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Abstract T1 rho and T2 mapping are magnetic resonance
imaging (MRI) techniques to detect early degenerative chang-
es in cartilage. Recent advancements have enabled 3D acqui-
sition for both techniques. The objective of the present study
was to examine the correlation of 3D T1 rho and 3D T2 map-
ping with macroscopic and histological characteristics of knee
cartilage. Twenty-one patients who underwent total knee
arthroplasty due to osteoarthritis with involvement of the me-
dial compartment but with minimum involvement of the lat-
eral compartment were enrolled. Prior to surgery, five series of
MRI were acquired with a 3-Tscanner. 3D T1 rho/T2 analyses
were performed following determination of regions to be

assessed using in-house software that incorporated three series
of MRI acquisitions data (3D-MERGE, 3D-SPGR, and 3D-
CUBE). During surgery, the cartilage of the lateral compart-
ment was macroscopically assessed with the International
Cartilage Research Society (ICRS) articular classification sys-
tem. The extracted specimens were histologically assessed
using the OARSI histology score. Three regions of interest
(ROI) were assessed for each slice (two slices per knee): the
central lateral femoral condyle (cLFC), the posterior portion
of the lateral femoral condyle (pLFC), and the lateral tibia
plateau (LTP). For each ROI, the mean T1 rho and T2 relax-
ation time, the ICRS grade, and the OARSI score were
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compared. Neither the T1 rho nor the T2 reflected the macro-
scopic grading. The T1 rho could discriminate between histo-
logical grades 1 and 2. However, the T2 could not. The T1 rho
relaxation time was higher in the pLFC than in the cLFC even
in the same grade. Compared to T2 mapping, T1 rho mapping
may have an advantage in differentiating grades I and II car-
tilage degeneration on OARSI histological grading system.

Keywords Cartilage . ICRS grade .Magnetic resonance
imaging . OARSI grade . T1 rho

Introduction

The growing number of patients with knee osteoarthritis (OA)
is one of the biggest medical problems to be solved in a geri-
atric society. The development of disease-modifying OA
drugs (DMOAD) has been anticipated but no officially ap-
proved DMOADs are available currently. However, earlier
detection of cartilage degenerationmight change the situations
and may lead to a reduction in the incidence of OA [1, 2]. In
addition, biomarkers to detect subtle changes of an early phase
of the disease are requisite as outcome measurements for in-
terventions including DMOADs. For these purposes, tech-
niques to detect early cartilage degeneration have been sought
and specially designed MRI techniques have been developed.
T2 mapping, delayed gadolinium-enhanced magnetic reso-
nance imaging of cartilage (dGEMRIC), and T1 rho mapping
are representative of these efforts [3]. All three techniques
have been reported as promising. Distinct difference among
them is that dGEMRIC requires use of a contrast agent and T1
rho and T2 do not. Knowledge and technical improvement of
both T1 rho and T2 mapping have been increasing and re-
searchers have found out that these two techniques reflect
different major components of the cartilage, i.e., T1 rho re-
flects glycosaminoglycan (GAG) content and T2 reflects col-
lagen anisotropy. In the process of cartilage degeneration, the
loss of GAG content and the progression of collagen anisot-
ropy are not sequential events but rather progress simulta-
neously [4–7]. Thus, the role of T1 rho and T2 mapping in
the early cartilage degeneration are closely related to each
other and further understanding and technical refinement are
still necessary to use these imaging tools in a clinical setting.
When comparing T1 rho and T2 mapping, some papers have
reported nearly equal capacity to detect early changes of car-
tilage degeneration but several other papers have reported a
greater sensitivity with T1 rho over T2 mapping [3, 7–10].
Two of these papers used histology and/or measurement of
GAG content as a gold standard, but neither examined both
the femoral cartilage and tibial cartilage independently. In this
present study, the authors examined the capability of T1 rho,
as well as T2 mapping to detect early degeneration of the
femoral and tibial cartilage using specimens retrieved during

total knee arthroplasty. For that purpose, T1 rho and T2 relax-
ation times were calculated from three-dimensionally acquired
data, which corresponded histologically with the examined
region of interest (ROI).

Our hypothesis is that T1 rho is superior to T2 in detecting
early cartilage degeneration.

