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Abstract

The infra-patellar fat pad (IPFP), as intra-articular adipose tissue represents a potential source of
pro-inflammatory cytokines and its size has been suggested to be associated with osteoarthritis
(OA) of the knee. This study examines inter- and intra-observer reliability of fat-suppressed (fs)
and non-fat-suppressed (nfs) MR imaging for determination of IPFP morphological measurements
as novel biomarkers.

The IPFP of nine right knees of healthy Osteoarthritis Initiative participants was segmented by

five readers, using fs and nfs baseline sagittal MRIs. The intra-observer reliability was determined
from baseline and 1-year follow-up images. All segmentations were quality controlled (QC) by an
expert reader. Reliability was expressed as root mean square coefficient of variation (RMS CV%).

After QC, the inter-observer reliability for fs (nfs) imaging was 2.0% (1.1%) for IPFP volume,
2.1%/2.5% (1.6%/1.8%) for anterior/posterior surface areas, 1.8% (1.8%) for depth, and 2.1%
(2.4%) for maximum sagittal area. The intra-observer reliability was 3.1% (5.0%) for volume,
2.3%I/2.8% (2.5%/2.9%) for anterior/posterior surfaces, 1.9% (3.5%) for depth, and 3.3% (4.5%)
for maximum sagittal area. IPFP volume from nfs images was systematically greater (+7.3%) than
from fs images, but highly correlated (r = 0.98).

The results suggest that quantitative measurements of IPFP morphology can be performed with
satisfactory reliability when expert QC is implemented. The IPFP is more clearly depicted in nfs
images, and there is a small systematic off-set versus analysis from fs images. However, the high
linear relationship between fs and nfs imaging suggests that fs images can be used to analyze IPFP
morphology, when nfs images are not available.
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1. Introduction

Osteoarthritis (OA) of the knee represents the most common form of arthritis and causes
chronic disability and pain, particularly in the elderly (Felson et al., 1997; Peat et al., 2001;
Torres et al., 2006). The relationship between the body mass index (BMI), thigh muscle
strength, and knee OA has been studied intensely, but mechanical factors have failed to fully
explain the relationship between obesity and increased risk of OA (Aspden, 2011; Griffin
and Guilak, 2008). Pro-inflammatory mediators secreted by adipocytes (adipokines, e.g.
leptin, interleukin-6) have recently been shown to promote articular tissue degradation (Hui
etal., 2012; Scotece et al., 2013; Stannus et al., 2015), especially in obesity-associated OA,
and adipose tissue has hence been suggested to play an endocrine role in the
pathophysiology of OA (Clockaerts et al., 2010; Griffin and Guilak, 2008; Griffin et al.,
2012; Issa and Griffin, 2012).

The infra-patellar fat pad (IPFP, or “Hoffa’s fat pad™) represents a unique structure of intra-
articular albeit extra-synovial adipose tissue, which is in close spatial vicinity to the
synovium and has been shown to be a source of inflammation and intra-articular leptin
secretion (Gierman et al., 2013; Hui et al., 2012; Issa and Griffin, 2012; Klein-Wieringa et
al., 2011). IPFP morphological measurements have, therefore, gained recent interest in OA
research as potential biomarkers for exploring healthy tissue physiology, structure-function
relationships, disease status, and disease progression.

Based on 3D volumetric analysis of sagittal magnetic resonance images (MRI), a 41%
greater IPFP volume has been reported in healthy men than in healthy women (Diepold et
al., 2015). Even after normalizing IPFP volume to body weight, men still displayed a 9%
greater ratio of IPFP volume/body weight than women. These findings were in contrast to a
much greater proportion of subcutaneous fat (50%) of the thigh in women within the same
study (Diepold et al., 2015). In knee OA patients, a larger IPFP maximum sagittal area has
been reported to be associated with less knee pain and reduced risk of medial cartilage
defects (Pan et al., 2014). In another study, a larger IPFP maximum area was reported to be
negatively associated with radiographic OA and knee pain, suggesting a protective role for
IPFP through a possible mechanism of mechanical shock absorption (Han et al., 2014).
Somewhat in contrast to the above findings, a greater IPFP volume and its significant
correlation with more severe knee pain was reported in subjects with symptomatic and
radiographic patellofemoral OA, compared with asymptomatic controls without
radiographic signs of OA (Cowan et al., 2015).

