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A B S T R A C T

Objective: Subchondral bone changes, characterized by increased bone turnover and vascularity, are believed
to stimulate progression and pain in knee osteoarthritis (OA). The objective of this study was to evaluate the
bone perfusion in knee OA using quantitative dynamic contrast enhanced MRI (DCE-MRI).
Design: Unicompartmental knee OA patients were included and underwent 3 Tesla DCE-MRI and T2-
weighted MRI. Quantitative DCE-MRI analysis of Ktrans and Kep, representing perfusion parameters, was
performed to evaluate differences between the most and least affected knee compartment. First, DCE-MRI
parameter differences between epimetaphyseal and subchondral bone in both femur and tibia were
assessed. Second, DCE-MRI parameters in subchondral bone marrow lesions (BMLs) were compared to sur-
rounding subchondral bone without BMLs.
Results: Twenty-three patients were analyzed. Median Ktrans and Kep in epimetaphyseal bone were signifi-
cantly higher (p< 0.05) in the most affected (Ktrans: 0.014; Kep: 0.054 min�1) compared to least affected
(Ktrans: 0.010; Kep: 0.016 min�1) compartment. For subchondral bone, DCE-MRI parameters were signifi-
cantly higher (p< 0.05) in the most affected (Ktrans: 0.019; Kep: 0.091 min�1) compared to least affected
(Ktrans: 0.014; Kep: 0.058 min�1) compartment as well. Subchondral BMLs detected on fat-saturated T2-
weighted images were present in all patients. Median Ktrans (0.091 vs 0.000 min�1) and Kep (0.258 vs
0.000 min�1) were significantly higher within subchondral BMLs compared to surrounding subchondral
bone without BMLs (p< 0.001).
Conclusions: Increased perfusion parameters in epimetaphyseal bone, subchondral bone and BMLs are
observed in unicompartmental knee OA. BMLs likely account for most of the effect of the higher bone perfu-
sion in knee OA.

© 2019 Elsevier Inc. All rights reserved.
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Introduction

Osteoarthritis (OA) is the most frequent form of arthritis and has
major consequences for the individual patient and public health [1].
Recent insights show that OA is a whole organ disease in which
many joint tissues are involved [2]. OA in the knee is characterized
by degeneration of articular cartilage, synovial inflammation, and
changes in the subchondral bone [3]. Animal studies showed that car-
tilage damage is one of the effects of injury to the subchondral bone,
and that subchondral bone injury precedes cartilage changes [4,5].
Changes in subchondral bone could be a marker of altered fluid
dynamics, which are thought to affect the excretion of cytokines that
regulate and accelerate bone remodeling and cartilage degeneration
[6]. The altered fluid dynamics seems to be associated with inflam-
mation [7]. A recent study in hip OA showed that bone marrow
lesions (BMLs) on magnetic resonance imaging (MRI) are character-
ized by increased bone turnover and vascularity, which was con-
firmed by histopathology [8]. Moreover, subchondral bone changes
in OA have been recognized as a key factor in the progression of OA
and the perception of pain in OA patients [9�11]. Increased tissue
vascularity, accompanied by increased remodeling activity, due to
changes in the subchondral bone are thus characteristic for the pro-
cess of OA.

Changes in subchondral bone can be visualized using different
MRI techniques. For example, T2-weighted fat-saturated MRI can be
used to depict fluid containing areas in bone marrow as regions of
increased signal intensity, which could indicate a BML. Subchondral
bone perfusion in undifferentiated knee OA can also be visualized
and quantified with gadolinium-based dynamic contrast enhanced
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MRI (DCE-MRI) [12]. Therefore, DCE-MRI holds promise to further
characterize the role of subchondral bone and BMLs in the process of
OA.