Materials and methods

Subjects

The study was approved by the institutional review board of
the authors’ institution. A total of 21 patients who met the
following inclusion criteria were enrolled: (1) diagnosed with
primary medial-type knee osteoarthritis and scheduled for to-
tal knee arthroplasty (TKA) during a period from April 2012
to November 2013, (2) had not had any previous surgery of
the index knee, and (3) with a lateral femorotibial compart-
ment of nomore than grade one on the Kellgren and Lawrence
scale on a pre-operative X-ray [11]. Patient demographics
were recorded at the time of the TKA. All patients provided
written consent before participating in this study.

MRI acquisition

All MR examinations were conducted on a Discovery MR750
3.0T MR scanner (Discovery® MR750 MR System, GE
Healthcare, Japan) using an 8-channel knee coil. T1 rho and
T2 acquisitions were performed with the Research pack 3.0
from GE (GE Healthcare, Japan), which was distributed to
several academic institutions for research purposes. Before
processing the 3D T1 rho or T2 maps, 3D MERGE (multiple
echo recombined gradient-echo), 3D SPGR (spoiled gradient-
echo), and 3D Cube were acquired to create precise cartilage
mask images.

Each sequence for acquisition was as follows:

1) Sagittal 3D MERGE images with a repetition time/echo
time (TR/TE) = 30/13.0 ms, flip angle (FA) = 5 degrees,
bandwidth (BW) = 50 kHz/pixel, echo train length
(ETL) = 3, field of view (FOV) = 15 cm, slice thick-
ness = 3.0 mm and matrix = 320 × 320. Acquisition time
was 4 min 53 s.

2) Sagittal 3D SPGR images with a TR/TE = 15.1/4.1 ms,
FA = 20 degrees, BW = 31.2 kHz/pixel, FOV = 15 cm,
slice thickness = 3 mm and matrix = 512 × 512.
Acquisition time was 2 min 4 s.

3) Sagittal 3D Cube images with a TR/TE = 1500/18.1 ms,
FA = 90 degrees, BW = 62.5 kHz/pixel, ETL = 50,
FOV = 15 cm, slice thickness = 3 mm and ma-
trix = 320 × 320. Acquisition time was 2 min 59 s.
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4) T1 rho and T2 relaxation times were obtained using a
sagittal 3D fast spin-echo CUBE sequence.

The imaging parameters for the T1 rho and T2 acqui-
sitions were as follows: T1 rho (TR/TE, 9/2.6 ms, time of
recovery, 1500 ms, field of view, 15 cm, matrix
320 × 320, slice thickness, 3 mm, bandwidth, 62.5 kHz,
time of spin-lock (TSL), 1/10/30/60/80 ms, frequency of
spin-lock, 500 Hz, acquisition time, 10 min), and T2
(same as the T1 rho quantification except for TE, 13.4/
27/40.7/54.4/67.8, and acquisition time, 9 min 59 s) The
imaging parameters were nearly identical to those previ-
ously reported by Souza et al. [12].

T1 rho and T2 mapping

To obtain the T1 rho and T2 mapping images of each knee, a
position adjustment was performed between the SPGR,
MERGE, and Cube images in order to compensate for slight
changes of knee position that may occur as time elapsed dur-
ing the image acquisition. Briefly, two cuboid volumes of
interest (VOIs) were set that were large enough to include
the femur and tibia separately for each 3D MR image acqui-
sition. Then, registration between the different MR image ac-
quisitions was performed using normalized mutual informa-
tion as a similarity measure between the images. Then, the
optimization of the position adjustment was performed ac-
cording to Powell’s method [13, 14]. Finally, segmentation
was performed in a semi-automatic fashion based on Bezier

splines and edge-detection from the SPGR sequence, as re-
ported previously but modified for this study [15].

