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Comparison of high-resolution magnetic resonance imaging and 
micro-computed tomography arthrography for in-vivo assessment 
of cartilage in non-human primate models
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Background: Non-human primate (NHP) could be an interesting model for osteoarthritis (OA) 
longitudinal studies but standard medical imaging protocols are not able to acquire sufficiently high-
resolution images to depict the thinner cartilage (compared to human) in an in vivo context. The aim of this 
study was thus to develop and validate the acquisition protocols for knee joint examination of NHP using 
magnetic resonance imaging (MRI) at 1.5 T and X-ray micro-computed tomography arthrography (µCTA).
Methods: The first phase of the study focused on developing dedicated in vivo HR-MRI and µCTA 
protocols for simultaneous acquisitions of both knee joints on NHP. For MR, a dedicated two-channel 
receiver array coil and acquisition sequence were developed on a 1.5 T Siemens Sonata system and tuned 
to respect safety issues and reasonable examination time. For µCTA, an experimental setup was devised so 
as to fulfill similar requirements. The two imaging protocols were used during a longitudinal study so as 
to confirm that repeated injections of loxaglic acid (contrast agent used for µCTA) didn’t induce any bias 
in cartilage assessment and to compare segmentation results from the two modalities. Lateral and medial 
cartilage tibial plateaus were assessed using a common image processing protocol leading to a 3D estimation 
of the cartilage thickness.
Results: From HR-MRI and µCTA images, thickness distributions were extracted allowing for proper 
evaluation of knee cartilage thickness of the primates. Results obtained in vivo indicated that the µCTA 
protocol did not induce any bias in the measured cartilage parameters and moreover, segmentation results 
obtained from the two imaging modalities were consistent.
Conclusions: MR and µCTA are valuable imaging tools for the morphological evaluation of cartilage in 
NHP models which in turn can be used for OA studies.
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Introduction

Osteoarthritis (OA) is a disease with increasing prevalence 
with ageing populations in western countries (1). 
Destruction and loss of articular cartilage are thought to 
be major elements involved in the pathophysiology of  
OA (2), however, it is still not clear whether this precedes, 
accompanies or is a consequence of changes in other tissues 
such as subchondral bone. One difficulty in detecting these 
changes in articular cartilage is the lack of nerves within 
and therefore damages can be painless (3) rendering early 
detection and treatments even more difficult. Actually, no 
therapeutic options are available apart from symptomatic 
relief through either exercise prescriptions (4) or drugs with 
questionable long-term effects (5).

Symptomatic knee OA in particular affects about 6% of 
adults above 30 years old (2) and more than 13% of persons 
under 60 years (6), with an estimated lifetime risk of 
developing it of nearly 50% (7) and rising with higher BMI 
and age. Detection is mainly carried out through imaging 
the knee joint (8-10) with recognized radiographic markers 
being joint space narrowing, presence of osteophytes, 
subchondral cysts and sclerosis. Among the different 
imaging modalities, conventional radiography is the most 
widespread but is limited mainly due to positioning issues, 
lack of direct visualization of articular cartilage (forbidding 
access to the physiopathology of OA), 2D images display 
multiple overlapping structures and last but not least the 
lack of sensitivity of the technique which hinders early 
detection. NMR techniques are major alternatives to 
conventional radiography (11-16) and magnetic resonance 
imaging (MRI) in particular due to its exquisite contrast, 
spatial resolution, 3D anatomical images and morphometric 
assessments. Moreover, multiple MRI-based techniques 
(T1-rho, T2 mapping) give access to different information 
on structure and content of cartilage related to the progress 
of OA (16). Any potential medical treatment is bound to be 
more successful if taken during the earlier stages. However, 
this is hard to be applied to humans since early detection 
of OA is a major issue. Subsequently, works have focused 
on animal models such as mice (17), rats (18-20), guinea  
pigs (21), rabbits (22,23) and non-human primates (NHPs) 
(24-29) whereby OA could be induced.

Small animal models of OA do not mimic perfectly the 
complex conditions occurring in human OA which is the 
case for OA in NHP thus representing a useful model. 
However thinner cartilage in NHP requires higher image 
resolution for detection of radiographic OA, an essential 

step before considering more advanced imaging techniques. 
In the case of MRI, this can be done at the cost of increased 
scan times leading to a trade-off between scan times and 
signal to noise ratio (SNR). Use of dedicated coils for knee 
imaging of NHP can greatly contribute to this end but no 
such commercial coil suited for NHP is available which has 
possibly hindered further studies on this model. Another 
possible imaging modality is X-ray micro-computed 
tomography which can provide even higher spatial 
resolution and enables both cartilage and bone assessment. 
However, knee cartilage imaging requires injection of 
a contrast agent before application and this injection 
procedure may generate either a damage to the cartilage 
and/or a bias in the cartilage thickness determination in the 
acquired images which therefore needs to be looked into 
specially in an in vivo context.

A recent study (30) has tackled multimodal imaging 
(MRI and high-resolution peripheral quantitative 
computed tomography) of cadaveric knees but to the 
best of our knowledge none has tackled knee or cartilage 
characterization through in vivo imaging of a NHP model 
although this model is a very interesting one with respect to 
OA. The present study was geared towards:
	 Developing a protocol (setup and sequence) that 

will yield reproducible high-resolution MR images 
of knee joints in NHP models and thus help in the 
development of more advanced MRI studies.