DCE-MRI combined with a pharmacokinetic model enables quan-
titative assessment of microvascular structure and function within a
tissue, expressed by DCE-MRI parameters. Various pharmacokinetic
compartment models have been described, for example Tofts et al.
[13] or Brix et al. [14]. All models aim to estimate physiological
parameters such as blood flow, blood volume, and extravascular per-
meability [15]. Tofts model is widely used and it has recently been
demonstrated to be the most accurate model for bone [16]. An impor-
tant physiological parameter is the volume transfer constant (Ktrans),
which is a measure of the volume transfer constant between blood
plasma and extracellular extravascular space (EES) [17]. Another
important parameter is Kep, which is the rate constant from the EES
to the vascular component. Together, these two parameters provide
robust quantitative outcome parameters of local tissue perfusion
[18].

The goal of this study was to evaluate perfusion in bone of the
osteoarthritic knee with quantitative DCE-MRI. To this end, two
objectives were defined. The first objective was to compare perfusion
in epimetaphyseal and subchondral bone between osteoarthritic and
less osteoarthritic bone in patients with unicompartmental OA. The
second objective was to evaluate perfusion in subchondral BMLs in
comparison with surrounding bone tissue. Our hypothesis was that
in both the osteoarthritic bone and in BMLs the DCE-MRI perfusion
parameters are increased.

Methods

Study population

DCE-MRI data was acquired for a study focusing on the validation
of multiple quantitative MRI techniques in OA [19]. Patients aged
18 years or older with unicompartmental (either medial or lateral)
knee OA were included from the outpatient clinic of the Department
of Orthopedic Surgery of Erasmus University Medical Center Rotter-
dam. As all patients were suffering from unicompartmental knee OA,
perfusion could be compared within the same knee for osteoarthritic
bone (affected) and less-affected bone. All patients were scheduled
for total knee replacement because of moderate to severe (K&L 3-4)
radiographic knee OA according to Kellgren & Lawrence [20]. Patients
were excluded in case of varus or valgus deformity in the knee above
10° or chondrocalcinosis. Other exclusion criteria were contra-
indications to undergo MRI, pregnancy, lactating women, renal insuf-
ficiency and allergy to contrast agents. The study was approved by
the institutional review board of Erasmus MC (Rotterdam, The Neth-
erlands), MEC-2012-218. Written informed consent was obtained
from all subjects.

Image acquisition

Multisequence MRI was performed on a 3T MR system (Discovery
MR750, General Electric Healthcare, Milwaukee, WI, USA) using a
dedicated 8-channel knee transmit/receive coil. DCE-MRI was
acquired in the sagittal plane, using a fat-suppressed 3D fast spoiled
gradient echo (FSPGR) sequence with 35 phases of 10 s. Intravenous
contrast (0.2mmol/kg Magnevist (Bayer, Germany)) was adminis-
tered using a power injector with a rate of 2ml/s started after the first
phase and followed by a saline flush. The field of view (FOV) was
22£ 22 cm, with an in-plane resolution of 0.85£ 1.20mm and 5mm
slice thickness, a flip angle of 30° and repetition time of 9.3ms was
used. The protocol also included a fat-suppressed sagittal T2-
weighted fast spin echo sequence with a FOV of 15£ 15 cm, 3mm
slice thickness, and an in-plane resolution of 0.36 £ 0.59mm. No B1+
field or T1 mapping sequences were included.
Image analysis

Quantitative DCE-MRI analysis was performed using Tofts phar-
macokinetic model [21]. Accordingly, the DCE-MRI perfusion param-
eter maps of Ktrans and Kep were determined using the DCETool in
Horos [22]. The arterial input function (AIF) was determined by a
region of interest in the popliteal artery. Ktrans reflects the volume
transfer constant into the tissue compartment, while Kep describes
the rate constant back into the vascular component [13].

