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Abstract
Concurrent osteoarthritic (OA) manifestations in bone and cartilage are poorly
known. To shed light on this issue, this study aims to investigate changes in subchondral bone and articular cartilage at two time points after anterior cruciate
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ligament transection (ACLT) in a rabbit model. 2 (N = 16) and 8 (N = 10) weeks after
ACLT, the subchondral bone structure, cartilage thickness, Osteoarthritis Research
Society International (OARSI) score, fixed charged density (FCD), and collagen orientation angle were analyzed. OA related changes were evaluated by comparing
the ACLT to the contralateral (C‐L) and control knees. Already 2 weeks after ACLT,
higher trabecular number in the medial femoral condyle and femoral groove, greater
OARSI score in the femoral condyles, and thinner trabeculae in the lateral tibial
plateau and femoral groove were observed in ACLT compared to C‐L knees. Only
minor changes of cartilage collagen orientation in the femoral condyles and femoral
groove and smaller FCD in the femoral condyles, medial tibial plateau, femoral
groove and patella were observed. 8 weeks post‐ACLT, the surgical knees had
thinner subchondral plate and trabeculae, and smaller trabecular bone volume
fraction in most of the knee locations. OARSI score was greater in the femoral
condyle and lateral tibial plateau cartilage. FCD loss was progressive only in the
femoral condyle, femoral groove, and patellar cartilage, and minor changes of cartilage collagen orientation angle were present in the femoral condyles, femoral
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groove, and lateral tibial plateau. We conclude that ACLT induces progressive
subchondral bone loss, during which proteoglycan loss occurs followed by their
partly recovery, as indicated by FCD results.
KEYWORDS

anterior cruciate ligament transection, articular cartilage, micro‐computed tomography,
osteoarthritis, rabbit knee joint, subchondral bone

1

| INTRODUCTION

models of PTOA. These have reported bone loss in the femoral
condyles and tibial plateaus 4 and 8 weeks after ACLT surgery,4

Post‐traumatic osteoarthritis (PTOA) is a clinical phenotype of OA

1

accompanied by a reduced bone mineral density.20

caused by joint trauma. Substantial ligament or capsule injuries, or

Based on the previous observations, research on timing of structural

articular fractures, increase the risk of PTOA.2 Anterior cruciate

changes of bone and cartilage after ACLT in rabbits is lacking.21 In PTOA

ligament transection (ACLT) is a commonly used method for inducing

rabbit models, cartilage fibrillation, minor collagen orientation changes

PTOA in animal models. ACLT leads to progressive cartilage

and significant fixed charged density (FCD) loss were observed 2 weeks

3,4

degeneration,

as characterized by an increase in chondrocyte
5

after ACLT, till full thickness cartilage ulceration 8 weeks post‐ACLT.8,22

apoptosis, proteoglycan (PG) depletion, roughening of the articular

The ACLT‐induced morphological degeneration of articular cartilage and

surfaces initially, and cartilage delamination and excavation later in

subchondral bone was retained the same from 8 to 16 weeks.21 Thus,

6

the disease process. These structural changes lead to decreased

2 weeks post‐ACLT seemed an appropriate earliest time point to study

intrinsic moduli and increased hydration and hydraulic permeability

the onset and very early changes of PTOA, and 8 weeks post‐ACLT

7

of articular cartilage. Cartilage fibrillation has been reported in the

should provide good information about the progress of these earliest OA

medial femoral condyle 2 weeks after ACLT, followed by osteophyte

changes. Furthermore, most previous studies focused on changes in ei-

formation, cartilage erosion, and full thickness ulceration 8 weeks

ther articular cartilage or subchondral bone, or were limited to a few

post‐ACLT in the femoral condyles of rabbit knees.8 4 weeks after a

locations and one time point, and therefore, they could not provide a

unilateral ACLT, the number of apoptotic chondrocytes in the su-

comprehensive site‐specific understanding of the initiation and progres-

perficial zone of the cartilage increased, and cell apoptosis appeared

sion of PTOA.

in the middle zone.9 In addition, ACLT can also induce changes in the

The aim of this study was to characterize the concurrent chan-

composition and collagen organization of articular cartilage in rabbit

ges in subchondral morphology, as well as the collagen orientation

knees. 9 weeks after ACLT, the glycosaminoglycan content de-

and PG content of articular cartilage in PTOA rabbit knee joints 2

creased by 11%, and the water content increased by 7% in articular

(early OA) and 8 (advanced OA) weeks after ACLT. Since thickness of

cartilage from the medial femoral condyle.10 Similarly, the collagen

cartilage and loading mode change in respect of anatomical region of

network was changed and the PG content was reduced in the su-

knee, we hypothesized that ACLT induced changes are site‐specific

perficial zone of articular cartilage11 9 weeks post‐ACLT, and sig-

and have time‐dependent progression. We further hypothesized that

nificant alterations in the collagen network were extended deeper in

changes to the bones occur first in the tibia under thick cartilage,

the lateral than the medial femoral condyle.12

while changes in articular cartilage occur first in the femur with thin

Subchondral bone is a mechanosensitive tissue providing me13

chanical support for articular cartilage.

cartilage.

