magnetic Resonance Imaging (qMRI) has been applied both in animals and humans in an
attempt to understand the pre-clinical window of joint degeneration by identifying
morphological and compositional changes in cartilage that precede clinical symptoms
(Andreisek & Weiger 2014).

Alterations in whole joint homeostasis, cartilage biology, and biomechanics have been
shown to result in early changes in composition of the articular cartilage and the underlying
subchondral bone in osteoarthritis (Lammentausta et al. 2006; Loeser et al. 2012; Kazakia et
al. 2013; Andreisek & Weiger 2014). The T2 relaxation time is emerging as a biomarker of
articular cartilage status because it can quantitatively measure the, i] loss of collagen fiber
orientation and integrity, and ii] glycosaminoglycan content. Both are associated with
changes in bound water, a characteristic of early osteoarthritis (Prasad et al. 2013; Wong et
al. 2013). In addition, nanofocus computed tomography (nanoCT) is being used to
characterize cartilage subtissue architecture. NanoCT has the added advantage of being able
to identify and quantitate discrete bony abnormalities and chondrocalcinosis in small animal
models (Kerckhofs et al. 2013).

Currently, an in vivo model to investigate the late effects of TBI on musculoskeletal joint
health in growing individuals is lacking. Such a model is required to investigate the
mechanism(s) of radiation-induced premature joint degeneration. Characterizing the
clinically quiescent interval between radiation exposure and symptom emergence should
identify targets for the development of therapeutic strategies to improve patient outcome.
Therefore, the overall goal of our present study was to develop and characterize a rodent
model of joint degradation after radiation therapy during skeletal development.. The
development of this model requires the use of, i] clinically relevant radiation doses, ii]
advanced radiological imaging techniques capable of detecting preclinical compositional
soft tissue changes, and iii] validated protocols that characterize musculoskeletal damage in
rodents, including quantitative measures of radiation induced trabecular bone degradation
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and histological measures of articular cartilage degeneration. The methods and rat model
described below should enable radiation-induced joint damage to be characterized
immediately after radiation exposure and longitudinally during progression of the damage.

Materials and Methods

Animal model

Sixteen adolescent male Fisher F344 X Brown Norway rats were purchased (Harlan
Laboratories, Dublin, VA, USA) at 12 weeks of age and housed in pairs on a 12 h light/dark
cycle with food and water ad libitum. All experiments and animal handling were performed
in strict accordance with the NIH Guide for Care and Use of Laboratory Animals as
approved by the Wake Forest School of Medicine Institutional Animal Care and Use
Committee.

The irradiation treatments and sham-irradiations were performed on these rats following a 2
week acclimation period when the rats were 14 weeks of age. At an age of 14 weeks, the
stage of musculoskeletal maturity in rats is approximates a 9 year-old human (Quinn 2005).
Thus treatments were performed while skeletal growth was still ongoing. Tissues were
collected for analysis when the rats were 53 weeks of age, when the stage of
musculoskeletal maturity approximates a skeletally-mature 35 year-old human,(Quinn
2005). It is important to note that rats do not exhibit growth plate closure as do humans
(Quinn 2005) and the rate of skeletal growth in 14 week-old rats is much lower than a rat
half this age (Hansson et al. 1972), thus some limitations must be placed on the direct
comparison between musculoskeletal maturity in rodents and humans.

Irradiation procedure

At 14 weeks of age, 3 groups (n = 4 per group) of these unanesthetized rats were placed in
environmental chambers and irradiated with 1, 3 or 7 Gy total-body doses of 18 MV x-rays
from a medical linear accelerator at a dose rate of ~425 mGy/min. The irradiation

chambers, setup, and dosimetry were identical to that describe by Walb et al. (2012) for their
air-breathing mouse carcinogenesis studies (Walb et al. 2012). Total-body irradiation was
performed as childhood leukemia patients receive total-body irradiation as preconditioning
for stem cell transplantation. The unirradiated control rats (n = 4) were handled identically to
the irradiated rats.