For the first objective, delineation of the epimetaphyseal and sub-
chondral bone was performed on the DCE scans where the cortical
and subchondral bone could be clearly discriminated. Epimetaphy-
seal bone was defined as the bone reaching from the articular bone
surface to the metaphyseal/diaphyseal junction. For the femur and
tibia, the bone regions of interest (ROIs) were drawn on three slices
of both the most affected and least affected knee compartments,
selecting the central slice within both femur condyles, as well as a
slice directly medial and lateral of these central slices. This resulted
in a total of twelve ROIs per knee for the epimetaphyseal bone. The
subchondral bone ROIs were constructed by reducing the epimeta-
physeal ROIs to 1 cm from the articular bone surface (Fig. 1), again
resulting in 12 ROIs. Both the epimetaphyseal and subchondral bone
ROIs were divided into two groups, comprising the least and the
most affected compartment of the knee. Subsequently, mean perfu-
sion parameters were calculated for each compartment (femur and
tibia combined) and also for the femur/tibia within compartment
separately, by averaging over the ROIs in three adjacent slices. Epi-
metaphyseal and subchondral ROIs were delineated using the Horos
software package (Horosproject.org, USA).

For the second objective, subchondral BMLs, seen as ill-defined
areas of subchondral hyperintensity on fluid-sensitive sequences [23]
were delineated on the fat-suppressed T2-weighted images. BMLs
exhibit higher signal intensity than the surrounding bone on these T2-
weighted acquisitions. Cystic or partially cystic lesions were not con-
sidered BMLs in this analysis. The most clearly visible BML per patient
was selected, independent of the most affected OA side. Accordingly,
an elliptical shaped ROI was drawn within the maximum margins of
the BML using Horos. The location of the BML could be in either the
tibia or femur and one BML per patient was selected. For comparison,
another ROI was drawn in subchondral bone with normal low signal
intensity on the fat-suppressed T2-weighted images. Again, this
resulted in two groups, comprising ROIs within BMLs and ROIs in nor-
mal bone marrow without BML and mean perfusion values over the
ROIs were computed. All ROIs were drawn by a researcher with a
technical medical degree and more than 3 years of experience in mus-
culoskeletal imaging research (B.d.V.). Registration between the T2-
weighted images and the DCE-scan was performed to propagate the
ROIs to the DCE-scan. Analysis was performed using the DCETool in
Horos. An example of a T2-image, DCE perfusion map and the fused
image are shown in Fig. 2. Before the perfusion parameters were calcu-
lated, the DCE-MR images were registered over time to correct for
patient movement during the DCE-MRI acquisition, using an auto-
mated rigid registration tool [24].

Statistical analysis

The image analysis results in mean Ktrans and Kep values for each
region in each patient. Subsequently, for each region (femur, tibia or
combination of femur and tibia) within each compartment (least
affected or most affected) the median Ktrans and Kep over all
patients were calculated, as well as the interquartile range (IQR) as a
measure of variability. The Shapiro-Wilk test was used to evaluate
the normal distribution of Ktrans and Kep. A paired Wilcoxon-
signed-rank test was used to compare the Ktrans and Kep values of
the most affected with the least affected bone compartment for both
the epimetaphyseal and subchondral bone and to compare the Ktrans



Fig. 1. ROIs of epimetaphyseal bone of both femur and tibia (green) and subchondral bone ROI (red). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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and Kep values in BML/non-BML. A non-parametric Levene’s test was
performed to verify the equality of variances in the samples (homo-
geneity of variance), i.e. to determine whether the variance between
the two groups were significantly different or assumed equal [25,26].
A p-value of 0.05 was considered statistically significant. Statistical
analysis was performed using SPSS v24 (IBM, Armonk, NY, USA).

Results

Twenty-three patients were included between December 2012
and June 2016. Data from all patients was suitable for analysis. The
mean age was 63 years and the mean BMI was 29.8. The left knee
was affected in 11 patients, and the right knee in 12 patients. For
none of the patients a traumatic event as a direct cause of the knee
OA was described in the medical records. All patient characteristics
are shown in Table 1. Both the Ktrans and Kep values for all measure-
ments showed a non-normal distribution (p-value< 0.05).

