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Abstract

Objectives Chemical shift encoding-based water—fat MRI derived proton density fat fraction (PDFF) of the paraspinal muscles

has been emerging as a surrogate marker in subjects with sarcopenia, lower back pain, injuries and neuromuscular disorders. The

present study investigates the performance of paraspinal muscle PDFF and cross-sectional area (CSA) in predicting isometric

muscle strength.

Methods Twenty-six healthy subjects (57.7% women; age: 30 = 6 years) underwent 3T axial MRI of the lumbar spine using a

six-echo 3D spoiled gradient echo sequence for chemical shift encoding-based water—fat separation. Erector spinae and psoas

muscles were segmented bilaterally from L2 level to L5 level to determine CSA and PDFF. Muscle flexion and extension

maximum isometric torque values [Nm] at the back were measured with an isokinetic dynamometer.

Results Significant correlations between CSA and muscle strength measurements were observed for erector spinaec muscle CSA

(r=0.40; p = 0.044) and psoas muscle CSA (r = 0.61; p = 0.001) with relative flexion strength. Erector spinac muscle PDFF

correlated significantly with relative muscle strength (extension: r =-0.51; p = 0.008; flexion: r =-0.54; p = 0.005). Erector spinae

muscle PDFF, but not CSA, remained a statistically significant (p < 0.05) predictor of relative extensor strength in multivariate

regression models (R%q; = 0.34; p = 0.002).

Conclusions PDFF measurements improved the prediction of paraspinal muscle strength beyond CSA. Therefore, chemical shift

encoding-based water—fat MRI may be used to detect subtle changes in the paraspinal muscle composition.

Key Points

» We investigated the association of paraspinal muscle fat fraction based on chemical shift encoding-based water—fat MRI with
isometric strength measurements in healthy subjects.

* Erector spinae muscle PDFF correlated significantly with relative muscle strength.

* PDFF measurements improved prediction of paraspinal muscle strength beyond CSA.
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PR Right psoas muscle
RMSCV  Root mean square coefficients of variation
ROIs Regions of interest

Introduction

The paraspinal muscles are important postural muscles sta-
bilizing the spine and playing a crucial role in daily mobility
such as rising from a chair, walking and keeping balance
[1]. There is increasing interest in paraspinal muscle com-
position as a potential prognostic and diagnostic marker for
spine health as integrity, structure and functionality of
paraspinal muscle tissue is affected by systemic as well as
local influencing factors. Exercise [2-5], aging [6, 7] and
sarcopenia [8], metabolic diseases including diabetes
mellitus [9], musculoskeletal disorders including lower
back pain (LBP) [10-13], injuries [14], osteoarthritis [15],
and intervertebral disc disease [16] as well as neuromuscu-
lar diseases (NMD) [17, 18] have been shown to cause
transformation of muscle tissue.

Therefore, magnetic resonance imaging (MRI) as a non-
invasive way to assess structure and composition of paraspinal
muscle tissue is recently becoming popular to characterize
diseases, response to injuries or changes due to mechanical
stress [19, 20]. MRI is used to examine cross-sectional area
(CSA), volume, fatty infiltration and edema of paraspinal
muscle. Most of the population-based studies that investigate
pathoanatomical features of the spine use conventional T-
weighted or T,-weighted MRI [21]. The determination of pro-
ton density fat fraction (PDFF) derived from chemical shift
encoding-based water—fat imaging is a promising technique to
obtain robust, spatially resolved quantitative values with ex-
cellent agreement with spectroscopy [13] and histology [22].