Given these emerging studies on IPFP morphological measurements as biomarkers, it is
important to establish to what extent quantitative measurement of the IPFP from MRI is
reliable (precise). Intuitively, non-fat-suppressed (nfs) MRIs appear most suitable for the
purpose of measuring the IPFP, because these adipose tissues are displayed with high signal
intensity and good contrast to neighboring non-adipose tissues, such as bone cortices,
ligaments, menisci, and cartilage. However, many epidemiological studies preferentially
acquire fat-suppressed (fs) knee MRIs, because they are better suited for evaluating
structural pathology of articular tissues, such as menisci, cartilage and bone marrow
(Guermazi et al., 2013), and it has not been previously shown whether these permit analysis
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of the IPFP with similar reliability as in non-fs images. Therefore, the specific purpose of
the current study has been to determine the inter-observer and intra-observer reliability
(precision) of IPFP morphology, and to compare quantitative measurements of the IPFP
obtained from intermediate-weighted fs versus nfs MRIs. These measurements included
IPFP volume, surface areas, depth (mean thickness), maximum sagittal area (the slice with
the greatest IPFP area), and central slice sagittal area (the middle slice of all segmented
slices in each data set).

2. Material and methods

2.1. Study sample

The participants used in this analysis were taken from the healthy reference cohort of the
Osteoarthritis Initiative (OAI) data base (Eckstein et al., 2014, 2012). The OAl is a
multicenter, longitudinal, prospective observational study that provides public access to
clinical datasets, radiographs, MRIs and bio-specimens from serum and urine, so that
researchers can explore the predictive value of biomarkers for knee OA onset and
progression (Eckstein et al., 2014, 2012). Between February 2004 and May 2006, the OAI
recruited 4796 participants, aged 4579 years, at four clinical centers. The participants were
either part of a healthy reference cohort (n = 122, without risk factors for incident knee OA),
were at risk of developing knee OA (i.e. incidence cohort), or had symptomatic knee OA at
the time point of recruitment (i.e. progression cohort). The OAI protocol is consistent with
the principles of the Declaration of Helsinki (World Medical Association) and is registered
under clinicaltrials.gov (identifier: NCT00080171). The OAI received ethical approval by
the Institutional Review Boards (IRB) at each of the four clinical sites, and all participants
gave informed consent. This informed consent includes use of the publicly available images
and clinical data that will be used in this study.

Participants in the OAI healthy reference cohort had to have no apparent radiographic signs
of knee OA, no knee pain, and no risk factors of knee OA, including a normal body weight.
The reliability of IPFP morphology in this study was assessed in nine right knees (5 women,
4 men) of the OAI healthy reference cohort. These were also selected to have axial MRI data
of the thigh at baseline and 2-year follow-up; these thigh images were not relevant to the
current study, but were previously used to report the inter- and intra-observer reliability of
subcutaneous and intermuscular adipose tissue in the thigh (Dannhauer et al., 2015).

2.2. MR image acquisition

The MRI acquisition protocol of the OAI has been previously described in detail (Eckstein
et al., 2012; Peterfy et al., 2008). All MRIs were acquired using 3 Tesla Magnetom Trio
magnets (Siemens Healthcare Erlangen, Germany) and a quadrature knee coil. To segment
and measure the IPFP, we used () the sagittal fat-suppressed (fs) intermediate-weighted
turbo spin-echo sequence (IW TSE; time of repetition = 3200 ms; time of echo = 30 ms;
slice thickness 3.0 mm; in plane resolution 0.36 mm x 0.36 mm; Fig. 1A and B) that was
acquired in both knees of all OAI participants, and (b) the sagittal non-fat-suppressed (nfs)
spin-echo MRI sequence (time of repetition = 2700 ms; time of echo = 30 ms; slice
thickness 3.48 mm:; in plane resolution 0.36 mm x 0.36 mm; Fig. 1C and D). The latter
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imaging sequence was only acquired in the right knees of all OAI participants, as part of a
multi-echo spin-echo (MESE) sequence used to evaluate cartilage composition by its
transverse relaxation time (T2). The 30 ms time of echo acquisition of the MESE was
selected in order to provide consistency in that parameter between the fs and nfs acquisition.

