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Abstract

Introduction: Rheumatoid arthritis (RA) affects 1% of the population and is principally
associated with joint inflammation. It is suggested however that muscle involvement may be
one of the earliest clinical features of RA. It is therefore important that techniques exist to
accurately assess muscle health in those with RA to enable successful treatment. This study
assesses the inter-rater and intra-rater repeatability of Diffusion Tensor MRI (DTI), 2-Point
Dixon fat fraction, and T2 relaxation of the thigh muscle in patients with RA using manual
regions of interest (ROI).

Methods: Nineteen patients (10/19 males; mean age 59; range 18-85) diagnosed with RA had
an MRI scan of their hamstrings and quadriceps muscles to obtain fat fraction (FF), mean
diffusivity (MD), fractional anisotropy (FA), and T2 quantitative measurements. Two raters
(R#1 & R#2) (initials removed for review) independently contoured ROIs for each patient. R#1
repeated the ROI for the same 19 patients after a 6-month hiatus to assess intra-rater
repeatability. Inter-rater and intra-rater repeatability for the ROI measurements were compared
using Inter Class Correlation (ICC) and Bland-Altman plots.

Results: There was excellent agreement for both inter-rater and intra-rater repeatability. ICC
results ranged from 0.900-0.998 (P<0.001), and intra-rater ICC results ranged from 0.977-
0.999 (P<0.001). Bland-Altman plots also showed excellent agreement.

Conclusions: 1CC measurements and Bland-Altman plots showed excellent repeatability and
agreement with no statistically significant differences when assessing the inter-rater and intra-
rater repeatability of FF, MD, FA, and T2 relaxation of the thigh muscle using manual regions
of interest in patients with RA.

Implications for practice: Manual ROI drawing does not introduce significant errors obtaining

FF, MD, FA, and T2 MRI measurements in an RA population.



Introduction

Rheumatoid arthritis (RA) is a chronic systemic inflammatory disease affecting
approximately 1% of the population. RA is principally associated with joint inflammation,
however, RA is also accompanied by broad-ranging anatomical and molecular alterations in
skeletal muscle! with muscle weakness commonly reported by patients 2. A reduction in
quality of life for patients with RA has been demonstrated in association with clinical
presentation of muscle inflammation, fat infiltration into muscle (myosteatosis), fibrosis, and
muscle atrophy 2. It has been found that muscle pathology is present in patients with newly
diagnosed and treatment naive RA and those in clinical remission °. This suggests that muscle
involvement may be one of the earliest clinical features of RA and persists despite achieving
clinical remission. Earlier identification of RA with appropriate treatment can improve RA
disease outcomes, increasing remission rates and structural damage 7. However, if muscle
involvement persists having achieved remission, as previously demonstrated by Farrow et al
® it is important that techniques exist to accurately assess muscle health in those with RA to
enable successful treatment.

Magnetic resonance imaging (MRI) is a non-invasive imaging modality that enables in vivo
evaluation of muscle volume, microstructure and myosteatosis, which can all be signs of
rheumatoid cachexia (RC) *8. Quantitative MRI (QMRI) techniques are increasingly being
recognised as beneficial for the early diagnosis and treatment of many pathologies and
muscular disease *'°. Furthermore, it has previously been demonstrated that qMRI
measurements may detect changes in the muscle related to conditions such as RA ©, myositis
1" and ageing '? compared to matched healthy controls. Appropriate use of diagnostic
imaging modalities and accurate image interpretation adds significant value to the diagnosis
and treatment process of musculoskeletal disease '*!4, with MRI considered to be the gold
standard imaging modality for detecting changes in muscle tissue '°. This has been
demonstrated in studies of the relationship between muscle inflammation and degeneration in
musculoskeletal diseases such as RA, where muscle involvement is known to occur'®.
However, qualitative evaluation and analysis of conventional MR imaging for skeletal muscle