Table 2 shows the median and IQR values of DCE-MRI perfusion
parameters of the most and least affected compartment in both epi-
metaphyseal and subchondral bone. These perfusion parameters
were calculated in both the most affected and least affected
Fig. 2. Examples of T2 and DCE-MRI. Sagittal T2-weighted MR image with fat saturation of a
Ktrans perfusion map of same region shows increased perfusion in the BMLs compared to s
references to color in this figure legend, the reader is referred to the web version of this artic
compartment within the tibia and the femur and also for the combi-
nation of tibia and femur. Tests of the homogeneity of variances using
the modified Levene’s test did not reveal a violation of this assump-
tion in the analyzed groups. Ktrans reflects the volume transfer con-
stant into the tissue compartment, while Kep describes the rate
constant back into the vascular compartment. In short, Ktrans reflects
the supply of blood to bone tissue for Kep this is the opposite, i.e. per-
fusion from bone tissue back into the vasculature [13]. In the epime-
taphyseal bone, significant differences (p< 0.05) were found
between the most affected and least affected compartment in the
Ktrans values observed in the femur, tibia, and both combined. Also
for the Kep values significant differences (p< 0.05) between the most
affected and least affected compartment were found in the tibia and
both combined. For the subchondral bone, Kep and Ktrans showed
statistically significant differences (p< 0.05) between the most
affected and least affected compartment in the tibia and when com-
bining tibia and femur.

Subchondral BMLs detected on fat-saturated T2-weighted images
were present in all 23 patients. In total 23 BMLs were selected, one
per patient, of which eighteen were located in the most affected com-
partment and five BMLs were located in the least affected
n osteoarthritic knee showing BMLs in the subchondral bone of the femur (arrows) (A),
urrounding bone (B) and T2 and perfusion images fused (C). (For interpretation of the
le.)



Table 1
Patient characteristics

Parameter Value

No. of patients 23
Males: n = 8
Females: n = 15

Mean age, y (range) 63 (52�73)
Mean BMI (range) 29.8 (21�39)
Knee Left (n = 11)

Right (n = 12)
Most affected compartment Medial (n = 19)

Lateral (n = 4)
Most affected compartment (K&L grade) Grade 0 (n = 0)

Grade 1 (n = 0)
Grade 2 (n = 4)
Grade 3 (n = 12)
Grade 4 (n = 7)

Least affected compartment (K&L grade) Grade 0 (n = 6)
Grade 1 (n = 13)
Grade 2 (n = 4)
Grade 3 (n = 0)
Grade 4 (n = 0)
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compartment. Variance between subchondral bone with and without
a BML was tested equal. Median Ktrans and Kep were significantly
(p< 0.001) higher within subchondral BMLs (Ktrans 0.091 IQR
[0.058�0.158] and Kep 0.258 IQR[0.186�0.651] min�1) compared to
surrounding subchondral bone without BMLs (Ktrans 0.000 IQR
[0.000�0.001] and Kep 0.000 IQR[0.000�0.004] min�1). Both perfu-
sion parameters, Ktrans and Kep, showed a median value of 0.000 in
the normal subchondral bone. The IQR of both parameters was close
to zero. Finally, no differences in Ktrans and Kep were observed
between different locations of BMLs (tibial and femur, most affected
and least affected compartment).