	 Developing a protocol (setup and contrast agent 
protocol) to acquire micro-computed tomography 
arthrography (µCTA) images of the knee joints 
in the same NHP models and cross-checking the 
absence of impact of the procedure on cartilage 
characterization.

	 Evaluating the potentialities of µCTA by comparing 
cartilage layer thicknesses quantified through both 
imaging modalities.

Methods

The first phase of this study focused on the development 
of a HR-MRI protocol for knee joint examination of 
NHP on a 1.5 T Siemens-Sonata system. It enabled 
simultaneous acquisition of high-resolution images of 
both knee joints within a time frame respectful of animal 
ethics. Upon validation, six primates were enrolled in this 
preliminary longitudinal study where HR-MRI and X-ray 
µCTA were performed to assess the eventual impact of 
the µCTA protocol (repeated injection of loxaglic acid) on 
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the morphologic evaluation of cartilage parameters of the 
medial and lateral tibial plateaus. This evaluation was carried 
out through a double segmentation (manual followed by 
an automatic regional) procedure of the acquired images, 
yielding segmented medial and lateral tibial cartilage 
regions of interests (ROIs). Inside these ROIs, the 
quantification of cartilage thickness was performed using 
the method developed by Hildebrand et al. (31) giving 3D 
thickness parameter distributions characterizing each ROI. 
These distributions were then statistically tested (one-way 
ANOVA run on XLSTAT) for differences of their means. 
Obtained mean thicknesses of the lateral and medial tibial 
cartilages have also been compared using Bland-Altman 
analyses.

MRI acquisition protocol

To obtain suitable MR images, a homemade receiver coil 
was developed targeting maximum SNR with the best signal 
uniformity. In its final version (32) the coil was made up of 
two channels each consisting of a rectangular copper track 
coil having internal dimensions 30 mm × 35 mm and etched 
on a flexible 508 µm thick substrate (RogersTM RT/Duroid 
5880) which was in turn etched on a rigid cylindrical tube 
fitting the NHP knee as shown on Figure 1A. CT and CM 
are two CMS capacitors with respective values of 620±20 pF  
and 100±2 pF while the PIN diode was a DH80055 one. 
Optimal coil overlapping was sought so as to minimize 
coupling between the two elements as shown in Figure 1B 

(|Snm| parameter <–20 dB). A coil configuration file was 
created to drive the MR system interface in array mode. 
Experimental characterization (signal uniformity and SNR) 
was performed on cylindrical phantoms filled with 1.25 g/L 
of NiSO4 and 5 g/L of NaCl solution. SNR was calculated 
by taking the ratio between mean signal intensity inside the 
coil volume in the ROI corresponding to cartilage region 
and standard deviation (SD) outside. Signal uniformity is 
taken to be the SD of the signal intensity inside the coil 
in the ROI as shown in Figure 2. This homemade coil was 
compared to the Siemens small loop coil (FLS) which was 
the only available commercial solution for our purpose at 
our facility.

During acquisitions on primates, one dual-channels 
array coils was used per knee, using two flex interfaces 
from Siemens. The primates were in supine position with 
both legs positioned inside a foam having a susceptibility 
similar to tissue values (33). Unless this foam was used, the 
shimming process did not yield proper results (34). Both 
dual array coils were placed on top of patella to encompass 
the whole knee joint (Figure 3). A minimum distance of 
100 mm between both knees was kept to ensure at least 
20 dB decoupling between the two elements located at 
medial sides of each coil. HR-MRI was performed in the 
sagittal plane using a 3D water excitation FLASH sequence: 
25° flip angle, TR/TE =27/11.7 ms, 70 Hz/Pixel receiver 
bandwidth. A total of 120 partitions (220 μm thick) were 
acquired with a FOV of 50×50 mm and an in-plane pixel 
of 112×131 μm2. Scan time was 20 min for sequential 

Figure 1 (A) Coil geometry and (B) reflection and transmission (S) parameters of the two channel array coils in experimental 
configuration.
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acquisitions of both knees.

µCTA acquisition protocol

To clearly distinguish the cartilage, injection of a contrast 
agent was mandatory; 2 mL loxaglic acid (320 mgI/mL) 
with 40/60 dilution in PBS was injected in the synovial 
capsule using a 23G needle. μCTAs were performed on a 
GE Locus μ-CT at standard voltage (80 kV) and amperage 
(450 µA) parameters with an isotropic resolution of  
90 μm. Simultaneous acquisition of both knees was done in  
15 minutes. Figure 4 shows the positioning of the knees 
inside the µCT scanner requiring a specific seating setup.

Area: 5.9 sq.cm
Mean: 27.7
Std. Dev: 7.6

Area: 2.2 sq.cm
Mean: 1,820.8
Std. Dev: 291.0

Figure 2 MRI images of a water phantom used for SNR characterization of the developed receiver coils. MRI, magnetic resonance imaging; 
SNR, signal to noise ratio.

Susceptibility 
matching foam

Pair of dual 
array coils

Figure 3 Experimental setup for MRI acquisitions. MRI, magnetic resonance imaging.

Figure 4 Experimental setup for µCTA acquisitions. µCTA, micro-
computed tomography arthrography.
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Study protocol

All animal studies and experiments were performed under 
project license N° 1077 granted by the Institutional 
Animal Care and Use Committee (IACUC) of VetAgro-
Sup in compliance with the European regulation on animal 
experimentation (Directive 2010/63/EU) and its national 
transposition. Every effort was done to minimize animal 
suffering and reduce the number of animals used in the 
experiments.