Assessment of paraspinal muscle degeneration (fatty infil-
tration and atrophy) using mostly T;-weighted and T,-weight-
ed MRI has been performed in several clinical studies includ-
ing healthy volunteers [6, 7], patients with LBP [10-13],
whiplash associated disorders [14] and NMD [17, 18, 23]. In
a healthy cohort, women showed significantly more
paraspinal muscle fat infiltration (MFI) than men, indicating
a gender-dependent difference in the muscle tissue composi-
tion [6, 7, 24]. A shrinking of paraspinal muscle mass has been
observed to be associated with aging; however, the association
of CSA and age is still the subject of discussions [6, 25-28].
Paraspinal muscles are more affected by an aging-related in-
crease in MFI than lower extremity muscles [7]. Therefore,
paraspinal muscles seem to be more susceptible to age-related
changes than other muscles. MFI is significantly higher in
patients with LBP compared to a healthy cohort [10-13, 29].
Patients suffering from lumbar spine pathologies also show
higher MFI with increasing age [29].
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Increased paraspinal MFI is associated with muscle weak-
ness [30], poorer function [1] and limitations of movement
[31], postulating that muscle tissue composition in addition
to mass may be responsible for muscle weakness. It is specu-
lated that poorer muscle quality determined by increased MFI
affects muscle function when noncontractile tissue replaces
muscles fibers [6, 7]. However, the association of MFI and
muscle strength has never been accurately investigated in the
paraspinal region in a comparable way to previous work per-
formed in the thigh region [32]. The lack of muscle strength
measurements in the paraspinal region might be related to the
relatively difficult assessment of paraspinal muscle strength.
A handheld dynamometry is a reliable instrument in muscle
strength testing [33], but has limitations, especially when test-
ing the paraspinal muscles [7]. Dahlqvist et al used the static
back extension endurance test, which did not correlate with
CSA or lumbar fat fraction [7]; however, the endurance test is
highly susceptible to the subject’s motivation and effort [34].
The usage of objective muscle isometric strength measure-
ment devices such as an isokinetic dynamometer that allows
a robust assessment of the muscle strength of individual func-
tional muscle groups is still needed to investigate the influence
of MFI on paraspinal muscle function.

Therefore, the aim of this study was to investigate whether
paraspinal muscle PDFF improves the prediction of muscle
strength beyond CSA. The present study investigated the as-
sociation of paraspinal muscle fat fraction with isometric
strength measurements in healthy volunteers using an
isokinetic dynamometer and chemical shift encoding-based
water—fat MRI.

Materials and methods
Subjects

Twenty-six healthy subjects (57.7% women; age: 30 = 6
years) were recruited for this study. Body mass index
(BMI) between 20 and 33 kg/m?* was defined as an inclu-
sion criterion to obtain a rather broad BMI range in the
study population (BMI of study population: mean + SD of
27.0 £ 2.7 kg/m?; range: 22.2-32.4 kg/m?). Completing the
International Physical Activity Questionnaire (IPAQ-sf) en-
sured that all recruited subjects had a moderate level of
physical activity (referring to IPAQ-sf scoring protocol:
600-1,500 MET-min/week) and no history of high-
performance sports [35, 36]. Based on T2W Dixon TSE
images and physical examination before the muscle
strength measurements, only subjects with a physiological
spine anatomy were included. It was ensured that the sub-
jects’ spine were aligned and did not show any qualitatively
detectable anatomy variations or spine pathologies such as
scoliosis. Exclusion criteria were vertebral fractures, NMD
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and MRI contraindications. All subjects gave written in-
formed consent on MRI examination and biometrical
strength measurements. The study was approved by the lo-
cal institutional Committee on Human Research.

MRI measurements

All subjects underwent MRI on a 3T system (Ingenia, Philips
Healthcare, Best, The Netherlands) using a whole-body coil,
the built-in 12-channel posterior coil and a 16-channel anterior
coil, which was placed on top of the abdomen. Subjects were
positioned head-first in a supine position. An axially-
prescribed six-echo 3D spoiled gradient echo sequence was
used for chemical shift encoding-based water—fat separation
covering the lumbar spine. The sequence acquired the six
echoes in a single TR using non-flyback (bipolar) read-out
gradients and the following imaging parameters: TR/TEmin/
ATE = 6.4/1.1/0.8 ms, field of view (FOV) =220 x 401 x 252
mm®, voxel size = 3.2 x 2.0 x 4.0 mm?, frequency encoding
direction = L/R, no SENSE, scan time = 1 min 25 s. A satu-
ration slab with a thickness of 80 mm was used to minimize
artefacts from breathing motion. A flip angle of 3° was used to
minimize T;-bias effects [37].