2.3. Image analysis

Manual segmentation of the knees was performed by one postdoc (E.S.) and four medical
students (J.D., A.P., T.P. and F.H.) of the Paracelsus Medical University. These were
initially trained using three test data sets that were not part of the current study. All five
readers processed the fs images; three of them also performed segmentation of the nfs
images.

During the segmentation process, the imaging parameters (brightness, intensity, contrast,
gray value limit) were adjusted manually in each image. Each reader processed all slices that
clearly depicted the IPFP. The anterior border of the IPFP (facing the lig. patellae) was
segmented using one label (green marker) and the posterior border (the one facing the knee
joint) using another label (magenta marker; Fig. 2).

A detailed description of the segmentation process has been provided previously in this
journal (Diepold et al., 2015). All segmentations were quality controlled by a postdoc
anatomist (A.R.) with ample experience in image analysis of musculoskeletal tissues. The
IPFP volume, the anterior and posterior surface area, depth, maximum sagittal area and
central slice area were computed using custom software.

No test—retest images with repositioning at one point in time were available from the OAL.
To overcome this, and to additionally assess variability associated with change in
measurement and biological conditions in healthy subjects, the intra-observer variability of
the IPFP segmentation was evaluated by segmenting baseline and 1-year follow-up (Y1)
acquisitions of the above nine knees by one reader (E.S.), using both fs and nfs images.

2.4. Statistics

All statistical analyses were performed using Microsoft Office Excel 2010, Microsoft Inc.
Redmond, WA, USA) and StatView (1992-1998 SAS Inst. Inc. Cary, North Carolina,
USA). Demographic data and quantitative measurements of IPFP morphology were reported
as means and standard deviations (SDs).

The inter-observer and intra-observer reliability of the various quantitative measurements of
the IPFP were described by the root mean square (RMS) coefficient of variation (CV) in
percent (%) (Gluer et al., 1995). The RMS CV% expresses the magnitude of the variability
of the measurement between the five readers (inter-observer reliability), or when different
images are read by the same person (intra-observer reliability); larger values indicate greater
variability (i.e. greater error) and consequently a lower degree of reliability or precision. To
evaluate whether there were systematic differences between the readers, an ANOVA of
repeated measurements was used. To evaluate whether there were systematic differences
between baseline and 1-year follow-up (intra-observer test-retest), a paired t-test was
applied.
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Results from fs and nfs imaging were compared using ANOVA of repeated measurements.
Further, the Pearson correlation coefficient was computed to evaluate whether results from
both acquisition protocols were linearly related. To this end, the means of the three
observers who had segmented both the fs and nfs images were used.

The demographic data of the nine OAI healthy reference subjects are shown in Table 1.
Although there was a slight longitudinal increase in body weight and BMI between baseline
and 1-year follow-up, this difference did not reach statistical significance.

3.1. Inter-observer reliability of the IPFP using fat-suppressed imaging

Before expert QC, the inter-observer RMS CV% for IPFP volume from fs imaging was
11.7% across the nine data sets (Table 2). The mean volume (overall five readers) was 21.8
cm3 and the difference between the readers ranged from —9.1% to 14.6%. After expert QC,
the RMS CV% dropped to 2.0%, with a mean IPFP volume of 21.7 cm?3 and a difference in
volume of —3.3% to 3.5% between the readers. Before QC, precision errors were observed
to be larger for the IPFP anterior and posterior area than for IPFP volume, but smaller for
IPFP depth, maximum sagittal area and central slice area. After expert QC, precision errors
were similar for all quantitative IPFP measurements and were consistently smaller than
before expert QC (Table 2). Before QC, the number of sagittal slices selected to segment
IPFP morphology varied by up to four slices between the readers per data set, whereas after
expert QC, the same number of slices was processed by each reader for each data set. Even
after QC, ANOVA identified significant differences between readers in most measurements,
except for IPFP depth (p = 0.22). However, quantitative measurements of the IPFP between
the five readers showed a high linear relationship for all measurements (r = 0.99).