Limb collection

Nine months after irradiation, the rats were euthanized at 53 weeks of age using CO,
anesthesia followed by decapitation. The right hind limb was removed from the rats, taking
care to keep the femur and tibia fully articulated. The tibia and femur were cleaned of soft
tissue, fixed for 72 h in 10% neutral buffered formalin, and placed in 70% ethanol until
imaged with microCT (n = 4/group), gMRI (n = 4/group), nanoCT (n = 3/group) and then
used for histological analyses (n = 3/group). The same hind limb was used for each analysis
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Magnetic Resonance Imaging

MicroCT

Image Acquisition—All imaging was performed on the Wake Forest School of
Medicine's Bruker Biospec 70/30 horizontal bore 7T MRI (Bruker Biospin, Ettlingen,
Germany). The magnet was equipped with a high performance gradient/shim insert capable
of producing maximum magnetic field gradients of 2000 mT/m. Magnetic Resonance signal
transmission and reception was performed with a 35 mm inside diameter quadrature radio
frequency (RF) volume coil. Each rat knee was positioned at the isocenter of both the RF
coil and the magnet. A Rapid Acquisition with Relaxation Enhancement (RARE) spin echo
pulse sequence was used to acquire a 3 plane scout scan to verify that the center of the knee
joint was at the center of the magnet. The 3 plane scout scan parameters were: field of view
(FOV) =4 cm, slice thickness (thk) = 2 mm, repetition time (TR) = 1500 ms, echo time (TE)
= 36 ms, matrix size = 256 x 256, number of excitations (NEX) = 1. When the knee was
correctly positioned, axial and coronal scout scans were acquired using a RARE pulse
sequence with parameters: FOV = 3 cm, thk = 1 mm, TR = 2500 ms, TE = 25 ms, matrix =
128, and NEX = 2. The axial and coronal scout scans were used to plan the sagittal slice
placement of the high resolution T2 map sequence. A Multi Slice Multi Echo (MSME) spin
echo pulse sequence was used to acquire the T2 relaxometry data. MSME T2 mapping
parameters were: FOV = 2 cm, thk = 0.2 mm, Matrix = 512 x 512 (in plane resolution = 39
um), TR = 2000 ms, eight echoes with TE's = 8.5, 17, 25.5, 34, 42.5, 51, 59.5, and 68 ms,
and NEX = 72 (Raya et al. 2010).

T2 relaxation time measurement—ImageJ (http://imagej.nih.gov/ij/) was used to
manually select regions of interest (ROIs). ROIs were carefully selected with the cartilage-
cartilage contact areas in the medial and lateral knee compartments (Figure 1). On the tibial
plateau, this constituted the central area not covered by the meniscus using a sagittal slice
that lay halfway between the tibial spine and the outer edge of the meniscus. Identifying the
standing cartilage-cartilage contact area on the femoral condyle is more difficult in the rat
than in the human because it is a function of the resting knee flexion which potentially
introduces variability (Walker et al. 2006). Nevertheless, we selected a sagittal slice in the
center of the condyle using an ROI of similar size to the tibial plateau, taking care to reduce
partial volume effects due the curved topography and minimizing the magic angle effect.
The magic angle effect is an artificial shortening of T2 relaxation due to greater than 54.7°
discordance of collagen fiber orientation to the magnetic field of the scanner (Bg) as it
relates to water mobility (Henkelman et al. 1994; Recht et al. 2005). In the small animal
model, erroneous measure of cartilage T2 relaxation due to the magic angle effect may be
minimized by considered positioning of the specimen in the scanner and appreciation for the
relatively exaggerated topography of the articular surfaces. The mean signal intensity of the
voxels in the ROI was measured for each of the 8 acquired echo images. The signal
intensities vs echo times were plotted in Excel and fit to a noise corrected exponential decay
curve using the equation: SI2 = (Slo e “TE/T2)2 + (N)2 (Figure 1).