Structural changes in the

subchondral bone have been thought to occur prior to any observable degeneration in articular cartilage.14 It is still unclear how

2 |

ME THO D S

the cartilage and subchondral bone change concurrently in the onset
and progression of early OA. In primary (idiopathic) OA, a positive

2.1 | Rabbit model and sample preparation

association between the Osteoarthritis Research Society International (OARSI) grade and the subchondral bone plate thickness was

This study was approved by the committee on Animal Ethics at the

discovered, and aberrant bone formation was observed in the

University of Calgary (Renewal 3 for ACC Study #AC110035), and all

proximal tibias of total knee arthroplasty patients.

15,16

Studies on the

experiments were conducted under the guidelines of the Canadian

human tibial plateaus from OA patients and the medial condyles

Council on Animal Care. Skeletally mature female New Zealand White

from guinea pigs with spontaneous OA showed a reduction in tra-

rabbits (Oryctolaguscuniculus, 12 ± 0.5 months, 4.98 ± 0.45 kg) were used

17

During OA

in the experiments. All the animals were housed in single cages and

progression, the bone turnover, thinning of the trabecular structure,

unilateral ACLT surgery was conducted on a random knee of 14 random

osteophytes, bone marrow lesions, and sclerosis of the subchondral

rabbits.23 The main procedure of the sample processing is shown in

becular rods and an increase in trabecular thickness.

bone increased.

18,19

There have been also various studies on animal

Figure 1. Animals were sacrificed 2 or 8 weeks after the ACLT surgery.
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knees were collected as controls. Considering potential systematic effects, one additional group (CNTRL) of eight control samples were collected from non‐operated age‐matched rabbits (N = 8 rabbits, at 2‐week
time point; N = 4 rabbits, at 8‐week time point). After careful dissection of
the joints, osteochondral samples were prepared from six anatomical
locations; (i) lateral and (ii) medial femoral condyles and (iii and iv) tibial
plateaus, (v) femoral groove and (vi) patella.

2.2 | Subchondral structure evaluation using
micro‐computed tomography
After fixation with formalin, samples were wrapped in moist papers
and placed in plastic vials for micro‐computed tomography (µCT)
imaging (Skyscan 1272; Bruker microCT). The X‐ray tube for the µCT
was set to 50 kV, and a 0.5‐mm‐thick aluminum filter was applied.
270 projection images were collected every 0.7° using 1450 s integration time and frame averaging of 2. Images with a pixel size of
25 µm were reconstructed in NRecon software where beam hardening corrections were applied. For further details, please see the
Supplementary Material. One volume of interest (VOI) with a size of
F I G U R E 1 The main procedure of the sample preparation for the
analysis of articular cartilage and subchondral structure. DD, digital
densitometry; EDTA, ethylenediaminetetraacetic acid; OARSI,
Osteoarthritis Research Society International; OCT, optical
coherence tomography; PBS, phosphate‐buffered saline; PG,
proteoglycan; PLM, polarized light microscopy; µCT, micro‐computed
tomography [Color figure can be viewed at wileyonlinelibrary.com]

80 × 80 pixels × sample height was selected from the central load
bearing area of each target location (Figure S1). To generate VOItrab,
the trabecular bone was manually segmented with an analysis software (CTAn, Version 1.16.4.1), as described previously,12 and the
subchondral plate VOIplate was acquired with a shrink‐wrap operation on images where trabecular bone had been removed (VOI ‐
VOItrab). Three‐dimensional (3D) morphometric analyses of the
subchondral plate and trabecular bone were conducted separately,

The detailed procedure of anesthesia, operative approach, postoperative

and the subchondral plate thickness (cross‐sectional thickness from

analgesia, and euthanasia have been described previously.23 Shortly, all

two‐dimensional analysis), trabecular bone volume fraction, trabe-

rabbits in the surgery group were injected subcutaneously with a tran-

cular thickness (based on Euclidian distance transform24), trabecular

quilizer and painkiller 30 min before anesthesia. Rabbits then were

number, and trabecular separation were assessed.

subjected to deep surgical anesthesia using 5% isoflurane/oxygen initially
followed by a maintenance flow of 1%–2% isoflurane/oxygen for the
surgery. To access the ACL, a 2.5–3 cm incision was made at approxi-

2.3 | Articular cartilage assessment

mately 2 mm posterior to the patella and the patellar ligament through
the joint capsule. The ACL was then visualized and a hooked probe was

