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The purpose of this study was to explore changes in cartilage matrix in early-stage femoral head necrosis (FHN).
Femoral head samples of patients with early FHN were collected during total hip arthroplasty (THA), high-field
7.0T MRI scans were performed in vitro, and the average T2 values were calculated. Cartilage samples were
obtained from the weight-bearing area (FHN group) and non-weight-bearing area (Control group), divided into
3 equal parts and used for biochemical analysis, histopathological staining, and gene expression analysis.

T2 mapping of the femoral head specimens showed that the density distribution of cartilage surface was not
uniform, and the average T2 value increased unevenly. Histological staining demonstrated that the number of
chondrocytes was significantly decreased and they were irregularly arranged, SO staining was lost, and colla-
gen fiber arrangement was slightly more irregular on the cartilage surface in the FHN group. The biochemical
results in the FHN group showed that the water content increased significantly and the DNA content decreased
significantly, while no significant changes in GAG and total collagen contents were detected. Gene expression
analysis in the FHN group showed that SOX9 expression was significantly down-regulated, while COL10A1 and
RUNX2 expressions were significantly up-regulated. The expression of ACAN and COL2A1 were decreased and
COL1A1 was increased, but there was no significant difference compared with the Control group.

Taken together, the results of this study suggest that patients with early-stage FHN tend to have cartilage ma-
trix degeneration, which provides new ideas for studying the pathogenesis of FHN and selecting treatment
strategies.
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Background

Femoral head necrosis (FHN) is a common clinical disease in
orthopedics, and about 2-3 million patients are diagnosed
with FHN every year in the United States [1]. The patholog-
ical morphology of FHN shows femoral head collapse defor-
mation, trabecular bone discontinuity, and subchondral bone
structure damage; trabecular bone in the sclerosis area is pro-
liferated, the number is increased, the arrangement is compact,
and a variety of hyperplasia tissues are formed [2]. The spe-
cific pathogenesis of FHN and the factors that affect the pro-
gression of the disease are not yet fully understood. However,
patient clinical manifestations and imaging findings (such as
the collapse of the femoral head) help to assess the extent of
FHN [3,4]. After collapse of the femoral head, most patients
need to undergo total hip arthroplasty (THA) [5]. Young pa-
tients with a relatively long life expectancy and higher ac-
tivity may require revision surgery at some time after THA.
Therefore, some treatment methods in FHN patients before
femoral head collapse may be beneficial to delay THA surgery.
The current early treatment options include drug therapy, ex-
tracorporeal shock wave therapy, core decompression, tan-
talum rod implantation, bone grafts (without vascular pedi-
cle), and stem cell transplantation therapy [6-11]. The various
treatment options each have their advantages, but there are
shortcomings, such as the high failure rate of treatment and
lack of long-term follow-up results [12]. Therefore, early diag-
nosis of FHN is critical in the selection of treatment methods
and the prognosis of the disease.

At present, FHN has a variety of diagnostic methods, of which
hip anteroposterior and frog radiographs can be used for
screening FHN in the early stage of the disease. CT scanning
is less sensitive than MRI and increases the risk of radiation-
associated damage; MRI detection is a diagnosis and treat-
ment technology for early FHN, with high sensitivity and spec-
ificity [13,14]. With the rapid development of high-field MRI
technology, researchers can more accurately detect the abnor-
mal changes of bone microstructure and articular cartilage in
the femoral head of patients [15]. Theysohn et al. used high-
field 7.0T MRI to scan the hip joints of patients with FHN, and
found that it can better demonstrate anatomical and patho-
logical changes [16]. Further, Theysohn et al. compared the im-
age evaluation of 7.0T and 3.0T MRI in patients with FHN, and
found that they have a similar effect on hip joint imaging, but
7.0T MRI has more advantages in image contrast (e.g., it can
more accurately display the cartilage defect changes) and de-
tection of liquid [17]. In our previous study, we used high-field
7.0T MRI to examine femoral head samples and found that it
accurately detected early degenerative changes in the femo-
ral head cartilage [18].