The trabecular architecture within the proximal tibial metaphysis of the right hind limb was
evaluated using microCT (microCT 80, Scanco Medical AG; Bassersdorf, Switzerland),
with isotropic voxels of 18 m/side, at 70 kV and an intensity of 114 pA. An ~3 mm section
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of secondary spongiosa underlying the primary spongiosa was scanned and analyzed,
starting 0.5 mm from the distal border of the epiphyseal plate. The threshold for bone was
set at 446 mg HA/cm3. Bone histomorphometric parameters were reported as described in
the report of the American Society of Bone and Mineral Research Histomorphometry
Nomenclature Committee (Parfitt et al. 1987). Trabecular bone parameters, including bone
volume fraction (BV/TV), connectivity density (Conn.D.), trabecular number (Th.N.),
trabecular thickness (Th.Th.), trabecular separation (Th.Sp.), and volumetric bone mineral
density (vBMD.), were quantified.

NanoCT was conducted with a GE Phoenix Nanotom-MTM instrument (GE Inspection
Technologies; Lewiston, PA, USA). Explanted knee joints were secured in a sponge
substrate within a 15 mL conical tube containing 70% ethanol fixation solution. The x-ray
emission parameters for ~5 pm voxel resolution were 60 kV and 60 mA, and the number of
acquired projections was 1,800. Sagittal and coronal slices were acquired and analyzed in a
blinded fashion without the use of contrast. Data was collected and reconstruction performed
with Phoenix datos2 software. 3D rendered volumes were subsequently analyzed with VG
Studio Max (v 2.1; Heidelberg, Germany) software. To assess articular cartilage
calcification, the tidemark was identified on MRI, and the cartilage thicknesses noted at
fixed points in the cartilage-cartilage contact areas of both compartments. These dimensions
were superimposed on corresponding nanoCT images, and the cartilage volume assessed for
calcification.

After the multimodality radiographical analysis, the fixed legs were decalcified for 12 days
using a formic acid solution (Immunocal; Decal Chemical Corp., Talman, NY, USA). Legs
were then embedded in paraffin. Knees from each group were sectioned in the sagittal plane;
care was taken to record the depth of the samples for precise co-location with the microMRI
and nanoCT images. The sections were stained with haemotoxylin/eosin. Imaging of the
sections was undertaken using a Axioplan 2 microscope with an AxioCam image capture
system (Carl Zeiss AG, Oberkochen, Germany). Prepared sections (n = 3/group; two
sections scored per individual and averaged) were scored using the Osteoarthritis Research
Society International (OARSI) scoring system by a blinded cartilage expert (Gerwin et al.
2010). Briefly, the OARSI scoring is the standard protocol to assess cartilage erosion. The
severity of cartilage degradation were characterized from micrographs and given a score of 0
(normal with no visible fibrillation or damage), 1 (minimal degradation), 2 (mild
degradation), 3 (moderate degeneration), 4 (marked degradation), or 5 (severe degeneration
with >75% of cartilage area damaged).

Data were analyzed with a one-way ANOVA and a Tukey's post-hoc test to account for
treatment effects using SigmaPlot version, 12.0 (Systat Software Inc., Richmond, CA,
USA). For all tests, P< 0.05 was considered significant.

Int J Radiat Biol. Author manuscript; available in PMC 2014 September 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hutchinson et al.

Results

Body Mass

MRI

MicroCT

NanoCT

Page 7

Nine months postirradiation, the body masses were not significantly different (P>0.1)
between unirradiated and irradiated rats: 0 Gy (493.7 g + 15.6), 1 Gy (485.7 g + 24.4), 3 Gy
(447.3 g + 24.4), and 7 Gy (449.7 g + 25.3).