Before µCT imaging, the thickness of articular cartilage was mea-

placed around the ACL, and the ACL was transected with a single cut

sured by using optical coherence tomography (Ilumien PCI Optimi-

along the probe using a scalpel. Following transection, the joint capsule

zation System; Jt. Jude Medical) as previously described.22 After the

was sutured with a 4‐0 interrupted silk suture and the wound was closed

µCT imaging, samples were processed for histology with ethylene-

with a simple continuous suture using 3‐0 Vicryl followed by a mattress

diaminetetraacetic acid decalcification, followed by dehydration and

suture on the surface. The rabbits recovered postoperatively on a

paraffin embedding. Three 3‐µm‐thick sections were cut from the

heating pad covered with a blanket until they woke up and went back to

central load bearing area of each location of the rabbit knee joints

their cages. Rabbits were injected subcutaneously with painkillers twice

and then these sections were stained with Safranin‐O, and three

daily for 2 days. At the appropriate time points, rabbits were sacrificed by

5‐µm‐thick sections were cut and left unstained. Microscopic images

intracardiac injection of pentobarbital sodium for the collection of knee

of the Safranin‐O stained sections were collected with a digital

samples. Knees were harvested by cutting the femur and tibia approxi-

pathology slide scanner (Aperio AT2; Leica Biosystems) using

mately 3 cm above and below the knee joint, respectively. The operated

40 × magnification. OARSI score was assessed from these images

knees formed the 2‐week (n = 8 knees, from eight rabbits) and the

according to the established histopathology standards by the OAR-

8‐week (n = 6 knees, from six rabbits) ACLT groups. Six or eight samples

SI25 (Figure 2 and Supplementary Material). The three Safranin‐O

in each group were proven enough in our study (see the sample size

stained sections were also imaged with digital densitometry26,27 for

estimation in Supplementary Material). In addition, contralateral (C‐L)

analyzing FCD content based on a positive and linear relationship
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between FCD and optical density27,28 (see Supplementary Material).

adjustment was used for testing differences in the bone morphology,

To avoid artefacts in the structural analysis caused by non‐

cartilage thickness, OARSI score, as well as the depth‐wise collagen or-

homogenous staining, unstained sections were used for the assess-

ientation angle and FCD between the ACLT, C‐L and CNTRL groups 2 or

ment of collagen orientation.29 The depth‐wise collagen orientation

8 weeks after surgery. In addition to the analysis of depth‐wise collagen

angle (0°‐parallel to cartilage surface, 90°‐perpendicular to cartilage

orientation angle and FCD, the averaged collagen orientation angle and

surface) was evaluated from unstained sections with a quantitative

averaged FCD in the superficial layer of articular cartilage (within

30

(Supplementary Material). The dis-

0%–20% of cartilage depth) were also analyzed. In the model, animal

tribution profiles of the collagen orientation angle and FCD were

identification and knee side (left/right) were defined as random effects,

polarized light microscope

laterally averaged for each section, and then the averaged profiles

and the experimental groups (i.e., the ACLT, C‐L, and CNTRL groups) as

were averaged again over these three sections. The finally acquired

fixed effects. All the results are presented in the format of mean ±

averaged profiles were analyzed from a 150‐µm‐wide region (from

standard deviation and the significance level for all tests was α = 0.05.

the cartilage surface to the cartilage‐bone interface) to form the
depth‐wise collagen orientation angle and FCD profiles.

3 |
2.4

| Statistical analysis

RES ULTS

3.1 | The assessment of subchondral structure
deterioration

For the depth‐wise statistical comparisons of cartilage structure, the
FCD and collagen orientation profiles were linearly interpolated to 100

Representative 3D visualization of the subchondral plate and trabecular

points. A linear mixed regression model without confidence interval

bone in each group are shown in Figure 3. 2 weeks after the ACLT

F I G U R E 2 Visualization of cut histology images (Safranin‐O staining) of osteochondral structure from the lateral and medial femoral
condyles and tibial plateaus, femoral groove and patella of rabbit knees in the CNTRL, C‐L, and ACLT groups 2 and 8 weeks after the surgery.
The articular cartilage degenerates in the femoral condyles of the 2‐week ACLT group against the C‐L group and degenerates in the
femoral condyles and lateral tibial plateau of the 8‐week ACLT group against the C‐L group. The degeneration of articular cartilage in the
medial tibial plateau of the CNTRL and C‐L group is much more than that of the ACLT group. The size of shown images: 2 mm × height. The
images before cutting were used for the OARSI score evaluation. ACLT, anterior cruciate ligament transection; C‐L, contralateral; CNTRL,
age‐matched control; OARSI, Osteoarthritis Research Society International [Color figure can be viewed at wileyonlinelibrary.com]
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surgery, a significantly higher trabecular number in the medial femoral

groove (−22.25%, p = 0.004) and patella (−7.31%, p = 0.034). Com-

condyle (2.14%, p = 0.003) and femoral groove (9.09%, p = 0.019), and

paring the 8‐week ACLT group to the CNTRL group, the trabecular

lower trabecular thickness in the lateral tibial plateau (−6.67%, p = 0.007)