3.2. Inter-observer reliability of the IPFP using non-fat-suppressed imaging

Before QC, the inter-observer RMS CV% for IPFP volume from nfs imaging was 4.3%
across the nine data sets (Table 2). The mean volume was 23.4 cm?3 and the difference in
volume between the three readers ranged from —2.2% to 1.7%. After expert QC, the RMS
CV% dropped to 1.1% with a mean IPFP volume of 23.8 cm3 and a difference of —0.7% to
0.7% between the three readers. Before QC, precision errors were again observed to be
larger for the IPFP anterior, posterior area than for IPFP volume, and were similar for IPFP
depth, maximum and central slice sagittal area as for volume. After expert QC, precision
errors were similar for all quantitative IPFP measurements and were consistently lower than
before expert QC (Table 2). Before QC, the number of sagittal slices selected to segment
IPFP morphology varied by only one slice between the three readers, whereas after expert
QC, the same number of slices was processed by all readers for each data set. Even after
QC, ANOVA identified significant differences between readers in most measurements,
except for posterior surface (p = 0.49). However, as for fs imaging, volumetric results of the
IPFP between the three observers showed a high linear correlation for all comparisons (r =
0.99).
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3.3. Intra-observer reliability using fs and nfs imaging

Using fs imaging, the intra-observer RMS CV% for the IPFP volume was 7.0% before and
3.1% after expert QC (Table 3). There were no significant differences in IPFP measurements
between baseline and 1-year follow-up, except for a reduction in maximum sagittal area (p =
0.02) and central slice area (p = 0.04). Using nfs imaging, the intra-observer RMS CV% for
the IPFP volume was 7.2% before and 5.0% after expert QC; again there was no significant
difference between baseline and 1-year follow-up, except for the reduction in maximum
slice area (p = 0.03) and central slice area (p = 0.02; Table 3).

3.4. Comparison of IPFP morphology obtained from fs versus nfs imaging

Comparing results from fs with those from nfs imaging, ANOVA identified significant
differences (p < 0.05) between both acquisition protocols for all quantitative measurements,
when using mean values of the three readers for fs and nfs images. The mean differences
were +1.6 cm3 (95% C1 0.9, 2.3; +7.3%) between fs and nfs imaging-derived IPFP volume,
+1.8 cm? (95% CI 1.1, 2.5; +11.0%) for the anterior area, +3.2 cm? (95% CI 2.0, 4.4;
+10.6%) for the posterior area, —0.5 mm (95% CI 0.8, —0.1; —3.4%) for depth, +1.1 cm?
(95% CI 1.0, 1.3; +15.9%) for maximum sagittal area, and +1.2 cm? (95% CI 1.0, 1.4;
+15.7%) for central slice area.

However, results between both acquisition protocols displayed a high linear relationship,
with Pearson correlation coefficients of 0.98 for IPFP volume, 0.93 for anterior surface, 0.92
for posterior surface, 0.87 for depth, 0.98 for maximum sagittal area, and 0.98 for central
slice area (Fig. 3).

4. Discussion

Image-based IPFP morphological measurements potentially represent a novel biomarker in
knee OA, and in the exploration of structure-function relationships of synovial joint tissues.
Therefore, the current study has been performed to evaluate the inter- and intra-observer
reliability of IPFP morphology, and to compare IPFP measurements derived from more
commonly used fs than nfs MR images by relatively inexperienced (junior) researchers, who
are commonly involved in studies requiring large scale segmentation.