A total of six young (average age of 4 years at the 
beginning of the study, weights ranging between 3.2 
and 4.3 kg at the end of the study) female cynomolgus 
monkeys (Macaca fascicularis) were examined during this 
phase of the study. Animals were acclimated for at least 
10 days prior to the first day of study, and were housed 
collectively on a natural bedding with the following ambient 
parameters: ventilation with >10 air changes/hour, and no 
air recirculation, 12-hour light/12-hour dark photoperiod, 
room temperature of 22±4 ℃, and a humidity of 55%±20%. 
Animal room and enclosure cleaning was performed on 
a daily basis. They were fed with standard diet (Ssniff Pri 
V3944-000); food ration was adapted for each individual 
according to its body weight (100 g per animal per day 
under 5 kg; 200 g over 5 kg). One fruit was provided daily 
to each animal. Delicacies were also given in the bedding at 
the end of the day to allow foraging, as part of the testing 
facility environmental enrichment program.

The primates were assessed using both HR-MRI and 
µCTA imaging of the knee joints (lateral and medial 
tibial plateaus). The latter modality requires injection of 
a contrast agent in the synovial capsule (10 knee flexions-
extensions were performed post-injection). One of the 
goals of the study was thus to assess the eventual impact 
of repeated injection of loxaglic acid. Only the right 
knee underwent µCTA imaging while HR-MRI (MR 
acquisitions of the right knee were carried out after µCTA 
acquisitions) was applied to both knee joints and several 
examinations were scheduled at baseline, 30, 60, 90 and 
180 days. The primates were fasted at least 12 hours for 
food and 2 hours for water before starting the anaesthetic 
procedure. For HR-MRI exam, induction of anaesthesia 
was performed by intramuscular (IM) injection of ketamine 
(15 mg/kg) and midazolam (1.25 mg/kg). Around 1 hour 
after the first injection, maintenance of anaesthesia was 
performed by IM injection of ketamine (7.5 mg/kg) and 
midazolam (0.63 mg/kg). If necessary, a third injection 
(same agents and same doses as previously) could be used 

to increase acquisition time. For µCTA exam, induction 
of anaesthesia was performed by IM injection of ketamine  
(10 mg/kg) and midazolam (1 mg/kg). An endotracheal 
tube was inserted into the trachea and anaesthesia was 
maintained with isoflurane (0.5%) in oxygen (100%,  
1 L/min). For both protocols, physiological vitals of the 
animals were monitored (temperature, breathing rate, blood 
pressure and heart rate).

Two of the primates presented missing data since HR-
MR images presented severe artifacts due to unknown 
reasons. This rendered segmentation impossible (both for 
left knee at D180). Otherwise, for all other primates the 
image processing procedure could be applied at all time 
steps.

3D thickness parameter extraction procedure

So as to suppress an inter-observer variability, images from 
both modalities were processed by the same operator using 
the GE Locus µ-CT Microview software version ABA2.2:
	 Image pre-processing step: image smoothing using 

an anisotropic filtering (adaptive threshold for each 
modality but identical for all monkeys within each 
modality) enabled noise attenuation in the images 
and better cartilage frontier visualization.

	 Segmentation step: acquired stacks of slices were 
sampled; about 1 out of every 4–5 slices. These were 
processed to obtain 3D thicknesses of the lateral and 
medial cartilage tibial plateaus. A manual contour 
segmentation was performed to roughly isolate 
the cartilage in the ROIs, followed by a regional 
automatic global segmentation extracting accurately 
the morphology of both medial and lateral cartilage 
ROIs. The thresholds used in this automatic 
procedure were modality dependent but the same 
for all animals. A manual correction was sometimes 
applied if the automatic segmentation was not 
appropriate. When this was not possible for a given 
slice, an extrapolation was carried out using the two 
adjacent slices.

	 Quantification step: inside the segmented cartilage 
ROIs, the quantification of cartilage thicknesses 
was performed following the method described by 
Hildebrand et al. (31). For each pixel p found inside 
the 3D segmented region Ω, the local thickness τ(p) 
is calculated as the diameter of the largest sphere 
inscribed inside Ω and containing p:
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( ) ( )2.max({ | , Ω, Ω})p r p sph x r xτ = ∈ ⊆ ⊆ 	 [1]

x and r are respectively the center and radius of the spheres 
which had sizes quantized by steps of 90 µm (the voxel size 
in µ-CT).

Morphological results were compared in terms of 
distribution of the 3D thickness parameters obtained for 
each cartilage compartment. The spread of the thickness 
distribution as well as mean and maximum-values 
characterize the cartilage compartment. The mean thickness 
of the structure is defined as:

( ) ( ) ( )3 31 ; Ω
Ω

p d p Vol d p
Vol

τ τ= ∫ ∫ ∫ = ∫ ∫ ∫ 	 [2]

where the triple integral is taken over the 3D segmented 
region Ω.

The term mean thickness will be used when describing 
the term defined in Eq. [2] while the term average will 
be used when considering an average over multiple 
measurements (at different time points or different 
primates) .  The maximum thickness of a carti lage 
compartment is defined as the diameter of the biggest 
sphere obtained through the described procedure.