bone volume fraction and trabecular thickness were smaller in the

and the femoral groove (−10.91%, p = 0.015) were discovered in the

lateral (−14.35%, p = 0.013; −8.88%, p = 0.041) and medial (−11.30%,

ACLT group, compared to the C‐L group (Table 1). There were no sig-

p = 0.036; −8.67%, p = 0.049) femoral condyles, lateral (−25.20%,

nificant differences in the subchondral bone structure between the ACLT

p < 0.001; −25.33%, p = 0.01) and medial (−20.77%, p = 0.002;

and CNTRL groups 2 weeks after ACLT. Compared to the CNTRL group,

−16.13%, p = 0.002) tibial plateaus, with smaller trabecular bone

thinner trabeculae in the patella (−44.64%, p = 0.016) and lower trabe-

volume fraction in the femoral groove (−14.35%, p = 0.001), and

cular number in the femoral groove (−10.93%, p = 0.038) were found in

reduced subchondral plate thickness in the patella (−23.31%,

the C‐L group.

p < 0.001), and greater trabecular separation in the medial tibial

8 weeks after the ACLT surgery, the subchondral plate was

plateau (30.97%, p = 0.015) and femoral groove (33.40%, p = 0.038).

thinner in the lateral tibial plateau (−26.19%, p = 0.022), femoral

When comparing the 8‐week C‐L group to the CNTRL group, we

groove (−19.77%, p = 0.005) and patella (−19.52%, p = 0.001) in the

found significantly greater trabecular separation in the medial tibia

ACLT group when compared to the C‐L group (Table 2). In addition,

plateau (32.33%, p = 0.011) and thicker subchondral plates in the

the trabecular bone volume fraction was smaller in the 8‐week ACLT

femoral groove (15.46%, p = 0.031).

group than the C‐L group in the lateral (−13.76%, p = 0.025) and
medial (−14.05%, p = 0.013) femoral condyles, lateral tibial plateau
(−26.67%, p < 0.001) and femoral groove (−31.64%, p < 0.001). The

3.2 | The assessment of OA and cartilage changes

trabeculae were thinner in the lateral (−11.10%, p = 0.049) and
medial (−14.71%, p = 0.003) femoral condyles, lateral (−31.17%,

2 weeks after the ACLT surgery, the cartilage thickness in the ACLT

p = 0.004) and medial (−16.53%, p = 0.007) tibial plateaus, femoral

group was not different in any of the anatomical locations when

F I G U R E 3 3D µCT visualization of subchondral structure (including subchondral plate (red) and trabecular bone (blue)) from the lateral and
medial femoral condyles and tibial plateaus, femoral groove and patella of rabbit knees in the CNTRL, C‐L, and ACLT groups 2 and 8 weeks after
the surgery. There are no differences in subchondral plate thickness between the CNTRL, C‐L, and ACLT groups at the 2‐week time point
and the subchondral plate was thinner in the lateral tibial plateau, femoral groove and patella of the 8‐week ACLT group against the C‐L group.
Trabecular bone is thinner in the lateral tibial plateau and femoral groove of the 2‐week ACLT group against the C‐L group, and is thinner in all
the locations of the 8‐week ACLT group against the C‐L group. The size of volumes of interest: 2 × 2 mm × height. ACLT, anterior cruciate
ligament transection; C‐L, contralateral; CNTRL, age‐matched control; µCT, micro‐computed tomography [Color figure can be viewed at
wileyonlinelibrary.com]

457.2 ±
60.7

394.9 ±
34.8

637.6 ±
44.9

Medial tibial
plateau

Femoral
groove

Patella

683.4 ±
90.1

417.5 ±
46.7

443.3 ±
37.3

480.0 ±
69.2

71.7 ±
8.2

37.3 ±
4.4

43.3 ±
6.0

47.7 ±
4.8

46.7 ±
4.0

66.2 ±
6.5

38.6 ±
4.1

40.9 ±
4.3

48.3 ±
8.8

46.8 ±
3.7

73.6 ±
6.8

41.0 ±
5.6

45.3 ±
7.4

49.8 ±
5.0

45.5 ±
4.9

356.4 ±
105.8

197.3 ±
101.1*

290.3 ±
135.1

165.9 ±
9.9

175.1 ±
16.0

156.0 ±
15.3#

227.3 ±
33.9

219.7 ±
20.5

224.4 ±
11.0

229.4 ±
21.1

214.1 ±
25.6##

195.0 ±
13.3

188.1 ±
15.5

194.8 ±
61.8

200.2 ±
9.4

201.3 ±
12.1

196.1 ±
18.1

195.3 ±
19.7

Trabecular thickness (µm)
ACLT
C‐L
CNTRL

203.3 ±
68.7

306.1 ±
43.0

325.4 ±
143.0

317.9 ±
57.5

295.4 ±
45.2

344.0 ±
38.2

171.4 ±
85.1

307.2 ±
22.3

409.0 ±
68.7

322.0 ±
67.7

295.2 ±
39.5

325.3 ±
26.0

222.1 ±
47.0

289.9 ±
42.9

388.7 ±
92.6

311.0 ±
32.8

307.5 ±
35.1

329.3 ±
41.5

Trabecular separation (µm)
ACLT
C‐L
CNTRL

Abbreviations: ACLT, anterior cruciate ligament transection; C‐L, contralateral; CNTRL, age‐matched control.