XuR. etal:
Cartilage matrix degeneration in early-stage FHN
© Med Sci Monit, 2017; 23: 5783-5792

Based on current understanding of the pathogenesis of FHN,
it is generally considered to be a type of bone disease. After
femoral head collapse, structural damage to the subchondral
bone causes changes in mechanical stimulation (stress envi-
ronment), which then causes degeneration of articular carti-
lage [19]. Ruch et al. observed the cartilage surface using hip
arthroscopy in patients with FHN, and found that there are
many osteochondral degenerations that cannot be detect-
ed by X-ray and MRI scanning [20]. Magnussen et al. report-
ed that the histological changes and mechanical strength of
post-collapse articular cartilage have a high correlation with
the gross morphology of articular cartilage surface in pa-
tients with FHN, and further demonstrated changes in me-
chanical characteristics (tensile, compressive, and shear forc-
es) caused by femoral head necrosis [21,22]. However, these
studies focused on late-stage FHN after collapse of the femo-
ral head, and there are few studies on the early stage of FHN
prior to collapse. In addition, previous studies have focused
on changes in gross appearance and mechanical properties
of articular cartilage caused by necrosis of the femoral head,
and there is no published study on changes in the articular
cartilage matrix induced by FHN. Therefore, it is of great im-
portance to explore changes in the articular cartilage matrix
associated with early necrosis of the femoral head, which is
crucial for the selection of treatment strategies and preven-
tion of the disease.

Therefore, we propose the scientific hypothesis that early-stage
femoral head necrosis is accompanied by degeneration of the
articular cartilage matrix, which provides new ideas for study-
ing the pathogenesis of FHN and selecting treatment strate-
gies. In the present study, we collected femoral head samples
from patients with early-stage FHN and used gross observa-
tion, high-field 7.0T MRI scans, histological staining, cartilage
biochemical analysis, and gene expression detection performed
in vitro to test this hypothesis.

Material and Methods

Patient selection and collection of femoral head samples

The patients in this study were selected from among patients
with unilateral idiopathic FHN who underwent THA from May
2014 to August 2016 at Nanjing First Hospital affiliated to
Nanjing Medical University (Figure 1A). According to Ficat
staging [23], we selected 10 patients (6 males and 4 females)
with stage Il disease, with a mean age of 60.8 years (55-66
years). Femoral head samples were collected during the THA
operation (Figure 1B) and stored in a deep cryogenic freezer at
—-80°C. The experimental protocol of this study was approved
by the Ethics Committee of Nanjing Medical University, and
written informed consent was obtained from all participants.
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Figure 1. Patient selection, collection, and segmentation of femoral head samples. (A) The patients were selected from among patients
with unilateral noninvasive FHN who underwent THA. (B) Femoral head samples were collected during the THA operation.
(€) Osteochondral samples with a diameter of 8 mm were obtained from the weight-bearing and non-weight-bearing areas
of the femoral head as the femoral head necrosis group (FHN group) and the control group (Control group), respectively.
(D) Cartilage samples were divided into 3 equal parts and used for biochemical analysis, histopathological staining, and gene

expression analysis.

7.0T MRI detection

We used the 7.0T MRI Bruker system (PharmaScan Bruker,
BioSpin Karlsruhe, Germany) equipped with a 60-mm coil to
examine the femoral head samples. The following parameters
were used for the sagittal T2 mapping scan: repetition time (TR)
3800 milliseconds, echo time (TE) 36 milliseconds, flip angle

(FA) 180 degrees, field of view (FOV) 60x60 mm, pixel matrix
384x384, section thickness 1.2 mm, scanning time of 21 min-
utes 16 seconds 800 milliseconds. Next, the T2 map was gen-
erated using the Bruker ParaVision 5 system. Four different
regions of interest were selected from the cartilage surface of
each femoral head. The average T2 relaxation time was calcu-
lated using the Bruker ParaVision 5 system, and the regions
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of interest were analyzed by an experienced radiologist with
6 years of experience with musculoskeletal disorders.