The gradient echo imaging data was processed online using
the vendor’s routines as described here: The multi-echo
mDIXON algorithm performs a phase error correction follow-
ed by a complex-based water—fat decomposition using a pre-
calibrated seven-peak fat spectrum and a single T»* to model
the signal variation with echo time. The imaging-based PDFF
maps were computed as the ratio of the fat signal over the sum
of fat and water signals.

MR image segmentation

Segmentation of the paraspinal muscles was performed by
drawing regions of interest (ROIs) on each slice of the PDFF
maps using the open-source software MITK (German Cancer
Research Center, Division of Medical and Biological
Informatics, Medical Imaging Interaction Toolkit) by a radiol-
ogist. The following four muscle compartments were sepa-
rately segmented from the upper endplate level of L2 to the
lower endplate level of L5: right and left erector spinae mus-
cles (ESR/ESL), and right and left psoas muscles (PR/PL).
The ROIs were placed at the muscle contour to allow the
determination of muscle CSA, avoiding the accidental inclu-
sion of subcutaneous fat or the muscle fat-interface.
Representative PDFF maps of one subject with corresponding
segmentation masks of ESR and ESL muscles as well as PR
and PL muscles are shown in Fig. 1. CSA and PDFF of each
muscle were extracted. Right and left CSA and PDFF were
averaged, respectively.

Reproducibility of PDFF measurements

Short-term intra-reader reproducibility: Four subjects (25%
women) were randomly selected from the study population.
Erector spinae and psoas muscles were segmented twice by a
radiologist as outlined above. Intra-reader reproducibility er-
ror was expressed as root mean square absolute precision error
in percent (absolute units) according to Gluer et al [38]. It
amounted to 0.72% for PDFF of the erector spinae muscles
and 0.05% for PDFF of the psoas muscles.

Short-term inter-reader reproducibility: Erector spinae and
psoas muscles were segmented in the same four subjects once
by two radiologists. Inter-reader reproducibility was 0.64%
for PDFF of the erector spinae muscles and 0.46% for PDFF
of the psoas muscles.

Long-term reproducibility: Four additional healthy sub-
jects (25% women; age: 27 + 1 years; BMI: 26.8 + 1.5 kg/
m?) were recruited and scanned at baseline and 4-week fol-
low-up to assess the long-term reproducibility error of the
PDFF measurements in erector spinac and psoas muscles.
The segmentation procedure was performed by one radiolo-
gist. Long-term reproducibility error amounted 0.38% for
PDFF of the erector spinaec muscles and 0.70% for PDFF of
the psoas muscles.

Isometric muscle strength measurements

There were two dates for measuring the isometric mus-
cle strength of back extensors with different objectives:
The aim of the first visit was to become familiar with
the measuring procedure and to provide training in ac-
tivating the maximum isometric strength. To ensure the
reproducibility of strength measurement, each subject
did at least five and up to eight repetitions with maxi-
mum voluntary isometric contraction (MVIC) with
3 min breaks in-between. The second appointment was
the final measuring visit to collect the MVIC data,
which the present analysis is based on. There were at
least 2 days of rest between the two visits and subjects
were instructed to come totally recovered (no physical
activity for 2 days before) to the measurements, which
always took place between 10:00 a.m. and 2:00 p.m.
Each visit started with a standardized warm-up: 10
min on a cycling ergometer (70-80 rpm) to activate
the cardiovascular system were followed by 30-45 s
of holding the plank-position statically as well as doing
10-15 sit-ups for muscular pre-activation of trunk
muscles.