Nine months post-irradiation, the unirradiated rats had T2 values within the expected range
for both the medial and lateral compartments of formalin-fixed tibial and femoral cartilage
(Spandonis et al. 2004) and bovine nasal cartilage (Fishbein et al. 2007). T2 relaxation times
in the tibial cartilage-cartilage contact areas of both the medial and lateral compartment were
significantly shorter (P<0.05) in irradiated rats than in unirradiated rats at 9 months post-
irradiation (Figure 2). Specifically, T2 relaxation times relative to the unirradiated controls
(0 Gy) were decreased in the medial compartment: 1 Gy (-28.3%; P<0.01), 3 Gy (-23.1%;
P<0.05), and 7 Gy (-15.7%; P<0.05), and in the lateral compartment: 1 Gy (-20.8%;
P<0.05), 3 Gy (-23.1%; P=0.056), and 7 Gy (-28%; P<0.05).

T2 relaxation times in the femoral cartilage demonstrated increased variability than tibial
cartilage for all groups (Figure 2). This was likely influenced by the technical difficulties in
accurately identifying standing cartilage-cartilage contact areas. Although not statistically
significant, reductions in T2 relaxation times were seen in the medial femoral condyle [1 Gy
(-27.9%), 3 Gy (-26.5%), 7 Gy (-32.6%)] and in the lateral condyle [1 Gy (-36.7%), 3 Gy
(-17.8%), 7 Gy (-38.4%)] compartments compared to the unirradiated controls.

Differences were observed in the microarchitectural properties of the trabecular bone that
received 7 Gy relative to other groups (Table I). Conn.D. was significantly lower (P<0.05)
in the 7 Gy rats than in the 1 Gy (-39%) and 3 Gy (-38%) rats, and marginally lower (P =
0.06) than in the unirradiated controls (-37%). Th.N. was significantly lower (P<0.01) in the
7 Gy rats than in the unirradiated controls (-17%) and those that received 1 Gy (-20%) and 3
Gy (-19%) (Table ). Th.Sp. was greater (P<0.001) in the 7 Gy rats than in the unirradiated
control (+22%) and those that received 1 Gy (+27%) and 3 Gy (+26%).

Qualitative morphological assessment was performed on the rat knees following nanoCT
imaging. None of the rats had evidence of peri-articular osteochondroma or other bone
tumors. Trabecular bone changes were correctly identified, but not quantified in all of the
irradiated rats. In the knee joint, peripheral osteophytes were observed in irradiated knees,
but not in the unirradiated controls. Focus on the intra-articular soft tissues was limited to
tissue calcification (Figure 3). Calcifications extending from the subchondral bone into the
articular cartilage were observed; these have also been described in a rat osteoarthritis model
(Roembhildt et al. 2012). Discrete intra-substance calcifications with no association to the
subchondral bone were only observed in the irradiated cartilage (Figure 3). In addition,
irradiated knees exhibited an increased incidence of ligament and capsular calcification.

Int J Radiat Biol. Author manuscript; available in PMC 2014 September 13.
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Erosion of the cartilage lining the tibial plateau measured by the semi-quantitative OARSI
scoring system identified mild to moderate cartilage degradation in the irradiated groups
(Figure 4). At 0 Gy, the articular structure score was 1, indicating normal morphology
without nicks or fibrillations. At 1 Gy, the score was 1.75, indicating minimal fibrillation. At
3 Gy, the score was 2, indicating a few nicks in the cartilage that run <25% of the thickness
and some uplifting of articular cartilage from the underlying subchondral bone. At 7 Gy, the
score was 4, indicating several nicks that run more than 50% the depth of the cartilage with
some uplift of the articular cartilage from the subchondral bone.