We find that IPFP morphology can be reliably determined from both fs and nfs imaging,
when expert QC is applied. Although there was a small, but statistically significant offset in
the IPFP measurements between readers, the differences were relatively small, and much
smaller than the inter-subject variability in IPFP measurements. Further, quantitative
measurements between all readers were highly correlated. Not surprisingly, IPFP
measurements were slightly greater when determined from nfs than from fs MRIs, but again
values were highly correlated between both acquisition protocols.

The intra-observer analysis also revealed satisfactory reliability between baseline and 1-year
follow-up. Although it may appear surprising that the intra-observer analysis showed greater
variation than the inter-observer analysis, this is to be explained by the latter being
performed on identical images, whereas intra-observer test—retest analysis relied on image
acquisitions taken one year apart. The precision errors reported in the intra-observer analysis
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thus also encompasses variability in imaging conditions and in biological conditions over
this relatively long observation period, which, however, is relevant to longitudinal
observational studies. In longitudinal studies in OA patients, IPFP size may be potentially
influenced by variability in concomitant effusion. Future longitudinal studies on the effect of
effusion on IPFP volume should thus take into account the normal variability observed here
in healthy OAI participants over a one year period, in which effusion was unlikely due to the
lack of risk factors of OA.

As previously recommended (Gluer et al., 1995), the RMS CV% was determined as a
measure of reliability. Although a limitation of this study is the relatively small sample size
of nine data sets, the degrees of freedom of the present inter-observer analysis is 9 x (5 — 1)
= 36, which is above the minimum of 27 degrees of freedom recommended by Glier et al.
(1995), insuring that the real precision error is not underestimated by more than 30%. The
inter-observer variability (RMS CVV%) of quantitative measurements of thigh adipose tissue
cross sectional areas from MRI was reported to be 2.2% for subcutaneous fat, and 14.7% for
intermuscular fat (Dannhauer et al., 2015); that for medial meniscus volume was reported to
be 5.4% (Siorpaes et al., 2012). The intra-observer variability of quantitative measurements
of thigh adipose tissue was 10.7% for subcutaneous fat, and 12.4% for intermuscular fat
(Dannhauer et al., 2015) with a 2-year interval in between data acquisition. For comparison,
the intra-observer variability of the vastus medialis anatomical muscle cross-sectional areas
was reported to be 4.3/4.5% (painful/painless knees), with a 1-year interval in between data
analysis (Sattler et al., 2014), and the intra-observer reliability of cartilage thickness and
volume measurements in the knee was reported to range from 2.1 to 3.3% (Eckstein et al.,
2008). The reliability values reported here are thus in the range of previously reported
precision errors of other musculoskeletal tissues, for which imaging biomarkers have been
developed.

Before QC, the reliability errors for 3D volumes and anterior/posterior were higher than that
of depth, maximum sagittal or central slice area, particularly in the fs images. This and our
own observations suggest that the greatest source of inter-observer variability is
segmentation uncertainty in peripheral (medial and lateral) regions of the IPFP, in particular
in context of which slice to start and terminate IPFP segmentation. While the different
parameters computed here are not independent and correlated to each other, future studies
will have to show which of these have the highest sensitivity to change in longitudinal trials,
and which approach is thus the most efficient in large-scale applications. As the central part
of the IPFP is constrained by the clearly visible femoral and tibial bone, patella, lig. patellae
and menisci, the medial and lateral IPFP periphery shows less clear borders with adjacent
tissue. However, the periphery may be of particular relevance in studying IPFP volume
variation between subjects and within subjects longitudinally, as this is where adipose tissue
may be potentially added or removed with change in body weight or BMI. However, our
results show that 3D measurements containing the full IPFP volume areas are as reliable as
the analysis of a single sagittal MRI slice, when QC is performed and the number of slices to
be processed is clearly defined by an expert reader. All readers were untrained in image
analysis to start with, and were then trained on the same three test data sets. Given the
limited initial experience of the readers, it is not surprising that a relatively large variability
was observed before expert QC. This is most likely caused by different individual
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perspectives of where the borders of the IPFP are located and may also be affected by partial
volume effects in regions where the sagittal images are not fully perpendicular to the IPFP
surfaces. Relatively inexperienced (junior) researchers participated in the study, as these are
commonly involved in studies requiring large scale segmentation. It is quite possible that the
inter-observer reliably before QC would have been higher, if experienced radiologists or
more experienced imaging experts had been involved. Whether or not QC is paramount
regardless of the experience of the readers will have to be shown in separate studies, but, for
the time being, a rule-based approach that clearly defines the first/last slice of the IPFP,
combined with expert QC, are recommended for providing reliability and consistent results
between different readers.