Note: *Significant difference to the CNTRL group, *p < 0.05, **p < 0.01, ***p < 0.001; mean ± SD. #Significant difference between the ACLT and C‐L group, #p < 0.05,

621.4 ±
75.5

397.7 ±
85.7

429.1 ±
18.4

442.9 ±
46.9

478.8 ±
62.3

Lateral tibial
plateau

449.6 ±
59.8

42.5 ±
5.6

424.1 ±
30.9

43.3 ±
1.0

Medial femoral 426.9 ±
condyle
35.1

41.1 ±
2.2

424.6 ±
51.7

443.3 ±
69.8

Lateral
femoral
condyle
463.0 ±
71.5

Trabecular bone volume
Subchondral plate thickness (µm) fraction (%)
ACLT
C‐L
CNTRL
ACLT
C‐L
CNTRL

Subchondral bone structure in different anatomical locations of rabbit knees 2 weeks after the surgery

Anatomical
location in
rabbit knees

TABLE 1

##

p < 0.01,

5.62 ±
5.29

2.20 ±
0.16*

1.83 ±
0.23

2.24 ±
0.76

2.47 ±
0.28

2.04 ±
0.53

2.28 ±
0.24

2.33 ±
0.18

2.26 ±
0.25

p < 0.001; mean ± SD.

###

3.89 ±
4.57

2.40 ±
0.27#

2.74 ±
1.89

2.10 ±
0.32

2.34 ±
0.19

2.39 ±
0.21##
2.26 ±
0.37

2.15 ±
0.10

2.13 ±
0.26

Trabecular number (mm−1)
ACLT
C‐L
CNTRL
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346.1 ±
26.0
596.0 ±
45.7

403.4 ±
28.7

399.6 ±
30.4*

382.9 ±
65.0

320.6 ±
58.1##

457.1 ±
568.0 ±
46.2***,##
54.5

Medial tibial plateau

Femoral groove

Patella
61.9 ±
6.7

28.3 ±
6.2**,###
65.9 ±
3.4

41.4 ±
5.3
62.7 ±
5.8

39.3 ±
4.2

52.0 ±
5.1

50.0 ±
3.2

46.9 ±
3.4

43.9 ±
4.2

CNTRL

230.7 ±
22.8#

139.1 ±
12.8##

194.4 ±
8.4**,##

159.2 ±
59.4**,##

248.9 ±
11.2

178.9 ±
22.2

232.9 ±
22.3

231.3 ±
10.7

207.4 ±
15.3

189.2 ±
9.1

168.2 ±
14.0*,#
176.9 ±
19.8*,##

C‐L

ACLT

Trabecular thickness (µm)

235.8 ±
12.1

148.4 ±
40.7

231.8 ±
19.8

213.2 ±
16.5

193.7 ±
9.5

184.6 ±
15.9

CNTRL

285.2 ±
22.2

313.9 ±
50.1

C‐L

226.5 ±
37.2

357.5 ±
72.6*

374.3 ±
90.5*

210.7 ±
22.6

299.5 ±
31.4

378.2 ±
44.4*

310.7 ±
321.6 ±
129.5
84.0

306.5 ±
31.8

339.7 ±
54.7

ACLT

Abbreviations: ACLT, anterior cruciate ligament transection; C‐L, contralateral; CNTRL, age‐matched control.

###

2.65 ±
0.19

2.32 ±
0.11

2.01 ±
0.22

2.21 ±
0.30

2.34 ±
0.18

2.30 ±
0.21

C‐L

2.66 ±
0.15

3.14 ±
2.11

2.25 ±
0.19

2.35 ±
0.16

2.42 ±
0.09

2.38 ±
0.15

CNTRL

p < 0.001; mean + SD.