1 7. Therefore, there is a need for

disease is subjective and dependent on the readers’ skil
objective evaluation of alterations to skeletal muscle using quantitative imaging '8. DTI
measurements related to anisotropic tissues are used to acquire information about the
orientation and architectural organisation of the muscle tissue '*%. DTI sequences may
provide a unique non-invasive technique for studying muscle fibre orientation 2!. Parameters

used to assess diffusion in the muscle were: mean diffusivity (MD), displayed as



[x10—3mm2s—1], and fractional anisotropy (FA) displayed on a scale between [0-1]. Dixon
FF imaging is a technique that exploits the differences in the resonant frequencies between fat
and water in order to separate them in the image and produce fat fraction measurements. T2,
or the transverse relaxation time, is one of the fundamental contrast mechanisms in MRI.
Quantitative T2 measurements are sensitive to fluid related to physiological or pathological
changes at the macromolecular level. Longer T2 relaxation times are often interpreted as
increased fluid due to oedema or inflammation.

Repeatability of gMRI measurements, including FF and DTI imaging, has already been
established in a healthy control population 2. However, it is yet to be elucidated if these
measures are repeatable in patients with musculoskeletal disease where it may be challenging
to demarcate the muscle due to the disease process. If gMRI is found to be repeatable in an
RA patient population, this would support the integration of gMRI into the routine
assessment of muscle health to assess muscular changes and identify pathology in a range of
musculoskeletal diseases and potentially earlier than currently identified. This study is an
extension of elements of a previously published work by Farrow et al (2019)?*> which found
that gMRI measurements were reproducible in a healthy control population. The aims of this
research study were to determine the repeatability of quantitative MRI measurements of FF,

DTI, and T2 in the thigh muscles of 19 patients with RA using manual ROI.

Methods

The MRI scans used in this study were undertaken for the MUSCLE II study at the NIHR
Leeds Musculoskeletal Biomedical Research Centre, Chapel Allerton Hospital, Leeds, in
2017 and 2018 ?2. Ethical approval was obtained, and patients gave written informed consent
(REC:17/EM/0079). The anonymised scans of nineteen participants (mean age 59 years,
range 18-85, 10 males) with a diagnosis of RA were included in the study. The sample size
of 19 was based on guidelines recommending between 12 and 30 participants for powering

future clinical trials 2°. All images and patient data were anonymised.

Eligibility criteria
Patients aged 18 years or over who had a diagnosis of RA based on the ACR/EULAR
criteria®* and could give written informed consent were eligible. Exclusion criteria included

previous history of spinal disease, neuropathy, and contraindications to MRI.



MRI measurements

In vivo muscular analysis of the patient’s dominant thigh was performed on a 3 Tesla (T)
MRI scanner (Magnetom Verio, Siemens Healthcare, Erlangen, Germany) at the Leeds
Biomedical Research Centre, Chapel Allerton Hospital. Localisation of thigh muscle
comprised of a series of scout images in three orthogonal directions of the thigh. After
localisation to ensure good positioning of the field-of-view (FOV), axial slices were fixed
centrally to the thigh with the cordial edge of the FOV in line and level with the insertion of
the quadriceps muscle at the tibial tuberosity.

This study utilised three gMRI sequences to enable accurate comparisons as a base for the

measurement of repeatability and agreement of manual ROIs in thigh muscle:

1. VIBE-Dixon technique (two-point Dixon fat quantification)
2. Stimulated echo acquisition mode (STEAM) echo-planar imaging (EPI) (diffusion)

3. T2 Multi-echo spin echo (MESE) measurements (T2 measurement)

Fat quantification

Fat quantification is understood to be simplified by employing quantitative imaging, with fat
fraction mapping believed to become a mainstay of clinical radiology in the future °°. Fat
fraction (FF) was measured using a 2-point VIBE-Dixon sequence (Table 1), which provides

a quantitative measure of myosteatosis and is displayed as a percentage.