Discussion

The underlying mechanism(s) responsible for the development of debilitating degenerative
joint diseases in childhood cancer survivors is unclear. Imaging techniques such as microCT
and histology have provided valuable insight into the extent and potential mechanism(s) of
bone damage and fractures at irradiated sites using preclinical rodent models (Kondo et al.
2009; Wernle et al. 2010; Willey et al. 2010). However, this approach may not be sufficient
to characterize the extent, progression, and mechanism(s) for joint damage after irradiation,
as integrity of the joint relies on proper anatomy and molecular composition of both the hard
(e.g. bone) and soft (e.g. articular cartilage) tissues that comprise the joint (Knecht et al.
2006; Fosang & Beier 2011; Loeser et al. 2012). We have incorporated advanced imaging
approaches, gMRI and nanoCT, with more conventional approaches to assess long-term
changes in whole-joint health in TBI rats. The rats were subjected to TBI doses while
skeletal growth was ongoing and investigated after skeletal maturity at 9 months after
irradiation, a period of ~23 human years (Quinn 2005). Of note, we measured, i] long-term
changes in T2 relaxation times in the articular cartilage of the weight-bearing regions of the
knee joint (Dunn et al. 2004; Prasad et al. 2013; Wong et al. 2013), ii] intra-joint
calcifications in the irradiated rats, iii] deficits in trabecular bone architecture which
confirms results from microCT-based studies (Kondo et al. 2009; Alwood et al. 2010;
Willey et al. 2010; Willey et al. 2011; Alwood et al. 2012; Green et al. 2012), and iv] some
histologic evidence of cartilage erosion. Results from the novel imaging (qQMRI and
nanoCT) together with validated approaches (microCT and histology) were necessary to
characterize the changes in the whole joint that could be suggestive of altered matrix
molecular composition (Fishbein et al. 2007) or altered joint function (Fuerst et al. 2009;
Kumar et al. 2013).

T2 gMRI sequencing holds promise as a translational measure of compositional and micro-
architectural change in articular cartilage pathology. Its use is expanding to the clinic and
pre-clinical animal models (Lupo et al. 2012; Olson et al. 2012; Bian et al. 2014). Discrete
components of the T2 relaxation times relating to the cartilage zones have been reported
with some variation using microMRI (Lattanzio et al. 2000; Reiter et al. 2009); however, the
T2 relaxation times reported here refer to average overall transverse relaxation of the
cartilage. The ROIs chosen for analysis were through the full thickness of the cartilage,
normal to the surface, with equal representation of the constituent zones using a technique
developed in our lab referred to as a “radiological biopsy” (Figure 1). This technique allows
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us to individualize the contacting cartilage surfaces and eliminates the effects of partial
voxel volume errors by only selecting voxels that are filled on contiguous 40 um sections.
This procedure allowed us to stay reproducibly within the articular cartilage throughout the
signal decay; it was particularly important in our rat model, given the relatively exaggerated
topography of a rat knee joint at the micro level.

Typically the T2 relaxation time is prolonged in osteoarthritic cartilage including juvenile
idiopathic arthritis (Kim et al. 2010). This observation has been correlated with decreases in
glycosaminoglycan content (Dunn et al. 2004; Prasad et al. 2013; Wong et al. 2013). Using a
similar rodent model to the one presented here, Spandonis et al. (2004) investigated the
effects of medial menisectomy, a biomechanical model of osteoarthritis, on T2 relaxation
times from the formalin fixed knee cartilage of n = 4 Sprague Dawley rats. In the operated
medial compartment that is subjected to mechanical cartilage degeneration in this model,
they observed an increase in T2 relaxation times at 3 weeks after surgery. Thus, the decrease
in the T2 relaxation times observed on the weight bearing cartilage-cartilage contact area of
the tibial plateau of our irradiated rats was unexpected based on typical MRI biomarkers of
cartilage degradation.