More specifically, approximately 20 control points were
placed inside the cartilage area (Fig. 1a) followed by a con-
nection of the points by Bezier splines (Fig. 1b). Then, per-
pendicular lines were created from each point toward the car-
tilage surface (Fig. 1c) and the points of the surface were
determined. Line profiles were computed in the opposite di-
rection and, based on the maximums of the first derivatives of
the intensity the positions of the articular surfaces were iden-
tified (Fig. 1d). A Bezier spline was used to create the cartilage
surface by connecting the surface points (Fig. 1e) and, when
necessary, a fine adjustment was performedmanually bymov-
ing the surface points (Fig. 1f). In the opposite direction, i.e.,
from the control points to the bone marrow, the same proce-
dure was performed to determine the bone to cartilage bound-
ary. In cases where the cartilage border was not clear, which
often occurred between the femoral and tibial cartilage bound-
ary or between the cartilage and joint effusion boundary, we
redefined the points manually using the better images from the
MERGE or Cube sequences to confirm the cartilage border.
For this purpose, the three types of images were easily tabbed
by simply clicking the select button.

Finally, the T1 rho and T2 maps were matched to the seg-
mented cartilage images, allowing for the production of the T1
rho and T2 cartilage mapping images (Fig. 2). The mean T1
rho and T2 values were obtained in each ROI. All these pro-
cesses were performed using in-house software developed
with Matlab (Mathworks, Natick, MA, USA). The cartilage
segmentation was performed by a single orthopedic surgeon.

Fig. 1 Semi-automatic
segmentation of the cartilage.
Approximately 20 control points
were placed inside the cartilage
(a). A Bezier spline connected
these points (b). Perpendicular
lines were created from each point
toward the cartilage surface (c).
Line profiles were computed and
the positions of the articular
surface were found based on the
maximums of the first derivatives
of the intensity (d). A Bezier
spline was used to create the
cartilage surface by connecting
the surface points (e) and an
adjustment was performed
manually by moving the surface
points when necessary (f)
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The image matching, and the T1 rho and T2 relaxation times
for each ROI were calculated by engineering faculty investi-
gators. All investigators were different from those performing
the surgeries.

Macroscopic assessment

At the time of the TKA, a macroscopic assessment of the
affected articular cartilage was performed by three orthopedic
surgeons, according to the International Cartilage Repair
Society (ICRS) cartilage injury assessment system (ICRS
grading score). This system includes the following grades:
grade 0 = normal; grade 1 = nearly normal (1a = soft inden-
tation on superficial lesions, 1b = superficial fissures and
cracks); 2 = abnormal (lesions extending down to <50% of
cartilage depth); 3 = severely abnormal (3a = cartilage defects
extending down >50% of cartilage depth, 3b = cartilage de-
fects extending down to the calcified layer, 3c = cartilage de-
fects extending down to but not through the subchondral
bone); 4 = full thickness defects exposing the underlying
subchondral bone [16]. Three ROIs were assessed for each
knee, i.e., two from the femoral condyle (the central lateral
femoral condyle; cLFC and the posterior portion of the lateral
femoral condyle; pLFC) and one from the lateral tibia plateau
(LTP).

Histology

The osteochondral specimens were obtained from the resected
joint surface and subdivided into 3 mm thinner specimens
with a flat chisel (indicated with black boxes in Fig. 3, right)
that were set perpendicular to the epicondylar line (the upper
purple line drawn by a surgeon and indicated with a red arrow
head in Fig. 3, right) on the femoral side. For the tibial side,
specimens parallel to the AP axis of the tibia as defined by
Akagi were obtained (the dotted yellow line in the tibial
plateau in Fig. 3, right) [17, 18]. Samples were then processed
for histological assessment (Fig. 3 right). Specimens were

fixed with 4% paraformaldehyde, decalcified with 20% ethyl-
enediaminetetraacetate, paraffin-embedded through routine
procedures and then sections were stained with safranin O.
The histological evaluation was done employing the
Osteoarthritis Research Society International (OARSI) OA
cartilage histopathology assessment system (OARSI grade):
grade 1 = surface intact, grade 2 = surface discontinuity, grade
3 = vertical fissures (clefts) and grade 4 = erosion [19].

ROI placement

Two sagittal slices were set to compare the imaging and his-
tology. First, a reference line was drawn through the deepest
point of the groove and the deepest point of the femoral notch
(white line in Fig. 3, left), which was perpendicular to the
epicondylar line (dotted red line in Fig. 3, left). The first sag-
ittal slice was defined as being parallel to the reference line
and passing through the lateral supracondylar ridge (green line
in Fig. 3, left). The second slice was 4.5 mm lateral and par-
allel to the first slice (orange line in Fig. 3, left).