Mean thicknesses of the lateral and medial tibial cartilage 
have also been compared using Bland-Altman analyses:

(I)	 Comparisons on the left knee at different time 
points will give us an insight on the reproducibility 
of the MRI acquisition protocol and image 
processing;

(II)	 Data on the right knee obtained through MRI 
will enable evaluation of the eventual impact of 
the injections of the µCTA contrast agent on the 
cartilage thickness;

(III)	 Comparisons of µCTA data at different time points 
enable evaluation of the reproducibility of the 
µCTA acquisition protocol and image processing;

(IV)	 And finally mean thicknesses obtained through 
MRI and µCTA will enable comparison of the two 
modalities.

The results of the Bland-Altman comparisons are 
summarized in terms of confidence intervals (CIs) of the 
biases and CIs of the differences between paired values. A 
CI of the bias including zero and in the same manner, a CI 
for the differences under 90 µm are signs of concordance 
between measurements.

I t  i s  a lso interest ing to compare the di f ferent 
distributions obtained in a similar manner to what has 
been done with mean thicknesses. To do so, one-way 

ANOVAs with a significance level set to 0.05 where the 
null hypothesis is that the distributions have equal means 
(hereby mean refers to the mean of the distribution which 
is different to the mean thickness) and Tukey’s post-hoc 
analysis were performed. It should be noted that here the 
mean of the distribution is related to but not equal to the 
mean thickness defined by Eq. [2]. Three different cases will 
be distinguished: (I) a P value above the significance level 
which points to an absence of difference between the means 
of the distributions, (II) a P value under the significance 
level but with a CI for the difference of the means under 
90 µm which will be considered as an absence of difference 
since in the quantification procedure, the bin size is equal to 
90 µm. (III) a P value under the significance level but with a 
CI above or equal to 90 µm.

Results

MR images

Comparative SNR tests were carried out on the NaCl 
phantom between the Siemens small loop coil (FLS) and 
our homemade double channel coil (DC). The FLASH 
sequence used during the whole protocol displayed an SNR 
of DC 4.7 times higher than that of the FLS for a decrease 
in signal uniformity (SD inside the ROI) of about 1.4. In 
vivo acquisitions on knee joints of primates using the HR-
MRI protocol yielded high spatial resolution images of the 
cartilage (Figure 5A,B).

µCTA images

An example of µCTA images obtained is shown in  
Figure 5C, where the cartilage appears as a hyposignal 
region surrounded by the subchondral bone and the inside 
of the synovial capsule in hypersignal intensity. The slice-
sampling previously mentioned enabled the operator to 
avoid the rare slices where the contrast agent had not 
properly diffused inside the synovial capsule.

Segmentation results and reproducibility of MRI protocol

Figure 6 shows an example of manual and automatic 
segmentations that have been carried out on the MR 
images (top row) and µCTA images (bottom row). From the 
segmented images, quantifications are carried out yielding 
3D thickness parameter distribution from MR images of 
both left tibial cartilage compartments and specifically, 
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Figure 5 Acquired images: Sagittal HR-MR images acquired on the right knee of a primate (A) medial and (B) lateral side and (C) coronal 
image or the right knee obtained from µCTA acquisitions. µCTA, micro-computed tomography arthrography.

A B C

Figure 6 Results of manual (left column) and automatic (right column) segmentations of the tibial cartilage from MRI (top row) and µCTA 
(bottom row) images of the knee. MRI, magnetic resonance imaging; µCTA, micro-computed tomography arthrography.
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Figure 7A,B are those obtained on all six primates at D0. 
Only the tibial plateau was studied because in spite of 
the dedicated setup, the femoral plateau was too thin 
with respect to our image resolution, to be considered 
for image processing. It can be noticed that two of the 
primates (SG1VP8 and SG1XF8) display higher maximum 
thicknesses in both compartments.

From the obtained thickness distributions, standard 
measures such as mean {Eq. [2]} and maximum thicknesses 
of each tibial compartment were extracted. In Figure 8, 
the time-based average of the mean thickness of left and 
right, medial and lateral tibial cartilage of all primates are 
reported for both imaging modalities. The displayed error 
bars correspond to the calculated SDs obtained from data 
over the five-time steps. Maximum relative SD for the left 
compartment was of 10%.

To assess the reproducibility of the determined mean 
thicknesses at different time points on each primate, Bland-
Altman analyses were carried out by comparing the obtained 
values for the left knee at different time points through 
MRI. An example obtained at D0 and D90 is shown in 
Figure 9 whereby the full blue line represents the estimated 
mean bias, the dashed blue line the 95% CI for the bias and 
the dashed red line the 95% CI for the differences between 
paired values. To summarize the ten Bland-Altman plots (five 
time points were acquired), in Table 1 is given the 95% CIs 
for the bias (*) and the differences between paired values (#). 
As can be seen nine out of the ten CI for the bias include 
zero and only the comparison between D60 and D90 yields 

a CI excluding zero. As for the CI for the difference three 
of them display CI above 0.09 mm which is the bin size of 
the quantification procedure.