The OAI data base provides fs MRIs for both knees, whereas nfs MRIs are only available
for the right knees. If only nfs images could be used for the purpose of IPFP analysis, this
would limit the number of possible questions and study designs, prohibiting between-knee,
within person comparisons and any analysis that relies on left knees of interest in the OAL.
The somewhat greater inter-observer reliability in nfs images before QC compared with fs
imaging is likely caused by the higher contrast between IPFP borders and surrounding
tissues, when MRI signal from the adipose tissue is not suppressed. Yet, after expert QC, the
reliability of both acquisition protocols was in a similar range, and measurements obtained
with either method were highly correlated. This is important, because the MR imaging
protocols of many epidemiological studies are restricted to fs imaging, as these images are
generally better suited for evaluating structural pathology of synovial joint tissues, such as
menisci, cartilage or bone marrow (Guermazi et al., 2013). The possibility to determine
IPFP morphological measurements in fs images with similar reliability as for nfs images
therefore provides much wider opportunity for the use of these biomarkers in
epidemiological and clinical studies.

IPFP imaging measurements as potential biomarkers may be of particular interest in clinical
trials that explore non-pharmacological interventions in knee OA. It has recently been
reported that IPFP volume may be responsive to exercise and/or diet as treatment of knee
OA, with the combination of exercise and diet being most effective in reducing IPFP volume
(Pogacnik Murillo et al., 2015) and in providing clinical improvement of knee OA (Messier
et al., 2013). Further studies may be directed at exploring IPFP variation as a function of
BMI (weight gain or weight loss), radiographic knee OA status, knee pain, and to what
extent the IPFP may vary under these conditions. The implementation of a robust standard
measurement procedure that permits results of different readers to be pooled would hence be
of great interest in this field of research.

5. Conclusion

This is the first study to systematically explore the inter- and intra-observer reliability of
quantitative 3D analysis of IPFP morphologic measurements from MRI, as novel
biomarkers in knee OA. The results suggest that quantitative measurements of IPFP
morphology can be performed with satisfactory reliability when expert QC is implemented.
The IPFP is more clearly depicted in nfs images, and there is a small systematic off-set
versus analysis from fs images. However, the high linear relationship between fs and nfs
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imaging suggests that fs images can be used to analyze IPFP morphology, when nfs images
are not available.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Intermediate-weighted fat-suppressed and non-fat-suppressed sagittal MR images of the
infra-patellar fat pad (IPFP)

(A) Fat-suppressed image without segmentation of the IPFP (B) Fat-suppressed image with
segmentation of the IPFP (C) Non-fat-suppressed image without segmentation of the IPFP
(D) Non-fat-suppressed image with segmentation of the IPFP
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Fig. 2. lllustration of the infra-patellar fat pad segmentation and 3D reconstruction
(A) Sagittal fat-suppressed MRI of the knee joint showing segmentation of the anterior

surface (green label), and posterior surface (magenta label) of the IPFP, (B) IPFP volume
(blue) and depth (orange line), (C) 3D reconstruction of the IPFP viewed from posterior-
lateral and (D) from anterior-lateral. (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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Fig. 3. Linear relationship of infra-patellar fat pad (IPFP) fat-suppressed and non-fat-

suppressed MRIs

Linear relationship between fat suppressed TSE (x-axis) and non-fat suppressed MESE (y-
axis) sequence for the infra-patellar fat pad (A) volume, (B) posterior surface, (C) depth and
(D) maximum sagittal area; Abbreviations: MESE, multi-echo spin-echo sequence; TSE,

turbo spin-echo sequence.
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