For each slice, three ROIs were assessed: (1) the central
lateral femoral condyle (cLFC), the femoral cartilage region
between the most posterior margin of the anterior horn of the
lateral meniscus (LM) and the posterior margin of the poste-
rior horn of the LM, (2) the posterior lateral femoral condyle
(pLFC), the cartilage region of the posterior portion of the
LFC to the cLFC, and (3) the central lateral tibia plateau
(cLTP), the tibial cartilage region between the most posterior
edge of the anterior horn of the LM and the most anterior edge
of the posterior horn of the LM (Fig. 3, center).
Osteocartilaginous specimens are shown (Fig. 3, right): (The
distal portion of the femoral condyles (upper), the posterior
portion of the femoral condyles (middle), and the tibial plateau
(bottom)). Two purple lines in the distal femur (the
epicondylar; red arrow head, and the posterior condylar; lines)
were drawn by the surgeon for surgical reference. The loca-
tions of the specimens for the histological assessment are in-
dicated by the long black boxes and they were obtained

T1rho mapping T2 mapping

Fig. 2 Comparison of T1 rho and T2 mapping. Sagittal images of the T1
rho and T2 maps. From this image, the average T1 rho and T2 values for
the three ROIs were calculated. Note that the relaxation time of the pLFC

(yellow arrows) with T1 rho mapping was higher than that of the cLFC
(white arrows) whereas those of both regions (cLFC and pLFC) were
almost identical in both of mapping in this case.
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perpendicular to the epicondylar line. Note that the dotted red
line and the upper purple line (red arrow head) in Fig. 3 com-
prise the epicondylar line. The yellow dotted line (the Akagi
line) on the tibial plateau is known to be perpendicular to the
epicondylar line of the femur [17, 18]. Thus, theoretically the
osteocartilagenous specimens and the sagittal slice of MRI
were accordant. The locations of microscopic grading were
determined by taking convex prominent of the femur and tibia
into account.

Validation study

1) The inter-observer reliability and intra-observer reliability
were examined by picking 10 randomly selected cases (i.e., 20
slices). A single examiner placed the ROI twice with an inter-
val of 2 weeks for intra-observer reliability and two observers
placed the ROIs independently for inter-observer reliability.
Calculation of the T1 rho and T2 relaxation times was con-
ducted by another examiner. The ICC (1,2) and ICC (2,2)
were calculated.

Statistical analysis

1) As a first round analysis for the total of 44 sites (two slices
from each knee), the mean T1 rho and T2 relaxation times
of ROIs were calculated for eachmacroscopic (ICRS) and
microscopic grade (OARSI). The three locations (cLFC,
pLFC, and cLTP) were assessed independently. In addi-
tion, the T1 rho and T2 relaxation times for each grade

were compared separately between the three different
ROI locations (cLFC, pLFC, and cLTP).

The difference of the mean relaxation times for the inter-
grades for each ROI and that of the intra-grades among the
location of the ROIs was statistically analyzed using the
Kruskal-Wallis test and a post hoc Steel-Dwass test. A p value
of less than 0.05 was considered to be statistically significant.

2) As a second round analysis to exclude intrinsic correla-
tions, a single slice from each knee was selected to reduce
the intrinsic correlation. The lower OARSI grade slice or
the more medial slice of the two when the grades were the
same was selected from each knee. Then, using a mixed
effect model analysis, the effects of histological grades
and locations of the ROI were analyzed. A p value of less
than 0.01was considered to be statistically significant. All
statistical analyses were performed with SAS software
version 9.3 (SAS Institute, Cary, NC).