Sample selection and segmentation

After MRI examination, the round osteochondral samples with a
diameter of 8 mm were obtained using a biological punch from
the weight-bearing area and non-weight-bearing area of the
femoral head as the femoral head necrosis group (FHN group)
and the control group (Control group), respectively (Figure 1C).
After gross observation, the cartilage samples were divided
into 3 equal parts using a surgical blade, and then were used
for biochemical analysis, histopathological staining, and gene
expression analysis (Figure 1D).

Histological staining

Samples for histological staining were fixed in 10% neutral
formaldehyde solution at room temperature for 24 h, decal-
cified with 5% nitric acid for 48 h, and rinsed well with run-
ning water for 12 h. After gradient alcohol dehydrated tissue
and the transparent tissue of toluene, it was immersed in pre-
melted paraffin and kept at 65°C overnight. The next day, the
tissues were embedded in paraffin blocks and cut into sec-
tions with uniform thickness of 5 pm. Then, the morphology
and distribution of chondrocytes were detected by hematox-
ylin-eosin (HE) staining, the distribution of proteoglycan was
examined by Safranin O-fast green (SO) staining, and the ar-
rangement of collagen fibers was observed by Sirius red stain-
ing. The staining results were observed using an inverted flu-
orescence microscope (Ci-L; Nikon, Tokyo, Japan).

Biochemical component analysis

The cartilage samples for biochemical composition analysis
were weighed to obtain their wet weights, dried at 65°C for
2 days to remove the moisture, and weighed to obtain dry
weights. The water content of the cartilage samples was cal-
culated as: wet weight—dry weight/wet weight. The DNA con-
tent of the cartilage samples was examined using the Quit-
iT dsDN kit (Invitrogen, Eugene, OR, USA). First, the cartilage
samples were digested with papain, and the digested solu-
tion was reacted with the Hoechst 33258 staining solution in
the dark for 30 min. Fluorescence intensity was detected us-
ing a microplate reader (Bio-Rad Laboratories, Richmond, CA,
USA) at an excitation wavelength of 360 nm and an emission
wavelength of 460 nm. The glycosaminoglycan (GAG) content
of the cartilage samples was examined using a Blyscan (TM)
sulfated GAG assay kit (Biocolor, Newton Abbey, UK). First,
papain-digested cartilage samples were mixed with Blyscan
staining and centrifuged at 12 000 rpm for 10 min. After re-
moving the unbound GAG dye solution, the separation reagent
was added to the remaining granular material at the bottom
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Table 1. Detailed information about the primer sequences used
for RT-PCR.

Gene Primer nucleotide sequence

Forward: 5-TTCCGCGACGTGGACAT-3

SEXON e R AN SR
Reverse: 3-TCAAACTCGTTGACATCGAAGGT-5
Agieecan  FOrward: SOTTCOAGOACAGCGAGGCCS
(ACAN)

Type Il collagen
(CoL2A1)

Type | collagen
(COL1A1)

Type X collagen

(COL10A1) Reverse: 3-AAAGGGTATTTGTGGCAGCATATT-5
Forward: 5-GGAGTGGACGAGGCAAGAGTTT-3

RUNX2 T
Reverse: 3-AGCTTCTGTCTGTGCCTTCTGG-5
Forward: 5-ATGGGGAAGGTGAAGGTCG-3

7Y 5] [ —

Reverse: 3-TAAAAGCAGCCCTGGTGACC-5

of the tube. The absorbance was measured at a wavelength
of 656 nm using a microplate reader. Total collagen content
of the cartilage samples was assayed using the Sircol Collagen
Assay kit (Biocolor, Newton Abbey, UK). The pepsin-digested
cartilage samples were mixed with the Sircol dye and centri-
fuged at 12 000 rpm for 10 min. After removing the superna-
tant, the granular precipitate at the bottom of the tube was
washed with an acid salt cleaning agent and dissolved in an
alkaline reagent. The absorbance was measured at 555 nm
using a microplate reader.