Diffusion tensor imaging (DTI)

Previous studies investigating the use of DTI in muscle have utilised spin-echo DTI
measurements. However, rather than spin echo, this study used a STEAM prototype sequence
with an echo-planar imaging (EPI) readout (Table 1) 2. This methodology choice was due to
STEAM having a longer sequence time and therefore having more time to diffuse in muscle
and thus should be more sensitive to diffusion within muscle tissue. Therefore, imaging

acquired using STEAM are not affected by susceptibility artefacts to the same degree
9,21,22,27,28



T2 relaxation

T2 measurements were obtained by fitting a mono-exponential decay curve to the signal
intensities taken from the ROIs across the 16 acquisition echo times (Table 1) 2°2°. Spectral
attenuated inversion recovery (SPAIR) fat suppression technique was used as most existing

T2 mapping techniques are sensitive to the fat content in muscle '%.



Table 1 Quantitative MRI sequence parameters

Fat Diffusion T2 Relaxation
Quantification

Imaging sequences VIBE-Dixon STEAM- T2 MESE (multi-echo

(acquired in axial plane) EPI spin-echo) 16 echoes

TR: Repetition Time (ms) 11 6300 1500

TE: Echo Time(s) (ms) 2.45 and 3.675 42.4 9.5;19.2; 28.8; 38.4; 48;
57.6; 67.2; 76.8; 86.4; 96;
105.6; 115.2; 124.8; 134 .4,
144; 153.6

Field of View (mm) 300*300 300*300 300*300

Slice Thickness (mm) 5.0 5.0 5.0

Fat suppression None SPAIR SPAIR

Acquisition Matrix 256*256 128*128 256%*256

Number of slices 40 4 4

Number of averages 1 8 1

Receiver bandwidth 510 1502 201

(Hz/pixel)

Flip Angle () 15 N/A 180

B-Values N/A 0 and N/A

500 mm?s™!

Diffusion directions N/A 6 N/A

Echo spacing (ms) N/A 0.75 N/A

EPI factor N/A 128 N/A

Diffusion mixing time (ms) | N/A 980 N/A

Acquisition time (min: secs) | 01:47 06:12 04:05




ROI placement
Osirix (v.4.0; open-source DICOM viewer, www.osirix-viewer.com) was used to contour
individual muscles of the thigh:
Quadriceps: Rectus femoris, vastus lateralis, vastus intermedius and vastus lateralis.
Hamstrings: Biceps femoris, semitendinosus and semimembranosus.
ROIs were drawn around the individual muscles by the two raters independently on the
middle slice (20 of 40) of the in-phase VIBE-Dixon volume (Figure 1). This slice was
chosen as a consistent anatomical location. ROIs were drawn slightly within the muscle belly
to avoid contamination with fascia and adipose tissue. In-phase VIBE images were selected
to contour the muscles as anatomical structures, including muscle and fat, are well
demonstrated on these images and they are advocated for use in muscle imaging >33, The
same FOV was used for all quantitative sequences to enable cross-propagation of the ROI to
the different MRI images without interpolation.
Mean values for FF, MD, FA, and T2 were obtained by combining the ROIs of the individual
muscles that make up the hamstrings and quadriceps muscle groups. The inter-rater and
intra-rater measurements for the hamstrings and quadriceps were then calculated. Both
researchers were blinded to the name, age, and sex of the patient population before and
during the contouring of the ROI. For inter-rater reproducibility, the 19 MRI data sets were
independently contoured by the two raters at different time points (R#1 and R#2) (initials
removed for review). For intra-rater repeatability, the same 19 MRI data sets were contoured
twice by R1, with a 6-month interval between measurements to reduce rater and measurement

bias34’35



Figure 1. Example of ROI placement of hamstring and quadriceps muscle groups on VIBE
Dixon image. (Red= Vastus Lateralis; Black=Vastus Intermedius; Blue= Rectus Femoris;
Pink= Vastus Medialis; Yellow=Biceps Femoris; Green=Semitendinosus; Silver=

Semimembranosus).

Data analysis

Data analysis for quantitative MR image sequences calculated from the ROI volume was
performed using MatLab (R2018a, MathWorks, Nattick, MA). T1 correction between fat and
water was accomplished by using the assumed values for fat (T1=1420ms) and water
(T1=371ms) *¢. FF was calculated from the corrected fat (Sf) and water (Sw) signals using
the equation:

FF = Sf/(Sf+Sw) x 100%.