It is interesting to assess the reproducibility of the MR 
protocol using the distributions obtained. As an example, in 
Figure 10A,B are plotted the thickness distribution of both 
left tibial compartments obtained at all time steps for one 
primate. As can be seen, the resulting distributions are well 
super-imposed. Figure 11A,B display the resulting means of 
lateral and medial distributions at all the time steps and their 
associated 95% CIs obtained by running one-way ANOVAs 
at all time steps and applying Tukey’s post-hoc analysis on 
data from this single primate. The span of the vertical axis is 
set to 0.09 mm equal to bin sizes used in the quantification 
procedure. Twelve out of 20 of the comparisons yielded P 
value <0.05 indicating significantly different distribution 
means. This procedure was repeated for each primate and 
the results of the 104 tests (for two primates, acquisitions at 
D180 were not exploitable) are resumed in Table 2 (second 
line). Three categories were distinguished as follows: 
30% of the comparisons yielded a P value above 0.05 (no 
statistically significant difference), 66% a P value under 
0.05 but a 95% CI for the difference of the means under 
0.09 mm and for only 4% were the P value under 0.05 and 
had a CI above 0.09 mm (columns 2–4 in Table 2). To put 
these results in perspective the same statistical tests were 
run at each time step but primate-wise. The results of the 
132 inter-primate comparisons are also resumed in Table 2  
(3rd line) whereby for the same classification we had 

Figure 7 3D thickness parameter distributions obtained through the quantification procedure: (A) left medial and (B) left lateral cartilage 
compartment, using segmented HR-MR images obtained on all primates at D0.
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Figure 8 Time-based average of the mean thickness of left and right tibial compartments for all primates obtained by MRI and µCTA. Error 
bars correspond to the SDs of the calculated mean thickness over the five-time steps. MRI, magnetic resonance imaging; µCTA, micro-
computed tomography arthrography; SD, standard deviation.

Figure 9 Bland-Altman and scatter plot of the mean thicknesses of lateral and medial cartilage obtained at day 0 (D0) and day 90 (D90).
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respectively 11%, 39% and 51% (the sum exceeds 100% 
due to round-off).

Evaluation of the impact of the µCTA protocol

Since the µCTA protocol requires contrast agent injection, 
it is important to assess whether this procedure induces a 
bias on the obtained results. The results obtained through 
MRI on the right knee (only this knee underwent the µCTA 
protocol) at different time steps were first quantified. The 
resulting distributions were then compared using the same 
statistical test, thus yielding 120 two-by-two comparisons 
for the difference of the mean. These are summarized in 

Table 2 (4th line). Using the same classification, we obtained 
respectively 18% comparisons with a P value above 0.05, 
77% with a P value under 0.05 but a CI under 0.09 mm and 
only 5% a CI above 0.09 mm.

The time-based averages of the mean thickness of 
right medial and lateral compartments through MRI 
were computed and displayed in Figure 8. In this case, the 
maximum relative SD obtained was of 15%.

Bland-Altman analyses were also carried out on the mean 
thicknesses of lateral and medial tibial cartilages of the right 
knee through MRI. A summary of the obtained CIs for the 
bias (with *) and the differences of paired values (with #) is 
given in Table 3. One of the comparisons yielded a CI for 

Table 1 Summary of Bland-Altman comparison of mean lateral and medial left tibial cartilage thicknesses obtained on all primates at different 
times steps through MRI

Left MRI D30 D60 D90 D180

D0 (–0.018; 0.012)* (–0.006; 0.06)* (–0.018; 0.017)* (–0.017; 0.008)*

(–0.049; 0.043)# (–0.074; 0.128)# (–0.054; 0.053)# (–0.034; 0.024)#

D30 (–0.006; 0.066)* (–0.011; 0.016)* (–0.011; 0.016)*

(–0.08; 0.14)# (–0.039; 0.043)# (–0.028; 0.034)#

D60 (–0.054; –0.001)* (–0.034; 0.003)*

(–0.110; 0.055)# (–0.059; 0.028)#

D90 (–0.011; 0.022)*

(–0.033; 0.045)#

With * are given the 95% CIs for the bias and with # the 95% CIs for the differences between paired values. MRI, magnetic resonance 
imaging; CI, confidence interval.

Figure 10 3D thickness parameter distributions obtained through the quantification procedure: (A) left medial and (B) left lateral tibial 
compartment obtained by MRI for a single primate (SG1XF8) at all time steps. MRI, magnetic resonance imaging.
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Table 2 Summary of the one-way ANOVAs with Tukey’s post-hoc analysis carried out on different distributions obtained

Compared data P>α P<α, CI <0.09 mm P<α, CI  >0.09 mm

MRI, left compartment, inter time-step for each primate [104] 30% [31] 66% [69] 4% [4]

MRI, left compartment, inter-primate for each time-step [132] 11% [14] 39% [51] 51% [67]

MRI, right compartment, inter time-step for each primate [120] 18% [22] 77% [92] 5% [6]

µCTA, right compartment, inter time-step for each primate [120] 11% [13] 83% [100] 6% [7]

Left (MRI only) and right (MRI and µCTA) tibial compartment by comparing either for each primate the different measurements carried out 
at different time steps or for each time step the different measurements obtained on all primates. In each case is indicated the percentage 
as well as the corresponding number (in parentheses) of two-by-two comparisons yielding the given result. MRI, magnetic resonance 
imaging; µCTA, micro-computed tomography arthrography.