Results

Patient demography

The mean age of the participants was 72.1 ± 8.2 (59–87) years
old (18 women and 3 men, 12 right and 9 left knees). The
mean body mass index (BMI) was 25.7 ± 3.6 (21.4–32.8) kg/

pLFC

cLFC

cLTP

4.5mm

femur

tibia

lateral medial

Fig. 3 Determination of the slices and ROIs to be assessed. The reference
lines used to determine the MRI images and to obtain osteocartilagenous
specimens are shown. Two parallel lines (orange and green lines) indicate
the sagittal image of MR that was perpendicular to the epicondylar line
(dotted red line). Three regions of interest (ROIs) were placed: (1) the
central lateral femoral condyle (cLFC, red) (2) the posterior lateral

femoral condyle (pLFC blue), and (3) the central lateral tibia plateau
(cLTP, yellow). Black boxes in the right photo show the locations of the
osteocartilagenous specimens. The red arrowhead indicates the
epicondylar line. The yellow dotted line indicates the BAkagi line^ that
is perpendicular to the epicondylar line of the femur [17, 18]
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m2, and the mean interval between MRI scan and surgery was
10.8 ± 8.5 (1–28) days. Nineteen knees were classified as
grade IVon Kellgren and Lawrence scale and two knees were
grade III due to degenerative changes of medial compartment.

Reproducibility of ROI placement

The ICC (1, 2) for T1 rho was from 0.885 to 0.982 in the three
ROIs whereas that for T2 was from 0.993 to 0.997. The ICC
(2, 2) for T1 rho was from 0.916 to 0.974 in the three ROIs
whereas that for T2 was from 0.815 to 0.982.

Comparisons of T1 rho and T2 values amongmacroscopic
grades

The mean T1 rho and T2 relaxation times of different ICRS
grades from each ROI are shown in Table 1. Significant dif-
ferences of the T1 rho relaxation times were observed between
ICRS grade 1a and grade 3a in the cLFC, grade 0 and grade 3a
in the cLTP, and grade 1b and grade 3a in the cLTP. A signif-
icant difference of the T2 relaxation times was observed only
between ICRS grades 1b and 3a in the cLTP. In terms of
location difference, the T1 rho relaxation times of the pLFC
were higher than those of the cLFC in ICRS grades 1a, 2, and
3a and that of the cLTP in ICRS grade 1b. The T2 relaxation
times of the pLFC were higher than that of the cLFC in ICRS
grades 1a, and those of the cLTP in grades 1a, 1b, and 2.

Comparisons of the T1 rho and T2 values
among histological grades

1) The mean T1 rho and T2 relaxation times for the different
OARSI histological grades in each ROI are shown in
Table 2. Significantly lower T1 rho relaxation times for
OARSI grade 1, compared to the other grades, were con-
sistently found in all three ROIs. The T1 rho relaxation
times for grade 2 were significantly lower than OARSI
grade 4 in all three ROIs. On the other hand, the T2
relaxation times differed only between OARSI grades 1
and 4 in all three ROIs and between OARSI grades 1 and
3 in the pLFC and the cLTP. Thus, T2 could not discrim-
inate between OARSI grades 1 and 2 as well as between
grades 2 and 3. The T1 rho relaxation times of the pLFC
were significantly higher than those of the cLFC in
OARSI grades 1, 2, and 3 and those of the cLTP in
OARSI grades 1 and 2. The T2 values of the pLFC were
significantly higher than those of the cLFC in OARSI
grades 1 and 2, and those of the cLTP in OARSI grades
1, 2, and 3.

2) Ten, 11, and 9 slices of OARSI grade 1 and 6, 6, and 7
slices of OARSI grade 2 were picked up from the cLFC,
cLTP, and pLFC, respectively. As the number of OARSI T
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grades 3 or 4 was less than 4 in each location, they were
excluded.

The OARSI grade and location affected the variability of
the T1 rho relaxation time, but only location had effect on the
T2 (Tables 3 and 4). The relaxation time of T1 rho for OARSI
grade 1 was lower than that of grade 2 but the relaxation time
of T2 did not differ between the grades (Tables 3 and 4),
whereas both relaxation times for the pLFC were higher than
those for the cLFC and cLTP (Tables 3 and 4).

Discussion

In this study, we showed that 3D T1 rho mapping was able to
differentiate as early as grade 1 and II cartilage degeneration
on OARSI histological grade by measuring T1 rho relaxation

times. The rational for pursuing quantifiable MR techniques
for cartilage is because morphological assessments are insuf-
ficient to detect early cartilage degeneration [20–22]. Palmer
et al. reportedmorphological MRI was capable of detecting no
less than grade III cartilage degeneration on OARSI histolog-
ical grading system but requirement of physiological (=quan-
tifiable) MRI to discriminate less than grade III cartilage [23].
Thus, the importance of quantifiable MRI is to detect a subtle
degenerative change that is difficult for morphological MRI to
detect.