2.69 ±
0.25

2.03 ±
0.39

2.11 ±
0.35

2.94 ±
2.05

2.35 ±
0.19

2.24 ±
0.22

ACLT

Trabecular number (mm−1)

p < 0.01,

##

232.1 ±
35.6

268.0 ±
93.0

285.8 ±
40.0

296.6 ±
42.3

283.6 ±
22.0

302.0 ±
27.1

CNTRL

Trabecular separation (µm)

Note: *Significant difference to the CNTRL group, *p < 0.05, **p < 0.01, ***p < 0.001; mean ± SD. #Significant difference between the ACLT and C‐L group, #p < 0.05,

356.3 ±
54.6
46.6 ±
3.8

377.7 ±
45.3

402.5 ±
59.8

297.1 ±
99.9#

Lateral tibial plateau

377.1 ±
77.1

354.3 ±
69.6

41.2 ±
7.4**

48.4 ±
2.5

41.6 ±
6.3*,#

411.1 ±
50.3

395.0 ±
25.8

Medial femoral
condyle

416.2 ±
58.4

51.0 ±
6.3

43.6 ±
4.9

37.6 ±
3.3*,#

381.2 ±
88.3

Lateral femoral
condyle

37.4 ±
4.2***,###

C‐L

ACLT

CNTRL

ACLT

Anatomical location
in rabbit knees

C‐L

Trabecular bone volume
fraction (%)

Subchondral bone structure in different anatomical locations of rabbit knees 8 weeks after the surgery

Subchondral plate thickness (µm)

TABLE 2
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In this study, we examined concurrent changes in subchondral bone
3D structure and histology‐based collagen organization and PG
content of articular cartilage at different anatomical knee locations 2
and 8 weeks after ACLT surgery in a PTOA rabbit model. Our first
hypothesis was confirmed since we observed degenerative changes

##

9.17 ± 4.88
3.25 ± 1.39
4.57 ± 3.78
4.75 ± 2.25
550 ± 62
580 ± 102
562 ± 66
531 ± 87
571 ± 74

3.33 ± 3.08
3.50 ± 2.07
4.00 ± 3.06
4.00 ± 1.51
261 ± 36
280 ± 36
272 ± 72
315 ± 107
291 ± 78

p < 0.01,

###

p < 0.001; mean ± SD.

6.13 ± 5.57
6.00 ± 4.69

3.25 ± 1.58
2.17 ± 1.94

6.00 ± 2.78
9.00 ± 5.44
9.25 ± 1.28
5.22 ± 2.29***
5.75 ± 2.12***
749 ± 82
740 ± 176
748 ± 97
656 ± 224
760 ± 71

553 ± 123
632 ± 95**

420 ± 142

6.50 ± 1.85**
409 ± 56
437 ± 67

8.25 ± 3.85

6.40 ± 2.30

2.50 ± 1.60

2.50 ± 1.77
2.17 ± 1.47

3.67 ± 2.73
3.29 ± 2.29
5.75 ± 2.44

5.43 ± 2.51

8.17 ± 5.04**

,#

10.50 ± 6.25***
3.88 ± 1.89

14.50 ± 4.93***
6.75 ± 4.80

,#

3.57 ± 1.40

CNTRL
C‐L

#

ACLT
CNTRL

Abbreviations: ACLT, anterior cruciate ligament transection; C‐L, contralateral; CNTRL, age‐matched control.

| DI SCUSSION

Note: *Significant difference to the CNTRL group, *p < 0.05, **p < 0.01, ***p < 0.001; mean ± SD. #Significant difference between the ACLT and C‐L group, #p < 0.05,

4

573 ± 60

medial tibial plateau.

Patella

as in the deep layer of cartilage in the lateral femoral condyle and

265 ± 62

superficial cartilage of the lateral femoral condyle and patella, as well

Femoral groove

smaller in the deep layer of cartilage. Furthermore, the FCD content
in the C‐L group was smaller than that in the CNTRL group in the

814 ± 133

content in the 8‐week ACLT group of the lateral femoral condyle was

Medial tibial plateau

deep layer of cartilage in the medial femoral condyle, while the FCD

528 ± 92

was lower in the 8‐week ACLT group from the superficial up to the

608 ± 94

(Figure 5). When compared to the CNTRL group, the FCD content

632 ± 86

throughout the cartilage depth in the medial femoral condyle

Lateral tibial plateau

condyle, femoral groove and patella (also see Figure S2), and

475 ± 91

than the C‐L group in the superficial cartilage of the lateral femoral

575 ± 160

(Figure 4). The FCD content was lower in the 8‐week ACLT group

485 ± 99

and changes in the superficial zone of the lateral femoral condyle

493 ± 114

the medial femoral condyle, femoral groove and lateral tibial plateau,

Medial femoral condyle

8‐week ACLT group to the C‐L and CNTRL groups, there were minor
changes in the collagen orientation angle in the articular cartilage of

C‐L

(p = 0.001; p = 0.001; p = 0.005, respectively). When comparing the

ACLT

when compared to the C‐L group, and to the CNTRL group

CNTRL

(p = 0.001) femoral condyles, and lateral tibial plateau (p = 0.029)

C‐L

in the 8‐week ACLT group of the lateral (p = 0.004) and medial

ACLT

the CNTRL group (50.48%, p = 0.007). The OARSI score was greater

Anatomical location in rabbit knees

8 weeks after ACLT surgery, thicker articular cartilage was observed in the lateral tibial plateau in the ACLT group compared to

2‐Week after ACLT

tilage in the patella, as compared to those in the CNTRL group.