Table 3 Summary of Bland-Altman comparisons of mean lateral and medial right tibial cartilage thicknesses obtained on all primates at different 
times steps through MRI

Right MRI D30 D60 D90 D180

D0 (–0.019; 0.066)* (–0.023; 0.073)* (–0.025; 0.064)* (–0.028; 0.047)*

(–0.093; 0.14)# (–0.106; 0.157)# (–0.102; 0.142)# (–0.094; 0.113)#

D30 (–0.033; 0.031)* (–0.034; 0.018)* (–0.049; 0.018)*

(–0.099; 0.097)# (–0.089; 0.073)# (–0.119; 0.088)#

D60 (–0.035; –0.021)* (–0.035; 0.006)*

(–0.093; 0.079)# (–0.078; 0.049)#

D90 (–0.021; 0.019)*

(–0.043; 0.039)#

With * are given the 95% CIs for the bias and with # the 95% CIs for the differences between paired values. MRI, magnetic resonance 
imaging; CI, confidence interval.

Figure 11 Plot of the means of the left (A) lateral and (B) medial tibial distributions obtained by MRI for one primate over the five-time 
steps. Vertical bars correspond to the CIs obtained by running Tukey’s post-hoc analysis following a one-way ANOVA. MRI, magnetic 
resonance imaging; CI, confidence interval.
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the bias excluding zero (D60 vs. D90) while seven had a CI 
for the differences between paired values above 0.09 mm.

Evaluation of results obtained by µCTA

The final objective of this study was to assess µCTA for 
cartilage morphology imaging. The first task is to evaluate 
the reproducibility of data obtained through µCTA. 
The obtained distributions for one primate is shown in  
Figure 12. Similar statistical tests carried out on the 
resulting distributions for all primates across the different 
time-steps yielded the results summarized line 5 in Table 2. 
Eleven percent comparisons with a P value above 0.05, 83% 
had a P value under 0.05 but a CI under 0.09 mm and only 
6% a CI above 0.09 mm. The time-based averages of the 
mean thickness of right medial and lateral compartments 
through µCTA were computed and displayed in Figure 8. In 

this case, the maximum relative SD obtained was of 7%.
Bland-Altman analyses carried out on the mean 

thicknesses of lateral and medial tibial cartilages of the right 
knee through µCTA are summarized in Table 4. One of the 
comparisons yielded a CI for the bias excluding zero while 
five had a CI for the differences between paired values 
above 0.09 mm.

MRI and µCTA distributions of the right compartments 
were then compared. For each primate, MR distributions 
obtained at a given time step were statistically tested (t-test 
with Welch’s correction to account for different variances of 
distributions) with the equivalent µCTA distribution. Sixty 
two-by-two comparisons were carried out and the subsequent 
results which are summarized in Table 5 show that only 2% of 
the comparisons yielded a P value above the significance level 
to be removed from the manuscript with an additional 50% 
having a P value under the significance level and a CI of the 

Figure 12 Thickness distribution of (A) right medial and (B) right lateral tibial compartment obtained by µCTA for a single primate 
(SG1VP8) at all time steps. µCTA, micro-computed tomography arthrography.

Table 4 Summary of Bland-Altman comparison of mean lateral and medial right tibial cartilage thicknesses obtained on all primates at different 
times steps through µCTA

Right µCTA D30 D60 D90 D180

D0 (–0.024; 0.018)* (–0.03; 0.064)* (–0.019; 0.049)* (–0.014; 0.047)*

(–0.069; 0.062)# (–0.105; 0.118)# (–0.09; 0.119)# (–0.076; 0.110)#

D30 (–0.015; 0.034)* (–0.007; 0.042)* (–0.005; 0.044)*

(–0.067; 0.086)# (–0.058; 0.094)# (–0.055; 0.095)#

D60 (–0.009; –0.025)* (–0.007; 0.028)*

(–0.044; 0.061)# (–0.044; 0.065)#

D90 (–0.010; 0.014)*

(–0.034; 0.038)#

With * are given the 95% CIs for the bias and with # the 95% CIs for the differences between paired values. µCTA, micro-computed 
tomography arthrography; CI, confidence interval.
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difference of the means under 0.09 mm. Of the remaining 
48% having a CI above 0.09 mm, 45% had a CI ranging 
between 0.09 and 0.18 mm and 3% above 0.18 mm.

Finally, the mean thicknesses of lateral and medial tibial 
cartilages of the right knee obtained through µCTA and 
MRI at similar time-steps are compared with Bland-Altman 
analyses and the resulting CIs for the bias (with *) and the 
difference of the paired values (with #) are summarized in 
Table 6. None of the five comparisons yielded a CI for the 
bias which didn’t include zero. However, all displayed a CI 
for the difference of paired values which exceeded 0.09 mm.

Discussion

MRI protocol

The development of the home-made coil was a starting 
point towards enabling the application of the MRI protocol 
on the NHP knees. Indeed, in addition to providing high-
resolution images, it also allowed for a reasonable scan time 
which is an important factor to take into consideration 
if one wants to follow ethical guidelines. The use of the 
susceptibility matching foam was also of equal importance 
since without it shimming on both knees was nearly 
impossible and thus simultaneous acquisitions of both NHP 
knees would have been impossible. Both factors played an 
important role in rendering the acquisitions possible within 
the set time frame.

Considering results obtained on the 3D thickness 
parameter distributions, Figure 7A,B report the thickness 

distributions of both left compartments for all primates at 
baseline. Two sub-groups appear considering maximum 
cartilage thickness in either compartment. The same can be 
deduced from Figure 8 and is weight-related; SGIVP8 and 
SG1XF8 had the highest weights. This is also pointed out 
when considering the inter-primate statistical tests (line 3, 
Table 2). Among the 67 comparisons yielding P>0.05 and 

CI >0.09 mm, 58 are due to differences between SG1VP8 
and SG1XF8 and the rest of the group.