Afterwards the subjects were placed in an isokinetic
rotational dynamometer (IsoMed Back Module, D&R
Ferstl GmbH) that was calibrated exactly on each individ-
ual body dimension. Subjects were seated in an upright
sitting position with a hip angle of 90° and were fixed by
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Fig. 1 (a) Sagittal view of lumbar
spine (T,-weighted Dixon
sequence). Segmentation was
performed from the upper
endplate level of L2 to the lower
endplate level of LS. (b)
Representative PDFF map with
manually segmented muscle
compartments. 1: right erector
spinae muscles, 2: left erector
spine muscles, 3: right psoas
muscle, 4: left psoas muscle

a hip belt and two adjustable straps, one for fixing the
upper body, the other one for fixing the legs. The setup
for MVIC measurements is shown in Fig. 2. In the fixed
position, the subjects’ task was to flex or extend the upper
body with the individual maximum contraction of trunk
muscles against the measuring pad on the front-/backside
of the body. MVIC of each direction of movement (flex-
ion/extension) was collected three times with 3 min of
recovery in-between and the highest value of the muscle
flexion and extension maximum isometric torque [Nm]
was taken for the data analysis. The starting direction of
the movement was randomized. The force transducers
were located in the measuring pads to transfer the mea-
sured value of maximum isometric torque to the software
proEMG. The measured absolute flexion and extension
MVICs were adjusted to the BMI to obtain relative
values.

Fig. 2 Setup for isometric muscle
strength measurements
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Reproducibility of muscle strength measurements

Roth et al [39] proofed test-retest reliability of isometric (and
isokinetic) torque measurements in trunk flexion/extension
using the back module of the IsoMed 2000 (D&R Ferstl) with
n = 15 at four different dates and stated an absolute reliability
providing stable repeatability in the isometric (as well as
isokinetic) condition. That result is consistent with the present
verification of reproducibility by testing n = 3 (33.3% women;
mean age = 29 £ 6 years) beforehand the two measurement
visits. The three subjects performed the measurements on
three consecutive days between 10:00 a.m. and 2:00 p.m.
The reproducibility expressed as root mean square absolute
precision error in Nm (absolute units) and as root mean square
coefficients of variation (RMSCV) in percent (relative units)
according to Gluer et al [38] was: 5.8 Nm and 2.8% for ex-
tension, 4.2 Nm and 3.2% for flexion, respectively.
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Table 1 Spearman correlation coefficients r for muscle strength measurements versus muscle PDFF and CSA
Erector spinae psoas erector spinae psoas
muscle PDFF muscle PDFF muscle CSA muscle CSA
relative extension muscle strength r -0.51 ns. ns. n.s.
p-value 0.008 0.904 0.440 0.291
relative flexion muscle strength r -0.54 ns. 0.40 0.61
p-value 0.005 0.628 0.044 0.001

Bold type denotes p < 0.05 (statistically significant)

Statistical analysis

Statistical analysis was performed using SPSS (SPSS Inc.,
Chicago, IL, USA). All tests were done using a two-sided
0.05 level of significance.

Parameters were presented as mean and standard deviation
(SD). The Kolmogorov-Smirnov test indicated for the major-
ity of parameters no normal distribution. Therefore, CSA and
PDFF between males and females were compared using the
Wilcoxon-Mann-Whitney test. Correlations were evaluated
with the Spearman correlation coefficient r. Multivariate re-
gression models were used to determine significant predictors
of relative extension and flexion strength. Potential predictors
(CSA and PDFF of the erector spinae and psoas muscles) were
included in the regression models if the level of significance
was p < 0.05.

Results

CSA was significantly (p < 0.05) greater in males compared to
females in the erector spinae (33.18 + 8.65 cm? vs. 23.09 +
5.64 cm?; p = 0.004) and psoas muscles (17.83 +5.61 cm? vs.
8.19 £3.07 cmz; p <0.001). PDFF was lower in males than
females in the erector spinae (8.91 £2.10% vs. 11.64 £2.93%;
p=0.009) and psoas muscles (4.88 £ 1.09% vs. 5.27 + 1.83%;
p = 0.446). Males had greater relative muscle strength than
females for flexion (6.33 = 1.28 Nm?/kg vs. 3.51 + 1.06 Nm*/
kg; p < 0.001) and extension (7.81 + 1.96 Nm?/kg vs. 6.41 +
1.70 Nm®/kg; p = 0.097).

PDFF of the erector spinae and psoas muscles showed no
significant correlation with age and BMI (p > 0.05). CSA of
the erector spinae muscles correlated significantly with BMI (r
= 0.46; p = 0.019) but not with age (p > 0.05). CSA of the
psoas muscles did not correlate significantly either with BMI
and or with age (p > 0.05).