Discussion

In this study, perfusion parameters in bone were measured with
quantitative DCE-MRI in knees with unicompartmental knee OA. The
most and least affected compartment of the knee, but also areas with
and without BMLs, were compared in terms of perfusion parameters.
As hypothesized, this study showed that Ktrans and Kep values of
both epimetaphyseal and subchondral bone were significantly higher
Table 2
DCE-MRI perfusion parameters of the knee bone. p-values
reported. p-values< 0.05 are indicated with *. IQR = interquar

Ktrans (min�1)

Median IQR

Epimetaphyseal knee bone
Femur
Least affected compartment 0.010 [0.002�0.024]
Most affected compartment 0.012 [0.005�0.039]
Tibia
Least affected compartment 0.009 [0.003�0.017]
Most affected compartment 0.017 [0.006 � 0.054]
Femur and Tibia combined
Least affected compartment 0.010 [0.003�0.022]
Most affected compartment 0.014 [0.005�0.047]

Subchondral knee bone
Femur
Least affected compartment 0.007 [0.002�0.023]
Most affected compartment 0.013 [0.004�0.044]
Tibia
Least affected compartment 0.016 [0.006�0.032]
Most affected compartment 0.025 [0.007�0.102]
Femur and Tibia combined
Least affected compartment 0.014 [0.003�0.028]
Most affected compartment 0.019 [0.005�0.074]
in the most affected compared to the least affect compartment in
patients with unicompartmental knee OA. In addition, subchondral
BMLs were associated with higher Ktrans and Kep compared to sub-
chondral bone regions without BMLs. Both findings were consistent
with our hypothesis.

Budzik et al. recently showed that perfusion parameters were
higher in OA bone compared to non-OA bone in knee OA [27]. They
also showed a positive correlation with the WORMS scoring of BMLs.
In their study a model free DCE-MRI analysis method was applied,
which only provides a generic AUC measurement, in contrast to the
current study in which quantitative parameters based on a pharma-
cokinetic model were used as the outcome parameters.

Another recent study from Aaron et al. [12]. studied OA bone per-
fusion in osteoarthritic bone in the human knee with DCE-MRI. Using
in-house built software based on the Brix model, they found that the
perfusion in normal and OA subchondral bone is different. Overall,
they found a decrease in Kep and time-intensity-curve parameters,
which is contrary to our results. Seah et al. [28] showed a correlation
between the BML grade and Kel, which represents the washout of
gadolinium contrast agent. Both studies did not evaluate the volume
transfer constant Ktrans because they used the Brix pharmacokinetic
model instead of Tofts that was used in our study. An important dif-
ference between Brix and Tofts is that in Brix there is no use of an
AIF. Therefore the Ktrans parameter, a measure of the volume trans-
fer constant between blood plasma and extracellular extravascular
space, cannot be calculated in Brix, while this is considered an impor-
tant physiological parameter. In a prior study it has been demon-
strated that Tofts renders better results than Brix in bone [16]. In that
same study it was recommended to use a groupwise or an subject
specific AIF, where we chose for the latter. A fixed AIF was not possi-
ble due to the difference of arrival time of the bolus. Since a group-
wise AIF method was not available within the DCE Tool, we applied a
subject specific method. All AIF curves were individually visually
inspected and appeared to capture the bolus peak adequately. More-
over, accurate between-subject comparisons are precluded in the
Brix model, which is considered another drawback of this analysis.
Another, and possibly most important, difference is that Aaron et al.
selected only one, mid-coronal, ROI of only the tibial bone in each
patient and that no single patient demonstrated a BML in the selected
ROI. In our study 12 ROIs per patient were drawn; six in each com-
partment, divided over tibia and femur. The fact that they found no
of the difference between least and most affected are
tile range

Kep (min�1)

p-value Median IQR p-value

0.013* 0.041 [0.012�0.108] 0.059
0.048 [0.020�0.163]

0.018* 0.025 [0.008�0.081] 0.001*
0.061 [0.013 � 0.172]

0.001* 0.016 [0.007�0.047] <0.001*
0.054 [0.016�0.165]

0.078 0.051 [0.011�0.087] 0.346
0.064 [0.019�0.200]

0.045* 0.064 [0.024�0.234] 0.039*
0.155 [0.030�0.270]

0.007* 0.058 [0.013�0.123] 0.025*
0.091 [0.027�0.253]
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BMLs is of concern, because it is known that in »70% [29,30] of radio-
graphic knee OA BMLs are seen. In addition, in our study BMLs were
observed in all patients.