Gene expression detection

Cartilage samples for gene expression detection were washed
3 times with PBS, pre-chilled Trizol reagent (Invitrogen, USA)
was added and milled in a tissue homogenizer, and RNA was
further isolated and stored at —80°C. The optical density (OD)
of the sample was determined to be 260 nm and 280 nm.
0D260/280 was found to be highly purified extracted RNA at
1.8-2.1. Further, SOX9, proteoglycans (ACAN), type Il collagen
(COL2A1), type | collagen (COL1A1), type X collagen (COL10A1),
Runt-related transcription factor 2 (RUNX2), and glyceralde-
hyde- 3-phosphate dehydrogenase (GAPDH) gene expression of
cartilage samples were detected using a Real-Time PCR instru-
ment (Applied Biosystems, USA) and Real-Time PCR Master Mix
(SYBR Green) kit (TOYOBO, Japan). Each sample was tested 3
times. The primer sequences of the genes are shown in Table 1.
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Figure 2. 7.0T MRI T2 mapping and T2 value analysis of femoral head cartilage. (A) We found disorganization of the trabecular bone
structure, uneven density distribution, and poor continuity with the surface cartilage. (B) The signal intensity of cartilage
surface increased unevenly, and the signal intensity of subchondral bone was increased or interrupted. (C) Four different
regions of the cartilage surface from the femoral head were selected as regions of interest, and the average T2 relaxation
time was calculated. (D) The average T2 value of the femoral head cartilage surface was unevenly increased.

Statistical analysis

The univariate analysis of variance (ANOVA) and LSD meth-
ods were used to compare the differences in T2 values among
the 4 regions of interest selected from the cartilage surface
of the FHN specimen. The non-paired t test was used to com-
pare the differences in biochemical components (water, DNA,
GAG, and total collagen content) and gene expression (SOX9,
ACAN, COL2A1, COL1A1, COL10A1, and RUNX2) between the
FHN group and the Control group, respectively. P<0.05 was con-
sidered to be statistically significant. All data are expressed
as mean + standard deviation (SD). All statistical analyses
were performed using SPSS 13.0 statistical software (SPSS,
Chicago, USA).

Results

7.0T MRI T2 mapping and T2 value analysis of femoral
head cartilage

The T2 mapping of the femoral head specimens showed dis-
organization of the trabecular bone structure, uneven densi-
ty distribution, poor continuity with the surface cartilage, and
uneven density distribution of the articular cartilage surface
(Figure 2A). T2 mapping pictures showed that the signal in-
tensity of cartilage surface increased unevenly, and the signal
intensity of subchondral bone appeared increased or inter-
rupted (Figure 2B). In addition, 4 different regions of the car-
tilage surface from the femoral head were selected as regions
of interest, and the average T2 relaxation time was calculated
(Figure 2C). The results showed that the average T2 value of

region 1 and region 2 were significantly higher than that of re-
gion 3 and region 4 (P<0.001), and the average T2 value of re-
gion 3 was significantly higher than that of region 4 (P<0.01),
but no significant difference in the average T2 value between
region 1 and region 2 was detected (P>0.05) (Figure 2D), in-
dicating that the average T2 value of the femoral head carti-
lage surface was unevenly increased, which suggests the pos-
sibility of cartilage degeneration.

Histological staining of femoral head cartilage

HE staining of femoral head samples showed that the number
of chondrocytes on the cartilage surface of the FHN group was
significantly decreased and the cell arrangement was irregu-
lar (Figure 3A), while the number and arrangement of chon-
drocytes were relatively normal in the Control group (Figure
3B). SO staining of the femoral head specimens showed un-
even deposition of cartilage GAG in the FHN group, and there
was a significant loss of SO staining on the cartilage surface
(Figure 3C). However, the Control group showed uniform distri-
bution of SO staining throughout the cartilage layer (Figure 3D).
Sirius red staining of the femoral head specimens showed that
the collagen fibers of the FHN group were slightly irregular in
the surface layers and normal in the lower layers (Figure 3E),
while the collagen fibers were well-arranged in the Control
group (Figure 3F).