OARSI score

femoral groove, and from the superficial to the middle layer of car-

8‐Week after ACLT

cartilage of the lateral tibial plateau, medial femoral condyle, and

2‐Week after ACLT

2‐week ACLT group, the FCD content was smaller in the superficial

Articular cartilage thickness (µm)

upper half of the femoral groove and patella in the 2‐week ACLT
group compared to the FCD in the C‐L group (Figure 5). In the

TABLE 3

condyles and medial tibial plateau (also see Figure S2), and in the

Articular cartilage thickness and OARSI score in different anatomical locations of rabbit knees 2 and 8 weeks after the surgery

FCD content was observed in the superficial cartilage of the femoral

331 ± 39

group compared to the C‐L and CNTRL groups (Figure 4). A smaller

320 ± 84

lower in the superficial medial femoral condyle of the 2‐week ACLT

363 ± 79

the lateral femoral condyle and the lateral tibial plateau, and slightly

361 ± 87

collagen orientation angle was slightly greater in the upper half of

396 ± 64

compared to the ACLT (p = 0.001) and C‐L (p < 0.001) groups. The

ACLT

8‐Week after ACLT

a higher OARSI score in the medial tibial plateau of the CNTRL group

,##

C‐L

OA in the control group knees at the 2‐week time point, we observed

4.57 ± 1.27

the CNTRL group 2 weeks after ACLT. As an indication of primary

3.17 ± 2.23

higher in the medial femoral condyle (p = 0.006) when compared to

386 ± 85

ACLT group compared to the C‐L group. The OARSI score was also

,###

CNTRL

compared to the C‐L group (Table 3). The OARSI score was higher in
the lateral (p = 0.025) and medial (p = 0.042) femoral condyle in the

4.88 ± 5.17

ET AL.

Lateral femoral condyle
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F I G U R E 4 The depth‐wise collagen orientation angle in various knee locations 2 and 8 weeks after the surgery. Shaded color areas around
the lines represent the confidence intervals (95% CI) and the straight dashed lines above the curves represent statistical difference
(p < 0.05) between the groups. ACLT, anterior cruciate ligament transection (red curve); CI, confidence interval; C‐L, contralateral (blue curve);
CNTRL, age‐matched control (black curve) [Color figure can be viewed at wileyonlinelibrary.com]

in trabecular bone microstructure, cartilage composition, and histo-

specific recovery of PG content was observed in the patella and

pathology as early as 2 weeks after the ACLT surgery, and these

femoral groove during the same observation period.

changes were tissue‐, and location‐specific. During the study period,

In our previous study the bone loss was observed in the medial

we observed novel dynamics of PTOA progression with bone de-

femoral condyle of the ACLT group compared to the C‐L group,

generation becoming more severe from 2 to 8 weeks, while site‐

without differences in the lateral femoral condyles 4 weeks after

F I G U R E 5 The depth‐wise optical density distributions in various knee locations 2 and 8 weeks after the surgery. Shaded color areas
around the lines represent the confidence intervals (95% CI) and the straight dashed lines above the curves represent statistical difference
(p < 0.05) between the groups. ACLT, anterior cruciate ligament transection (red curve); CI, confidence interval; C‐L, contralateral (blue curve);
CNTRL, age‐matched control (black curve) [Color figure can be viewed at wileyonlinelibrary.com]
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ACLT surgery.12 In the current study bone loss occurred first in the

collagen orientation may be attributed to methodology, as Mingalone

lateral tibial plateau and femoral groove of the operated knees

et al. used Second Harmonic Generation imaging for collagen or-

2 weeks after the surgery, and later the bone loss spread to other

ientation assessment, and they did not quantify PG content as

anatomical locations. This demonstrates importance of studying

thoroughly as was done in this study. However, the results of our

multiple joint locations and time points, and indicates that the bone

study suggest that PG loss occurs first, followed by changes in the

deterioration is progressive within 8 weeks after ACLT, supported by

collagen network, which is consistent with our previous work on

4

another study. In the evaluation of articular cartilage degeneration,

articular cartilage, where the PG content decreased 3 days after a

increased OARSI scores were first observed in the femoral condyles,

partial meniscectomy, without a corresponding alteration in collagen

and later in the lateral tibial plateau. Thus, the response of the

content and orientation.34

subchondral bone and articular cartilage to the ACLT appears to be

The response of the subchondral plate thickness to the ACLT

tissue‐ and location‐dependent. This supports our original hypoth-

surgery was insensitivity, which could be attributed to contradictory

esis, and indicates that the most sensitive anatomical locations for

changes in the thickness of subchondral bone plate and calcified

structural changes in the subchondral bone during OA development

cartilage. Calcified cartilage thickness has been found to increase

are the lateral tibial plateau and femoral groove, while the cartilage

during the initiation and development of OA in post‐ACLT animal

in the femoral condyles exhibits the earliest changes. This is also

models15,35 and in our previous study.36 It is possible that the ob-

supported by our earlier study on the biomechanical properties of

served thickening of the calcified cartilage in the rabbit knees is

cartilage and chondrocytes in post‐ACLT rabbits,22 as well as the

accompanied with a thinning of the subchondral bone plate during

31

study on tibial plateaus in human OA.