T1 rho vs. T2

Whether T1 rho or T2 mapping is superior to detect early
cartilage degeneration is controversial. This study showed that
3D T1 rho mapping of articular cartilage could differentiate
early cartilage degeneration, comparable to histological exam-
ination. Discrimination between grades 1 and 2 on the OARSI

Table 2 Histological assessment and imaging values

T1 rho T2

OARSI grade OARSI grade

1 2 3 4 1 2 3 4

cLFC 43.3 ± 1.8
[42.2–44.5]
(n = 12)

46.4 ± 3.6A

[44.5–48.3]
(17)

49.7 ± 2.5A

[47.9–51.6]
(9)

60.7 ± 9.9AB

[45.0–76.5]
(4)

33.0 ± 2.2
[31.6–34.4]

34.1 ± 2.7
[32.8–35.6]

35.7 ± 3.1
[33.3–38.1]

41.5 ± 3.5AB

[35.9–47.2]

pLFC 49.4 ± 3.9*
[47.3–51.5]
(16)

54.5 ± 2.8A*

[52.7–56.3]
(12)

60.5 ± 7.0A*

[55.5–65.5]
(10)

76.3 ± 6.5AB

[66.0–86.6]
(4)

37.1 ± 2.3*
[35.9–38.3]

37.3 ± 3.5*
[35.1–39.5]

44.2 ± 8.5A

[38.2–50.3]
50.6 ± 6.6A

[40.1–34.4]

cLTP 40.8 ± 2.7$

[39.1–42.4]
(13)

47.8 ± 5.5A$

[44.7–51.1]
(14)

52.6 ± 5.8AB

[48.4–56.8]
(10)

66.6 ± 11.7AB

[52.2–81.1]
(5)

28.7 ± 2.2*$

[27.3–30.0]
31.5 ± 4.3$

[29.0–34.0]
34.3 ± 4.3A$

[31.2–37.4]
42.9 ± 9.0A

[31.7–61.0]

The T1 rho and T2 values of each OARSI grade in each ROI are shown (mean ± standard deviation). The numbers in the square brackets indicate 95%
confidence intervals. A, B, and C indicate that the value differs significantly when compared to that of OARSI grades 1, 2, and 3, respectively. B*^ and
B$^ indicate a significant difference when comparing to the cLFC and the pLFC, respectively

Table 3 Mixed effect analysis of
T1 rho mapping Variable Estimated

value
Standard error 95% CI P value

OARSI 1 44.673 0.681 43.300 46.047 <0.0001*
OARSI 2 50.722 0.855 48.997 52.446

Location cLFC 45.595 0.959 43.660 47.531 <0.0001*
Location cLTP 45.431 0.963 43.542 47.320

Location pLFC 52.066 0.943 50.163 53.969

Variable Ref 1 Ref 2 Estimated
difference

Standard
error

95% CI P value

OARSI 1 2 −6.048 1.093 −8.252 −3.843 <0.0001*

Location cLFC cLTP 0.164 1.341 −2.540 2.869 0.9.31

Location cLFC pLFC −6.470 1.345 −9.184 −3.756 <0.0001*

Location cLTP pLFC −6.634 1.329 −9.315 −3.953 <0.0001*

The OARSI grade and location had an effect as a variable. The relaxation time of T1 rho for OARSI grade 1 was
significantly lower than that of grade 2, whereas both relaxation times for the pLFCwere higher than those for the
cLFC and cLTP
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cartilage histopathological assessment system was indicated
in all three ROIs. Thus, this technique meets the need to detect
early cartilage changes and identify candidates for early inter-
vention, which was not achievable by 3D T2 mapping.

Several studies have reported the superiority of T1 rho to
detect early cartilage degeneration [3, 7–10]. Consistent with
our results, Nishioka et al. reported that T1 rho mapping cor-
related well with OARSI histological grade, using the lateral
tibial plateau obtained at the time of surgery [7]. Although
lacking histological confirmation, Hirose et al. and Nishioka
et al. reported the superiority of T1 rho using a whole organ
magnetic resonance imaging score (WORMS) [24] as a stan-
dard reference [3, 9]. In the present study, T1 rho could not
differentiate macroscopic ICRS grading but Takayama et al.
reported that T1 rho could differentiate macroscopically nor-
mal versus mildly denatured cartilage, which T2 mapping
could not [4]. Wang et al. reported that T1 rho, along with
dGEMRIC, was more sensitive to detect early cartilage degen-
eration than T2 [10].