Biochemical composition analysis of femoral head
cartilage

Water content in the FHN group was significantly higher than
that in the Control group (P<0.05; Figure 4A), and DNA content
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Sirius Red

FHN Control

Figure 3. Histological staining of femoral head cartilage. (A) The number of chondrocytes on the cartilage surface of the FHN group
was significantly decreased and the cell arrangement was irregular. (B) The number and arrangement of chondrocytes were
relatively normal in the Control group. (C) There was a significant loss of SO staining on the cartilage surface. (D) The Control
group showed uniform distribution of SO staining throughout the cartilage layer. (E) The collagen fibers of the FHN group

were slightly irregular in the surface layers and were normal in the lower layers. (F) The collagen fibers were well-arranged in
the Control group.

in the FHN group was significantly lower than that in the Gene expression detection of femoral head cartilage

Control group (P<0.01; Figure 4B). The content of GAG in the

FHN group was slightly lower than that in the Control group, The expression of SOX9 gene in the FHN group was signifi-

and the total collagen content in the FHN group was slight- cantly lower than that in the Control group (P<0.01; Figure 5A).

ly higher than that in the Control group, but there was no de- The expressions of ACAN and COL2A1 gene in the FHN group

tectable significant difference (P>0.05; Figure 4C). were lower than those in the Control group, and the expres-
sion of COL1A1 gene in the FHN group was higher than that
in the Control group, but the differences were not statistically
significant (P>0.05; Figure 5B-5D). Moreover, the expression of
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Figure 4. Biochemical composition analysis of femoral head cartilage. (A) Water content in the FHN group was significantly higher than
that in the Control group. (B) DNA content in the FHN group was significantly lower than that in the Control group. (C, D) The
content of GAG in the FHN group was slightly lower than that in the Control group, and the total collagen content in the FHN
group was slightly higher than that in the Control group, but there was no detectable significant difference (P>0.05).

COL10A1 and RUNX2 gene in the FHN group was significantly
higher than that in the Control group (P <0.05; Figure 5E, 5F).

Discussion

In this study, we used the high-field 7.0T MRI and T2 mapping
technique to accurately detect the abnormal cartilage chang-
es of femoral head specimens in patients with early-stage
FHN. T2 mapping of the femoral head samples showed that
the density distribution of articular cartilage surface was not
uniform, and the average T2 value of the femoral head car-
tilage surface increased unevenly, suggesting early cartilage
degeneration. The normal articular cartilage matrix consists
of water, GAG, and type Il collagen. The cartilage matrix sur-
rounding chondrocytes plays an important role in maintain-
ing the biomechanical properties of articular cartilage. In the
early stages of cartilage degeneration, the cartilage under-
goes degradation of the matrix network structure, including
increased water content, decreased GAG content, and disor-
dered collagen fiber structure; the reduction in GAG content

further causes increase in water content and disordered col-
lagen fiber structure [24, 25]. MRI has significant advantag-
es in assessing late-stage articular cartilage degeneration and
soft tissue abnormalities. However, it is difficult to accurate-
ly detect cartilage matrix changes associated with early car-
tilage degeneration using conventional MRI techniques [26].
With the development of high-field MRl and quantitative MRI
technology, researchers can more accurately evaluate chang-
es in the cartilage matrix [27,28]. Among these, T2 mapping is
an effective technique for detecting early cartilage degenera-
tion, especially monitoring changes in water content and col-
lagen network structure, which has been confirmed in many
in vitro and in vivo experimental studies [29-31]. Apprich et al.
found that the water content of articular cartilage decreased
with increased joint stress [32], and it has been reported that
increased cartilage T2 relaxation time is accompanied by dis-
ruption of the matrix structure, especially the increased water
content and loss of collagen integrity [33]. Thus, articular carti-
lage stress and decreased GAG content result in increased wa-
ter content and fluidity, leading to an increase in the T2 value.
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Figure 5. Gene expression detection of femoral head cartilage. (A) Expression of the SOX9 gene in the FHN group was significantly
lower than that in the Control group (P<0.01; A). The expressions of ACAN and COL2A1 genes in the FHN group were lower
than those in the Control group and the expression of the COL1A1 gene in the FHN group was higher than that in the
Control group, but the differences were not statistically significant (P>0.05; B-D). Moreover, the expressions of COL10A1 and
RUNX2 genes in the FHN group were significantly higher than that in the Control group (P<0.05; E, F).