Another strength of our study is the inclusion of a homogeneous
patient population with unicompartmental knee OA. This enabled
the analysis of most affected bone compartment compared to least
affected bone compartment within the same joint. As analysis was
performed within the same patient, the influence from possible
confounders such as BMI was low. In addition, not only the perfu-
sion of small bone regions, but also of the whole epimetaphyseal
area was analyzed.

A significant difference in DCE-MRI parameters in a BML com-
pared to subchondral bone was seen, for example the median Ktrans
in a BML was 0.091 min�1 [0.058�0.158] and 0.000 [0.000�0.001] in
subchondral bone (p< 0.001), even in our sample of one BML
selected per patient. We chose to only analyze one BML per patient,
although many patients had more than one BML in their knee. The
other BMLs visually showed the same increase in perfusion parame-
ters on the whole knee perfusion maps. Since subchondral BMLs
were highly associated with increased perfusion parameters com-
pared to subchondral bone regions without BMLs, BMLs likely
account for most of the effect of the increased bone perfusion in knee
OA. In fact, in bone marrow outside a BML the perfusion was almost
unmeasurable in most of the subjects. An example can also be seen in
Fig. 2. It is thought that this increase in perfusion may be related to
inflammation [31].

As known from previous literature, also encountered in the cur-
rent study, perfusion in the normal bone is low. Since the proportion
of areas in which the perfusion was close to zero exceeded 50%, it
was not considered meaningful to use median values within the ROI
even though these perfusion parameters within the ROI itself showed
non-normal distribution. We therefore chose to calculate the mean
values within the ROI.

For the analysis of the epimetaphyseal and subchondral regions,
we did not use registration to register the T2 images to the DCE-MRI.
The ROIs could be drawn directly on the DCE-MR images, because the
cortical and subchondral bone could be clearly delineated. However,
we did perform a rigid registration within these DCE-MR images to
overcome patient movement during this dynamic scan.

A limitation of this study is the lack of longitudinal measurements.
For this reason it is not possible to evaluate the effects of higher per-
fusion parameters in (subchondral) bone on the progression of OA. In
future research, it would be very interesting to evaluate whether
active BMLs with higher perfusion also show higher rates of cartilage
degeneration over time in the overlying cartilage layer.

In this study we calculated Kep, which is dependent on the wash-
out of the contrast agent [21]. Since it is possible that the end of the
washout phase is not reached due to the duration of the DCE-MRI
scan, we reviewed time intensity curves which demonstrated that
the maximum contrast agent concentration was reached before the
last phase of the DCE-MRI acquisition. Therefore, we believe Kep val-
ues to be a valid outcome parameter in our study. No B1+ and T1 cor-
rection was possible, as no B1+ or pre-contrast T1 map was acquired.
A fixed T1(0) value of 1443 (standard value of the DCE Tool used in
Horos) was used instead. Because of the large differences in DCE-MRI
parameters observed in this study, particularly for BML versus sur-
rounding bone marrow, we do not expect that these limitations
would have changed the outcomes of this study. It is also worth not-
ing that we used a dedicated transmit/receive knee coil with rela-
tively homogeneous B1 field.

At the time of the MR acquisitions, linear gadolinium contrast
agents, like gadopentetate dimeglumine, were commonly in use.
Since then these have been withdrawn from the EU market and have
been replaced by alternatives that carry less risks. As the perfusion
kinetics of these alternatives is similar, we expect our results to be
relevant for the newer generation contrast agents as well.
In conclusion, an increase in perfusion parameters in the epi-
metaphyseal bone, the subchondral bone and the BMLs is
observed in unicompartmental knee OA. BMLs likely account for
most of the effect of the higher bone perfusion in knee OA. This
increased perfusion may be related to inflammation and might
facilitate the targeted treatment for the inflammatory lesions in
osteoarthritic knee bone.
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