The significant decrease in T2 relaxation times (Figure 2) is suggestive of a radiation-
specific pathological process leading to changes in cartilage composition in the weight
bearing zones. Increased collagen-cross linking from irradiation is a potential cause for the
lowered T2 relaxation times. Fixation of cartilage using 10% formalin has been shown to
significantly lower T2 relaxation times versus unfixed controls (Fishbein et al. 2007); the
observed reduction in T2 relaxation times in fixed versus unfixed samples was in-part
attributed to increased cross-linking. Abnormal cross-linking of collagen has previously
been reported as a late radiation effect in skeletal tissues, specifically bone (Gong et al.
2013; Tchanque-Fossuo et al. 2013). We present T2 relaxation times from the 0 Gy control
group that are similar to those in the literature (Figure 2) (Spandonis et al. 2004). Therefore
exposure to radiation may have affected cross-linking of the irradiated cartilage, accounting
for the further decrease in T2 relaxation times vs. 0 Gy control. It should be noted that while
elevated collagen cross-linking in cartilage is associated with increased stiffness of the
structure (McGann et al. 2014), radiation has previously been shown to lower stiffness of
articular cartilage after irradiation (Lindburg et al. 2013). Thus, both the status of collagen
cross-links within the cartilage matrix and the biomechanical response of the tissue remain
unclear. While tissue preparation techniques may impair our ability to interpret the absolute
change in T2 relaxation times due to interactions between the fixed matrix and the matrix-
bound/free water, the further lowering of T2 relaxation times versus controls with very low
variance suggests radiation-induced changes in the matrix composition

Cartilage matrix formed from hypertrophic chondrocytes has also been shown to exhibit
lower T2 relaxation times relative to that of mature chondrocytes (Potter et al. 2002).
Hypertrophy of chondrocytes in the growth plate during skeletal development is a normal
physiologic process that drives endochondral bone formation. This is in stark contrast to
articular cartilage where hypertrophy of chondrocytes is a pathologic process associated
with matrix calcification and arthritis (Gelse et al. 2012; Wei et al. 2012; Zhang et al. 2012;
Nishida et al. 2013). Hypertrophic chondrocytes exhibit, i] reduced expression and
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production of GAGs, ii] increased production of MMP-13 and collagen type X, and iii]
increased production and activity of alkaline phosphatase (ALP) which facilitates
calcification (Gelse et al. 2012; Wei et al. 2012; Zhang et al. 2012; Nishida et al. 2013).
Hypertrophy of growth plate chondrocytes has been shown to occur after irradiation. This
presumably contributes to the abnormal bone development and growth observed in
childhood cancer survivors after treatment with radiation therapy (Damron et al. 2004b;
Damron et al. 2004a; Margulies et al. 2006; Damron et al. 2008). Although radiation-
induced hypertrophy of articular chondrocytes has not been characterized, several
biomarkers of hypertrophy are elevated in human and pig articular chondrocytes after
radiation exposure, including increased MMP-13 production and active degradation of
GAGs (Willey et al. 2013). Moreover, a persistent increase in ALP activity and collagen
type X expression from irradiated pig chondrocytes in 3-D culture has been published by our
group in preliminary form (Willey & Lindburg 2014). Thus, persistent chondrocyte
hypertrophy and the resultant alterations in the cartilage extracellular matrix represents a
potential biologic mechanism for observed decrease in T2 relaxation times.

NanoCT imaging was incorporated in this model to assess chondrocalcinosis (i.e.
calcification of the articular cartilage matrix); morphological assessment of the irradiated rat
knee joints was performed concomitantly. The irradiated knees demonstrated discrete intra-
substance calcifications in the articular cartilage (Figure 3). Intra-substance calcifications
were distinguished from the more commonly encountered calcifications that arise directly
from the subchondral bone (Roemhildt et al. 2012). No obvious peri-articular tumors,
including osteochondromas, were detected in our irradiated rats.

Over the past decade, conventional microCT of irradiated bone has served as the basis for
studies focused on characterizing the extent and cause of bone changes after clinical or
spaceflight-relevant radiation exposures (Kondo et al. 2009; Alwood et al. 2010; Willey et
al. 2010; Willey et al. 2011; Alwood et al. 2012; Green et al. 2012). In our model of
radiation-induced joint damage, bone microarchitectural differences in the 7 Gy group
(Table 1) were largely in agreement with other studies examining the radiation effects on the
trabecular bone of rodents (Alwood et al. 2012; Green et al. 2012; Keenawinna et al. 2013),
particularly when higher doses were used (Willey et al. 2008; Wernle et al. 2010). While
biomechanical analyses were not performed, it is possible that this reduction in architectural
parameters or perhaps altered bone matrix composition could compromise the strength of
the joint and increase the risk of fracture (Wernle et al. 2010; Gong et al. 2013). Regardless,
microCT analysis confirms long-term changes in trabecular bone after TBI in our rodent
model.