the progression of OA,37 leading to unchanged subchondral plate

The trabecular number was greater in the medial femoral con-

thickness. Moreover, the asynchronous changes in calcified cartilage

dyle and femoral groove of operated compared to C‐L knees 2 weeks

and subchondral bone during the progression of PTOA will also

after the ACLT, but not at the 8‐week time point. Additionally, the

create challenges to the morphological analysis of the subchondral

subchondral plate was thinner in the lateral tibial plateau, femoral

bone structure. To better assess the changes in calcified cartilage

groove and patella of operated knees than the subchondral plate

structure, more advanced imaging and image processing strategies

from the C‐L knees 8 weeks after the surgery. In contrast, in rats

are required to enable a µCT‐based analysis of the calcified cartilage

subchondral plates were thinner and the trabecular number in-

and the subchondral bone. These analyses may require the use of

creased in the femoral condyles and medial tibial plateaus 4 and

high‐resolution µCT imaging, which will be one of our future goals.

10 weeks post‐ACLT, without changes in trabecular thickness in the

This study has some limitations. The ACLT animal model we used

femoral condyles 4 weeks after the surgery and in the tibial plateaus

in our study does not mimic perfectly human ACL injuries and sub-

both 4 and 10 weeks after the surgery.32 The different changes in

sequent tissue alterations, because clinically ACL rupture is often

subchondral plate and trabecular bone between rabbits and rats in

accompanied by bone bruises and meniscus tears, which might

PTOA indicate that these changes are probably species‐dependent.

contribute to apoptosis, bone changes, and the progression of joint

In this study, digital densitometry was used to measure the FCD,

degeneration. The difference in tissue turnover and loading patterns

which reflects the PG content of articular cartilage. Our results

between our animal model and humans produces challenges for the

provide novel insights on the dynamics of the PG content during OA

translation of our results to clinical applications. However, the fast

progression. At the 2‐week time‐point, we observed a reduced PG

tissue turnover in rabbits makes it easier to study OA within a short

content close to cartilage surface in both femoral condyles, especially

time period. The use of animal models also allows investigating OA in

when the ACLT group was compared to C‐L group. There was even a

a controlled environment that is not possible with humans.

greater loss of PG content in the same locations, especially in the

The resolution of the µCT imaging we used was moderate and

medial compartment, at the 8‐week time point, suggesting a pro-

was selected to allow comparisons to our previous studies.12 To

gressive PG loss during the PTOA period. Furthermore, the PG

detail further changes in the subchondral bone plate, a high‐

content was clearly reduced in the top half of the femoral groove and

resolution µCT is needed to separate the subchondral bone plate

patella 2 weeks after the surgery, whereas there was only some

porosity and calcified cartilage.38

reduction of PG content in the superficial zone at these locations

The OARSI score in the medial tibial plateau was greater in the

8 weeks after the surgery. This result may indicate that there is a

CNTRL group compared to the C‐L and ACLT groups at the 2‐week

partial recovery of the PG content in articular cartilage. Additionally,

time point. We can only speculate that this may be ascribed to the

a higher PG content was observed in the medial tibial plateau of C‐L

presence of spontaneous OA in the CNTRL group at the beginning of

knees compared to controls 2 weeks after the surgery, which may

the experiments. We cannot exclude the possibility that spontaneous

indicate that modified loading could increase the PG synthesis in C‐L

OA may have also occurred in the other groups. It has been reported

knees. However, this effect was not observed at the 8‐week time

that approximately 12.5% skeletally mature rabbits have sponta-

point.

neous OA in hips and knees as early as 1 year of age.39

In contrast to the PG content, only minor changes in collagen

The current study is limited to structural changes in the os-

orientation were detected. It has been reported that collagen dis-

teochondral unit at two time points after surgery. More time points

organization can occur in very early OA.33 Lack of changes in our

are required to study time‐dependent sequences of joint changes.
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We conclude that our rabbit model of PTOA shows very early and

1.

progressive subchondral bone deterioration. PG loss is progressive in
the femoral condyles, but in the medial tibial plateau, femoral groove

2.

and patella, there is a very early loss of PG followed by partly recovery. The tibial plateaus seem to be sensitive to changes in the

3.

bone morphology, while the femoral condyles are more sensitive to
changes in cartilage composition and structure. These findings pro-

4.

vide vital clues to the location‐specific diagnosis and clinical study on
human OA at the early stage.
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