Contrary to the above studies, Wong et al. reported that the
T2 value was more reliable in that it correlated better to gly-
cosaminoglycan (GAG) content, compared to T1 rho [25]. As
indicated in the limitations, the whole lateral plateau was used
for the GAG assessment, which presumably included various
degrees of degenerated cartilage.

Macroscopic analysis vs. T1 rho

This study shows that T1 rho could not consistently differen-
tiate macroscopic changes. Only 1a vs. 3a on ICRS grading in
the cLFC, and 0 vs. 3a and 1b vs. 3a in the cLTP were dis-
criminated, which is in line with previous studies [8, 24].
Takayama et al. reported no significant differences in the T1
rho values of mild to moderate degeneration using five-point
macroscopic grading as a reference. Observer-dependent dif-
ferences were also reported in their paper [8]. Tsushima et al.
also reported no significant differences between T1 rho values

from macroscopic grade 1 and those of grade 2, when
employing the five-point grading system [26]. This may sug-
gest that the composition of the cartilage differed little be-
tween some adjacent macroscopic grades, which made dis-
crimination by T1 rho difficult.

Site-specific differences among the ROIs

In the present study, the T1 rho values of the pLFC were
higher than those of the cLFC in all three grades of the
ICRS and grades 1 to 3 on the OARSI (Tables 1 and 2). The
same tendency was seen by Okazaki et al., reporting that the
T1 rho value of the deep zone of the posterior area of the
femur was higher compared to that of the distal area of the
femur in PCL injured knees versus normal knees, although no
statistical analysis was performed [27]. This finding might be
due to the magic angle phenomenon, or unknown artifacts, or
may simply be a site-specific feature of cartilage, such as
differences in proteoglycan content [28]. Li et al. reported a
higher GAG content in the inferior femoral condyle than in the
posterior femoral condyle of similar severity of osteoarthritic
knees to the present study [29]. Goto et al. also reported a site-
dependent difference of the T1 rho value, using smaller ROIs
in knees of asymptomatic volunteers with an average age of
41.6 years. A positive correlation of the T1 rho value and age
was also reported [30]. Nozaki et al. reported that the type of
pulse sequence (SPGR vs. b-FFE) affected the T1 rho values
[28]. Therefore, before applying T1 rho mapping in a clinical
setting, several issues need to be addressed, including age-
related differences, site-specific differences, and standardiza-
tion of the sequences employed. Once these problems are
resolved, T1 rho mapping may be promising. Using the same
modality and knee coils at different institutions, Li et al. re-
ported that T1 rho values showed minimal differences and
concluded that, with careful quality control and cross-calibra-
tion, multi-site studies were possible [28].

Table 4 Mixed effect analysis of
T2 mapping Variable Estimated

value
Standard error 95% CI P value

OARSI 1 32.967 0.563 31.830 34.104 0.0527
OARSI 2 34.770 0.708 33.342 36.198

Location cLFC 33.805 0.794 32.202 35.408 <0.0001*
Location cLTP 30.542 0.775 28.978 32.106

Location pLFC 37.257 0.781 35.682 38.832

Variable Ref 1 Ref 2 Estimated
difference

Standard
error

95% CI P value

OARSI 1 2 −1.803 0.905 −3.628 0.0221 0.0527

Location cLFC cLTP 3.262 1.110 1.023 5.502 0.0053*

Location cLFC pLFC −3.452 1.114 −5.699 −1.205 0.0034*

Location cLTP pLFC −6.715 1.100 −8.934 −4.495 <0.0001*

The location of the ROI had an effect as a variable but the OARSI grade did not. Both relaxation times for the
pLFC were significantly higher than those for the cLFC and cLTP
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Compositional parameters of cartilage