On an individual basis, the resulting distributions 
at different time-steps for the left compartments have 
comparable shapes as can be seen in Figure 10A,B. Statistical 
analysis carried out confirms this visual impression:  
Figure 11 shows the difference of the means of the 
distributions are all well below the resolution of the 
quantification procedure (0.09 mm) and in-plane pixel 
size of MR images although statistical tests point out a 
significant difference. Extending to all primates resulted in 
the same trend (Table 2, line 2) since a vast majority (96%) 
of the tests yielded either P>α or CI  <0.09 mm.

Bland-Altman analyses (Table 1) carried out on the mean 
of left lateral and medial tibial thicknesses also follow the 
same trend. With only mean values at D60 and D90 having 
a CI for the bias excluding zero. Considering the CI of 
paired values, three comparisons had a limit above 0.09 mm  
which was the bin size of our segmentation procedure. 
However, considering that the actual voxel size of the MR 
images was 112×131×220 µm3, then it is reasonable to 
assume that 0.09 mm is too restrictive and that 0.18 mm 
would be a more adapted threshold. In this case none of the 

Table 5 Summary of the one-way ANOVAs with Tukey’s post-hoc analysis carried out on the right tibial compartments distributions obtained by 
comparing for a given primate and a given time-step MRI and µCTA distributions

Compared data P>α P<α, CI <0.09 mm P<α, CI ∈ [0.09; 0.18] mm P<α, CI >0.18 mm

Inter-modality for each primate 
at each time-step [60]

2% [1] 50% [30] 45% [27] 3% [2]

In each case is indicated the percentage as well as the corresponding number (in parentheses) of two-by-two comparisons yielding the 
given result. MRI, magnetic resonance imaging; µCTA, micro-computed tomography arthrography.

Table 6 Comparison of mean lateral and medial right tibial cartilage thicknesses obtained on all primates at similar times steps obtained through 
µCTA and MRI

Compared data D0 D30 D60 D90 D180

Right µCTA vs. MRI (–0.084; 0.028)* (–0.098; 0.019)* (–0.078; 0.02)* (–0.056; 0.029)* (–0.048; 0.04)*

(–0.181; 0.125)# (–0.219; 0.140)# (–0.179; 0.121)# (–0.145; 0.117)# (–0.141; 0.132)#

With * are given the 95% CIs for the bias and with # the 95% CIs for the differences between paired values. MRI, magnetic resonance 
imaging; µCTA, micro-computed tomography arthrography; CI, confidence interval.
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CIs had a limit exceeding this value.
We can thus conclude that our results present very little 

intra-individual variability also meaning that primates as 
from 4 years old have stable cartilages within the following 
6 months (and probably after). The reproducibility of our 
procedure was also highlighted by the relative SD obtained 
which is less or equal to 10%. The protocol can hence be 
said to deliver sufficiently reliable results to be used for 
further investigation.

Evaluation of the impact of the µCTA protocol

An examination of results obtained on the right knee 
through MRI can allow us to have a very good insight 
on the impact of the µCTA protocol. The later requiring 
injection of a contrast agent, it was necessary to check that 
neither the injection procedure nor the contrast agent 
produce side-effects to the visible cartilage structure. MRI 
on the right knee was carried out after µCTA at all the time 
steps. ANOVAs on the obtained distributions (Table 2, line 
4) indicate that there was no difference in results compared 
to the left knee; only 5% (6 out of the 120 comparisons) 
exhibited significant differences of the means of the 
distributions (for the left knee it was 4%).

This is reinforced when comparing the time-based 
average of the mean thicknesses of left and right tibial 
compartments measured by MRI and shown in Figure 6. 
Left and right values although unequal are all independently 
consistent as can be seen with the small SDs which are 
generally equivalent in both compartments. Bland-Altman 
analyses display only one CI for the bias excluding zero. 
Coincidentally it concerned the same two time points (D60 
and D90) as for the left compartment but this cannot be 
accounted for at present. None of the CIs for the difference 
of paired values had a limit exceeding 0.18 mm similarly 
to the left knee. This indicates that there is no increased 
variability on the right knee due to the µCTA protocol. 
SG1HJ8 is an outlier with average values of left and right 
medial tibial cartilage well apart (respectively 0.92 and  
1.19 mm). This difference has not yet been accounted for.

Evaluation of µCTA

In the previous section, it was shown that the µCTA 
inject ion protocol  was bias-free.  Comparing the 
distributions and mean cartilage thicknesses obtained at 
different time-steps through µCTA will test reproducibility 
of µCTA on NHP for tibial cartilage imaging. This 

was verified when considering for example Figure 12 
which shows µCTA thickness distributions of the right 
compartments at different time-steps for one primate. 
Overall qualitative impression is that of well super-imposed 
distributions leading us to believe that the µCTA imaging 
procedure produced consistent results. This is quantitatively 
supported by the one-way ANOVAs carried out and whose 
results are shown in Table 2 (line 5). Although the means 
of the distributions are statistically significantly different, 
the differences are well under the set 90 µm level. An 
overwhelming majority (94%) do not display significant 
differences of the means above 90 µm. This is comparable 
to MRI results with respectively 96% and 95% for the left 
and right compartments.