A potential confounding factor that can lead to skeletal changes after exposure to radiation is
that bone quantity and quality co-varies with body mass (Willey et al. 2008). However,
relative to the unirradiated controls, the body mass of the irradiated rats decreased by <9%.
Degradation of metaphyseal trabecular bone architecture was found at only the 7 Gy dose.
Interestingly, the significant reduction in T2 relaxation times and the intra-joint
calcifications after all radiation doses within the cartilage-cartilage contact areas do not
appear to be associated with body mass. This finding likely relates to the long term follow-
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up where the rats may have recovered systemically from the radiation exposure, but have
residual joint damage as a direct result of the radiation exposure.

In conclusion, premature joint failure and decreased mobility are seen to be major sources of
morbidity among adult survivors of childhood cancer. In this study, we demonstrate that TBI
can induce clinically relevant degenerative changes in the articular cartilage of skeletally
immature rats which can lead to late joint failure. This degenerative joint damage in rats can
now be assessed using noninvasive imaging techniques that can be translated to the clinic.
Thus, continued development these techniques using our skeletally immature rat model
offers the opportunity to identify, i] prognostic indicators of joint degeneration in this “at
risk” population, and ii] targets for prophylactic and therapeutic biological strategies to
prevent or ameliorate long term joint damage in the survivors of childhood cancer.
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Figure 1.
A T2 weighted sagittal image of the center of the lateral compartment of a rat knee joint. (A)

A typical region of interest from which T2 relaxation data were assessed is outlined with the
solid line.. In this case, the cartilage-cartilage contact area lining the tibial plateau is
highlighted. The anterior and posterior aspects of the lateral meniscus are outlined with the
broken line. (B) A representative curve fit plot showing the mean signal intensity of the 40
um voxels in the ROI and the points on a best fit noise corrected exponential decay curve.
This particular specimen had a T2 of 16.4 ms, (R? = 0.99).
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Figure2.
T2 relaxation times from the cartilage-cartilage contact areas lining the tibial plateau and

femoral condyles of adult rats at 9 months after TBI. The T2 relaxation times are presented
for the weight-bearing cartilage-cartilage contact areas from the medial (left) and lateral
(right) compartments of the femoral condyles (top) and tibial plateaus (bottom). Error bars
represent SEM. The asterisks (*) indicates a significant difference (P < 0.05) compared to 0
Gy controls using a one-way ANOVA and Tukey Post Hoc Test. The hash (#) indicates a
marginally significant difference (P=0.056) compared to 0 Gy controls. All other data were
not significantly different from the 0 Gy controls, although the P-values were < 0.1.
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Figure 3.
Representative nanoCT images of an irradiated rat knee at 9 months after TBI. A)

Calcifications extending from the subchondral bone into the articular cartilage of a 3 Gy rat
identified on a topographic reconstruction of the interface of bone and the calcified cartilage
layer. B) Coronal view of discrete intra-substance calcifications in a 7 Gy rat knee. C)
Extensive calcification of the capsule and intra-articular structures is shown on a 3-D
reconstructed view of a 3 Gy rat knee.
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Figure4.
Representative histology images (100X magnification) of the articular cartilage lining the

medial tibial plateau of rats. The images are all taken from the articular cartilage underlying
the posterior meniscal horn of the medial condyle. Black arrows indicate defects that extend
down into the articular cartilage. The star indicates a discrete location of articular cartilage
uplifting from the subchondral bone at the tidemark.
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