MD (x10-3 mm?2 s-1) and FA maps were produced by the scanner software, T2 mapping was
produced from the MatLab software program. To calculate T2 values, the signal intensity
versus echo time decay curves from each ROI were fitted using a mono-exponential decay

function ',



Statistical analysis

Statistical analysis was performed in SPSS (IBM SPSS Statistics for Windows, v. 25.0.
Armonk, NY: IBM Corp.) and MedCalc, (MedCalc Software bvba, Ostend, Belgium;
http://www.medcalc.org; 2019). ICCs, with 95% confidence intervals (CI) was calculated to
compare inter-rater and intra-rater repeatability. ICC is a widely used index in inter-rater,
and intra-rater analyses *%. The ICC measured ROI repeatability with a two-way mixed-
effects model with absolute agreement. ICC values above 0.60 were classed as good, and
above 0.75 were classed as excellent **¥, Agreement between ROIs was measured using
Bland-Altman plots. As there is no current clinical practice for the methodology used in this
study, an a priori benchmark of acceptability was set as 95% of the plots to fall within the

limits of agreement (LoA), based on previous thigh muscle ROI studies !>,

Results

Figures 2 and 3 depict Bland-Altman agreement plots for inter-rater and intra-rater
repeatability for the hamstrings muscle group. ICCs ranged from 0.900 to 0.989 and 0.977 to
0.994 respectively (Table 2), indicating excellent agreement.

Figures 4 and 5 depict Bland-Altman agreement plots for inter-rater and intra-rater
repeatability for the quadriceps muscle group. ICCs ranged from 0.972 to 0.998 and 0.992 to

0.999, respectively (Table 3), indicating excellent agreement.

10



Fat fraction Fractional Anisotropy

004 |
N
4 T Q03 - L]
B * +1.96 3D T
i e S | - +1 955D
3L * 14 "_'T-:-J‘-____________ﬁg
—_ - =)
® 2F . * . - " M o e T .,
o = T 2 = E T. ‘e - Mean
o Yy . . . 11 @ 000 T ¥ =
z * - 5 r L . 0001
o ok a - &2 . -
s T . 196 5D & T .
E el __=e=F . 19850
a -1.2 a0l | 7 T amm
2L
-3 anh 1 1 1
m] L | 1 L | L | L | 1 L L _ L
a 0.1 T X3
2 4 § B 10 12 14 ? ?
Mean (%) Mean [0-1]
Mean diffusivity
T2 Relaxation
004 30l
235l
— oozl
[ +1968 5D 0 e ArmesD
‘g ooz . - o024 - sl . 1E
E - E .. *
T 00t T . . . . Nean - 10k .
E 1 ® — 0.008 g o1 s f e, g Mo
= noop . . E sl | “, * 0%
g S £ o .
e 00p -1.98 50 = 05 -
g T — — — — —amz a0l .
2 g0z o Ame
= 15k E
[a] .
02h L 1 L 1 L 1 L 1 L 1 i 1 I 1 I 1
11 1.2 1.3 1.4 1.5 18 S 33 40 4z u 4
Mean (x10~>mm?s?) Mean ms

Figure 2. Inter-rater Bland-Altman agreement plots for FF, MD, FA, & T2 relaxation for the

hamstrings.
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Figure 3. Intra-rater Bland-Altman agreement plots for FF, MD, FA, & T2 relaxation for the

hamstrings.
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Figure 4. Inter-rater Bland-Altman agreement plots for FF, MD, FA, & T2 relaxation for the

quadriceps.
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Table 2. Repeatability ICC values for inter-rater and intra-rater gMRI measures in the

hamstring

Inter-rater FF MD FA T2

ICC values 0.900 0.996 0.989 0.955
Hamstrings (0.423,0.970) (0.985,0.999) (0.973,0.996) (0.882,0.983)
Intra-rater

ICC values 0.992 0.994 0.977 0.985
Hamstrings (0.978,0.997) (0.986,0.998) (0.941,0.991) (0.962,0.9949)