CSA of the erector spinae muscles correlated significantly
with CSA of the psoas muscles (r = 0.84; p < 0.001), while
PDFF of the erector spinae and psoas muscles showed no
significant correlation (p > 0.05). Relative extension strength
correlated with relative flexion strength (r = 0.44; p = 0.025).

Spearman correlation coefficients r for PDFF and CSA
values versus muscle strength measurements are shown in
Table 1. Erector spinac CSA and relative extension strength
showed no significant correlations (p > 0.05) (Fig. 3a).
Significant correlations between CSA and muscle strength
measurements were observed for erector spinae muscle CSA
and psoas muscle CSA with relative flexion strength (CSA of
erector spinae muscles: r = 0.40; p = 0.044 (Fig. 3b); CSA of
psoas muscle: r = 0.61; p = 0.001). Erector spinae muscle
PDFF correlated significantly with relative muscle strength
(extension: r = -0.51; p = 0.008 (Fig. 4a); flexion: r = -0.54;
p =0.005 (Fig. 4b)). Psoas PDFF showed no significant cor-
relations with muscle strength measurements (p > 0.05).

Erector spinae muscle PDFF remained the only statistically
significant (p < 0.05) predictor of relative extensor strength in
multivariate regression models (Rzadj =0.34; p=0.002), while
psoas muscle PDFF and both erector spinae and psoas mus-
cles CSA showed no significant contribution (p > 0.05). Only
psoas muscle CSA was included on statistically significant
level in the multivariate regression model for the prediction
of relative flexion strength (Rzadj =0.24; p = 0.010).

Discussion

The present study showed that paraspinal muscle PDFF is a
parameter significantly correlating with relative paraspinal
muscle strength in healthy subjects. PDFF measurements im-
proved the prediction of paraspinal muscle strength beyond
muscle CSA. The present findings support the assumption that
MEFT in paraspinal muscles has a direct influence on paraspinal
muscle functionality.

We observed that males had significantly greater CSA in
erector spinae and psoas muscles, respectively. Males had
significantly greater extension and flexion strength, whereas
females had higher PDFF in erector spinae and psoas muscles,
respectively. These findings are in accordance with current
literature results, showing gender differences in muscle CSA
[6], relating gender differences in muscle strength to differ-
ences in muscle fiber characteristics with males having pri-
marily larger fibers [40] and showing greater MFI in female
than male paraspinal muscles [6, 7].
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Fig. 3 Plot of erector spinae
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Increasing MFTI in paraspinal muscles has been investigated
during aging [6, 7], LBP [10-13], whiplash-associated disor-
ders [14] and NMD [17, 18, 23]. Hence, paraspinal MFI is
increasingly seen as a surrogate marker for paraspinal muscle
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health. MFI is associated with muscle weakness [30] and poorer
functionality [1], in accordance with the assumption that in
additional to paraspinal muscle mass the quality of the contrac-
tile muscle tissue plays an important role for stability and
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Fig. 4 Plot of erector spinae
muscle PDFF versus relative 129
extension (a) and flexion (b)
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functionality of the postural trunk muscles [7]. However, the  investigated, due to the relatively difficult objective, indepen-
direct impact of the replacement of contractile muscle fibers by ~ dent assessment of the paraspinal muscles in strength measure-
noncontractile fatty tissue on paraspinal muscle functionality =~ ments [7]. Using an isokinetic rotational dynamometer, the
represented by muscle strength has not yet been properly  present study allows the direct assessment of the association
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of MFI and muscle strength of paraspinal muscles. Thereby
paraspinal PDFF correlated significantly with relative extension
and flexion strength, whereas CSA only correlated significantly
with relative flexion strength. The relative superiority of PDFF
over CSA for the prediction of paraspinal muscle extension
strength is in accordance with previous studies performed in
the thigh region that show a negative correlation between
PDFF and muscle strength [8, 41-43] and report that muscle
fat fraction rather than muscle size is correlated with knee ex-
tensor strength [44]. As PDFF is significantly correlated with
relative spine extension strength as well as relative spine flexion
strength, PDFF seems to be a general predictor for muscle
strength. The observed correlation coefficients were moderate
and may be explained by the diverse muscle components con-
tributing to the spine extension and flexion. Muscle interaction
for spine movement seems to be highly complex with erector
spinae muscles not only being involved in spine extension and
rotation but also spine flexion, known as the lumbar erector
spinae flexion-relaxation phenomenon [45].