Considering the mean thickness of each compartment 
calculated from µCTA images, time-based average for each 
primate (Figure 8) displayed SDs comparable to the MRI-
values; in the medial compartment, maximum SD was of 
0.059 mm for MRI and slightly higher to 0.072 mm for 
µCTA. On the lateral compartment, it was the opposite with 
0.076 and 0.028 mm respectively for MRI and µCTA. In 
any case, the SDs can be accounted for by the quantification 
procedure. Bland-Altman analyses (Table 4) also support this 
statement since 9 out of 10 comparisons had a CI for the 
bias including zero. It should be noted that the one which 
didn’t fall into this category was again D60 vs. D90. As 
for the CI for differences between paired values, none had 
limits above 0.18 mm.

Comparing results obtained through the two modalities, 
the time-based averages obtained for individual primates 
showed some discrepancies. For instance, in the medial 
compartment, the maximum difference was of 0.15 mm 
(SG1XF8) whereas in the lateral compartment, it was 
of 0.12 mm (SG1HC8). Bland-Altman comparisons  
(Table 6) display CIs for the bias which all include zero 
however the limits are higher than in all the other three 
situations (timewise left MRI, right MRI and right µCTA). 
Moreover, there is a slight tendency for theses CI to be 
centered on negative values particularly for the earlier 
time steps but of course the small number of samples 
doesn’t enable further conclusions. Time-based averages 
of µCTA values for the mean cartilage thickness in the 
tibial compartment tend to be smaller than MR values  
(Figure 8) as has been also observed in another study on 
cadaveric knees (32). As for the CIs for the difference 
between paired values obtained through Bland-Altman 
analyses (Table 6), one can notice that among the five 
comparisons, two have limits which exceed 0.18 mm.
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A further analysis of MRI and µCTA distributions of the 
right compartments (Table 5) show that nearly half (48%) 
had CIs above the 90 µm. One of the potential reasons 
might be the timing of µCTA with respect to the injection 
of the contrast agent. Since the contrast agent can diffuse 
inside the cartilage structure, this can lead to a reduced 
measured cartilage thickness. Another possible explanation 
comes from the unequal resolutions of MRI and µCTA 
acquisitions. Voxel sizes in MRI are bigger than that of 
µCTA and the quantification procedure was carried out with 
a common bin size equal to that of µCTA acquisitions. It is 
plausible that in this context, the quantification procedure 
for MRI images will lead to distributions with higher 
means. It can also be argued that if the threshold was set to 
0.18 mm which is reasonable with respect to the bin sizes 
and voxels sizes of MRI images, the proportion of statistical 
comparisons pointing to a difference between µCTA and 
MRI distributions decreases drastically to a mere 3% as can 
be seen from Table 5.

Finally, it is also interesting to take note of some 
characteristic values of the tibial cartilage of primates. The 
maximum thickness measured in the medial compartment 
is equal to 2.1 mm (MRI) and 2.2 mm (µCTA) whereas in 
the lateral compartment it is equal to 1.0 mm (MRI) and 
1.2 mm (µCTA). Mean thicknesses measured are equal to 
1.0 mm for the medial section and 0.4 mm for the lateral 
section (MRI and µCTA). This places the mean tibial 
cartilage thickness of NHP in between those of small 
animals like mice, rats or guinea pigs (mean thicknesses are 
respectively of the order of 30, 200 and 300 µm) and that of 
humans where the mean thickness is around 2 mm. These 
values represent tangible targets for all imaging protocols 
carried out on NHP.

Conclusions

I n  t h i s  s t u d y,  a  d e d i c a t e d  M R  p r o t o c o l  u s i n g 
standard imaging to acquire high spatial resolution  
(112×131 µm2/220 µm thickness) images of knee cartilage of 
NHPs in a reasonable scan time (20 minutes) was developed 
and validated. Key points in enabling this was the use of 
a dedicated homemade coil and susceptibility matching 
foam for knee positioning. A second imaging protocol 
using µCTA enabled fast (15 minutes) and relevant (90 µm 
isotropic resolution) acquisitions of the NHP knees also 
allowing to study its 3D cartilage layer.

Tibial cartilage images from those two modalities were 

then compared on six NHP models during a 180 days 
protocol with five examinations (D0, D30, D60, D90 and 
D180) for both knees (MRI for both knees and µCTA 
for the right). From the acquired images, it was possible 
to segment tibial cartilage and deduce bin distributions 
characterizing them and then deduce mean cartilage 
thicknesses of lateral and medial tibial compartments. 
These were used to statistically test the reproducibility of 
the MR and µCTA protocols, whether the µCTA protocol 
was bias-free and lastly the consistency of MR and µCTA 
based values.

The first three points were clearly positive meaning that 
both modalities together with their developed experimental 
setup were valuable to measure cartilage morphology in 
NHP models. For the last question, results from MR and 
µCTA were coherent but a slight tendency for smaller 
µCTA based values compared to MRI was observed but can 
only be confirmed using additional subjects.

In any case, this work shows the possibility of using 
NHP in designing follow-up studies focusing on OA by for 
example inducing it. On the MRI side, using these models, 
it would be interesting to develop and test sequences such 
as T2 mapping, T1rho or dipolar contrast to assess their 
sensitivity to earlier signs of cartilage degradations.
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