Table 3. Repeatability ICC values for inter-rater and intra-rater gMRI measures in the

quadriceps

Inter-rater FF MD FA T2

ICC values 0.972 0.998 0.997 0.987
Quadriceps (0.730,0.993) (0.995,0.999) (0.993,0.999) (0.967,0.995)
Intra-rater

ICC values 0.992 0.994 0.999 0.989
Quadriceps (0.978,0.994) (0.980,0.998) (0.997,1.00) (0.973,0.996)
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Discussion

MRI is the preferred imaging modality for skeletal muscle imaging due to high soft-tissue
contrast and visualisation of pathophysiological changes such as fatty infiltration,
inflammation, and intramuscular oedema “°. This study demonstrates excellent repeatability
and levels of agreement in FF, DTI, and T2 relaxation time gMRI measurements in patients
with RA using manual ROIs. ICC values for inter-rater and intra-rater repeatability were
excellent *° and ranged from 0.900-0.998 and 0.977-0.999 respectively for the hamstring and
quadriceps muscle groups (Tables 2&3). Evidence from the Bland-Altman plots
demonstrated a mean bias close to zero on the y-axis, which suggests that manual ROIs in
gMRI has high accuracy in patients with musculoskeletal disease and is sufficiently precise to
allow the study of subtle changes to muscle due to RA *'™*3. These findings are promising
and are consistent with a previous study >* that measured the repeatability of manual ROI of
gMRI measurements in a healthy control population. This paper demonstrates that the
variation in measures due to operator bias is substantially smaller than the differences
observed in the muscle between patients with RA and healthy controls ®. This suggests that
gMRI measurements using manual ROI are suitable to be used in patients with
musculoskeletal diseases and may be able to identify early changes in the muscle in the initial
stages of RA.

To the authors’ knowledge, there is no standardised MRI procedure for measuring manual
ROI in muscle volume of the thigh. Although standardisation would be a major step to help
ensure repeatability in manual contouring muscle volume of the thigh in a clinical setting, it
is beyond the scope of this paper to advocate a particular methodology for using manual ROI
of the thigh for quantitative measurements. Precise and consistent technique in contouring
manual ROI in muscle is an important consideration when extracting gqMRI measurements
and would suggest a definitive training program and a higher number of raters would be
needed before being used in any clinical application.

This study was subject to limitations. ‘The sample size of two researchers is too small, future
larger studies are required to confirm these findings’. It was only known that participants had
a diagnosis of RA, not whether they were newly diagnosed, were undergoing treatment, or
were 1in clinical remission. Future research is needed to explore if there are any quantitative
differences in the repeatability of measurements during different stages of RA. It could be
hypothesised that gqMRI could be used as an effective diagnosis during the early stages of
muscle disease, which could improve clinical management and monitoring of disease

progression 7#,
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Rather than the average taken of the muscle groups of hamstring and quadriceps to identify
potential areas of agreement errors, individual muscles could be assessed for agreement
instead. The individual adductor muscles (adductor magnus, adductor brevis and adductor
longus muscles) were not contoured within this study. It was presumed that if included, the
adductor muscle group would provide exaggerated muscle fat percentage and therefore
present potentially false-positive FF results that may have been skewed by inter fascia fat.
The three separate eigenvalues within the MD measurements could be individually examined
for a greater in-depth analysis of the diffusion of water molecules within muscles of the thigh.
Acquisition of T2-mapping techniques can be lengthy, and patient movement during the scan
can result in inaccurate mapping. In MESE, T2 mapping is sensitive to B1 inhomogeneity
and is mainly prominent at high field strengths, such as 3T (which was used in this study) and
can lead to inaccuracies in quantification, 17,

The sample size, despite meeting the requirements for guidelines in powering future studies,

was small.

There is a potential to explore further muscle groups other than the thigh in future studies.

Conclusion

This study has demonstrated excellent intra-rater and inter-rater repeatability of contouring
regions of interest in the muscles of patients with RA in terms of the resulting FF, FA, MD,
and T2 measurements. This illustrates that manual ROIs are fit for purpose in the assessment
and management of musculoskeletal disease using quantitative MRI and justifies further

investigation.
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