Determination of paraspinal MFI in the present study was
based on chemical shift encoding-based water—fat MRI and is
therefore one of few studies using quantitative MRI to deter-
mine the fat content of paraspinal muscles rather than conven-
tional qualitative sequences that have been used most of the
time [21]. PDFF determination based on chemical shift
encoding-based water—fat MRI is a more robust and reliable
technique to assess fat content than the post-acquisitional
semi-quantitative analysis of conventional sequences. The su-
periority of PDFF compared to CSA in predicting muscle
strength underlines the importance of MRI in the examination
of the lumbar spine muscle region as other imaging modalities
do not allow such an insight into muscle morphology. An
early detection of disruptive factors on muscle integrity and
muscle biomechanical functionality might be useful to early
arrange counteracting individual interventions such as chang-
es in lifestyle, adjusted training or appropriate therapeutics.
Chemical shift encoding-based water—fat MRI is a fast method
that can be added to a routinely performed MRI in patients
with diseases affecting the spine region and is therefore a far
more time efficient way to assess muscle strength than using a
rarely available isokinetic dynamometer.

The present study has some limitations. Firstly, PDFF de-
termination of erector spinae muscles was based on measure-
ments in a ROI over a muscle group. The segmentation masks
grouped the lumbar erector spinae muscles, consisting of
multifidus, longissimus thoracis and iliocostalis lumborum
muscle. Therefore, both inter- and intramuscular fat contribute
to the obtained PDFF values. However, the erector spinae
muscles act as one functional unit not allowing determination
of the contribution of the individual muscles to muscle
strength. Furthermore, the amount of intermuscular fat in the
present cohort was marginal and no remarkable interindivid-
ual difference was observed.
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Secondly, the performed muscle strength measurement
might not only examine the targeted muscle groups.
Although using an isokinetic dynamometer particularly built
to measure muscle strength of the back extension and flexion,
the body movements are a result of different antagonizing
muscles. The major muscles for back extension are the erector
spinae muscles, whereas the psoas muscle has an important
effect on back flexion. However, as the psoas muscle is the
main hip flexor of the body, its influence on inclination of the
lumbar spine is less prominent and therefore could explain
why psoas muscle PDFF was not significantly correlation
with muscle strength during back movement. PDFF measure-
ments of abdominal muscles as the main muscle contributor
for flexion were not possible due to breathing artefacts in the
free-breathing MRI acquisition that was carried out.

Thirdly, only young subjects with relatively low muscle
PDFF were examined in the study. Therefore, the study lacks
the evaluation of fat content in aging muscles, which might
correlate differently due to other factors influencing muscle
strength in aging muscles. However, despite the small vari-
ance in fat fraction between the subjects, a significant corre-
lation between PDFF and muscle strength could be observed.
The association of PDFF and muscle strength even in muscles
with relatively low fat content suggests that small changes in
muscle fat content already have a detectable impact on muscle
biomechanical functionality.

In the future, studies examining patients with NMD or LBP
need to be performed to objectively investigate the association
of PDFF with muscle strength in muscles with higher fat frac-
tions. Additionally, training effects on muscle PDFF and mus-
cle strength could be examined in a longitudinal study scan-
ning subjects before and after training. To implement PDFF
determination during clinical routine a fast and robust way of
automatic muscle segmentation has to be developed.

In conclusion, water—fat MRI measurements of the
paraspinal muscles correlates with muscle strength and may
be advantageous compared to muscle CSA measurements.
Assessment of paraspinal MFI using MRI may be important
to detect muscular changes at the beginning of a disease pro-
cess, thus allowing an early therapy initiation.
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