Articular cartilage is composed of 90% type-II collagen, 5–
10% proteoglycan (PG) and bound water [32]. Among them,
the GAG concentration has been reported to have the largest
influence on T1 rho values [7, 25], although it is not a single
decisive parameter. T1 rhomay reflect non-specific changes in
the cartilage extracellular matrix [33]. van Tiel et al. reported
that the T1 rho relaxation time did not correlate with either the
GAG content or the collagen content of human cartilage,
whereas dGEMRIC correlated highly with both parameters
[34]. The authors speculated that T1 rho mapping might mea-
sure other elements of cartilage such as water content or a
combination of composites of the cartilage extracellular ma-
trix [34]. Considering that cartilage degeneration does not
depend on a single compositional change but rather a combi-
nation of multiple parameters proceeding simultaneously [35,
36], use of this technique to detect early changes in articular
cartilage would be possible, but further studies are required to
determine the parameters affecting T1 rho values. This study
demonstrates that T1 rho distinguishes histological changes,
which might reflect multiple parameters (i.e., loss of GAG,
derangement of collagen, surface irregularities and other com-
positional changes) [19]. Despite the previously mentioned
uncertainty of T1 rho values, the clinical application of this
technique may prove useful. Early changes of cartilage have
been detected in patients with a posterior root tear of the me-
dial menisci [37], in a lower-limb alignment dependent fash-
ion [38], in ACL injured knees [31, 39], in asymptomatic PCL
injured knees [26], in mal-aligned patella [40] and in hip joints
with a cam deformity [41].

Need for further improvement

Although there is growing evidence that T1 rho use in clinical
settings is preferable [3, 7–10, 33, 37, 38], several problems
need to be addressed for further technical refinement, in addi-
tion to defining the characteristic features of T1 rho. (1) A
standard way to acquire and process images is lacking. (2)
The MRI protocols and methodology of segmentation in the
T1 rho studies should be standardized [28]. (3) Site-specific
differences, even with the same histological grade of cartilage,
shown in the present study, indicate the necessity for deter-
mining adequate placement of the ROIs in terms of size and
location. (4) In this study, 3 ROIs were set per slice, i.e., the
cLFC, pLFC, and cLTP, which was similar to other reports
[27, 30]. However, although it was taken into account that the
mechanical property of the cartilage differed whether it was
adjacent to the menisci or not [42], it was not possible to verify
if ROIs were adequate. Compositional or biomechanical dif-
ferences between the femoral and tibial cartilage [43] and site-
specific differences even in the same femur or tibia [38, 44]
might help determine adequate placement of the ROIs but this

has not yet been achieved. One alternative way to determine
the ideal ROIs would be to construct 3D images of the whole
cartilage. However, methods to evaluate the status of whole
cartilage based on 3D images have not been developed.

Limitations

Several limitations regarding our study need to be considered.
First, samples from osteoarthritic knees that required joint
replacement were used and the less degenerated area of carti-
lage from the lateral compartment was examined. Thus, even
cartilage composition of a macroscopic or histological grade 1
might be different from healthy cartilage. If this is the case, our
study lacked control samples although the T1 rho and T2
values were within the reference range.

Second, we obtained osteochondral specimens with chisels
referencing surgically used lines in order to match them to the
MRI slices as much as possible, but inevitably the manual
procedure may have resulted in discordance. Third, we
employed as a standard reference, the macroscopic ICRS
grade and microscopic OARSI grade, where the grades were
basically dependent upon the surface irregularities. However,
the MR images referred to the composition of the cartilage.
The close relationship between the status of the surface and
the cartilage composition of the mid to Opnedeep zones could
make them an acceptable standard [19]. The OARSI histolog-
ical grading system has been widely used in this type of study
[4, 7, 45, 46]. Adding dGEMRICmight improve our study but
lengthy acquisition time in total was a concern for ethical
committee and we were not allowed to perform. Fourth, we
did not perform a validation study between the 2D and 3D
acquisitions. However, the sequences we used in the present
study were in accordance with previous studies and our goal
was to compare the 3D T1 rho and the 3D T2 acquisitions, so
we believe that the lack of validation should be excused [12,
47].

Lastly, our study lacked a biochemical analysis of the
cartilage.

Conclusion

Compared to T2 mapping, T1 rho mapping may have an ad-
vantage in differentiating grades I and II cartilage degenera-
tion on OARSI histological grading system.
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