Articular cartilage deforms when it is loaded, and the collagen
fiber structure carries the stress along the fiber direction to the
subchondral bone. It is generally believed that after the col-
lapse of FHN, the structural damage of the subchondral bone
causes changes in the stress environment, which leads to de-
generation of the articular cartilage [19]. Mankin et al. col-
lected 9 femoral head cartilage samples from patients with

FHN during THA, and found that the femoral head cartilage
demonstrated pathological changes, but no significant chang-
es in biochemical and metabolic indexes were detected [34].
Magnussen et al. found that the histological and mechani-
cal changes of post-collapse articular cartilage are highly cor-
related with gross morphology of the articular cartilage sur-
face in patients with FHN, and further showed the changes in

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

5790




XuR. et al.:
Cartilage matrix degeneration in early-stage FHN
© Med Sci Monit, 2017; 23: 5783-5792

tensile, compressive, and shear forces caused by FHN [21,22].
However, these studies focused on patients with late-stage
FHN after collapse of the femoral head, and few studies have
focused on the early stage of FHN prior to collapse. In the
present study, we collected samples of femoral head cartilage
from patients with early-stage FHN during THA, and evaluated
the histological staining and biochemical analysis. Histological
staining showed that the number of chondrocytes on the car-
tilage surface in the FHN group was significantly decreased
and the cell arrangement was irregular, and the obvious loss
of SO staining and slightly irregular arrangement of collagen
fibers appeared on the cartilage surface. Biochemical analysis
of the FHN group demonstrated that the water content was
significantly increased, the DNA content was significantly de-
creased, the GAG content was slightly reduced, and the to-
tal collagen content was slightly increased, but the difference
was not significant, indicating that the FHN group had early
cartilage degeneration.

In articular cartilage, proteoglycan-loaded type Il collagen fi-
bers form a strong arched structure; proteoglycans inflate this
arched structure by absorbing large amounts of water, there-
by enabling cartilage tissue to withstand external pressure
stress [35]. In the course of FHN, hip articular cartilage is sig-
nificantly damaged, which increases the instability of the hip
and accelerates the development of FHN [21,36]. Therefore, the
prevention and early treatment of hip cartilage injury will help
slow the progression of FHN. Studies showed that the detec-
tion of type Il collagen gene expression in patients with necro-
sis of the femoral head has an important role in the diagnosis
and treatment of the disease [34]. Liu et al. explored a vari-
ety of gene expressions in articular cartilage in patients with
FHN, showing differential expression relative to normal carti-
lage, such as up-regulation of the type I collagen gene [37]. In
the present study, we found that SOX9 gene expression was
significantly down-regulated in the FHN group, while COL10A1
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and RUNX2 gene expressions were significantly up-regulated.
In addition, the expressions of ACAN and COL2A1 in the FHN
group were decreased and the expression of COL1A1 gene was
increased, but there was no significant difference compared
with the Control group. These results suggest that the femo-
ral head cartilage in patients with early THN had early carti-
lage degeneration.

There are some deficiencies in this study. First of all, the sam-
ple size was not large enough, and further research with larg-
er sample sizes is needed. In addition, the femoral head sam-
ples of this study were obtained from the weight-bearing area
and non-weight-bearing area of the femoral head, as the fem-
oral head necrosis group (FHN group) and the control group
(Control group), respectively. However, individual differences
may exist among patients, which may have affected the re-
sults of the study. Finally, this study did not detect the mo-
lecular mechanism of the cartilage matrix degeneration asso-
ciated with early-stage femoral head necrosis, so its specific
mechanisms need to be explored further.

Conclusions

In brief, this study explored the changes in cartilage matrix in
early-stage FHN using high-field MRI, histopathological, bio-
chemical, and gene expression analysis. Our results suggest
that patients with early-stage FHN have degeneration of the
articular cartilage matrix, which provides new ideas for study-
ing the pathogenesis of FHN and selecting optimal treatment
strategies.
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