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Abstract
Objective To evaluate association of fatty infiltration in paraspinal musculature with clinical outcomes in patients suffering from
lumbar spinal stenosis (LSS) using qualitative and quantitative grading in magnetic resonance imaging (MRI).
Materials and methods In this retrospective study, texture analysis (TA) was performed on postprocessed axial T2 weighted (w)
MR images at level L3/4 using dedicated software (MaZda) in 62 patients with LSS. Associations in fatty infiltration between
qualitative Goutallier and quantitative TA findings with two clinical outcomemeasures, Spinal stenosis measure (SSM) score and
walking distance, at baseline and regarding change over time were assessed using machine learning algorithms and multiple
logistic regression models.
Results Quantitative assessment of fatty infiltration using the histogram TA feature Bmean^ showed higher interreader reliability
(ICC 0.83–0.97) compared to the Goutallier staging (κ = 0.69–0.93). No correlation between Goutallier staging and clinical
outcome measures was observed. Among 151 TA features, only TA feature Bmean^ of the spinotransverse group showed a
significant but weak correlation with worsened SSM (p = 0.046). TA feature BS(3,3) entropy^ showed a significant but weak
association with worsened WD over 12 months (p = 0.046).
Conclusion MRTA is a reproducible tool to quantitatively assess paraspinal fatty infiltration, but there is no clear association with
the clinical outcome in asymptomatic LSS patients.
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Abbreviations
CSA cross-sectional surface area
FID free induction decay
GLCM gray level co-occurrence
ICC intraclass correlation coefficients

ROC receiver operating characteristic
TSE turbo spin echo
w weighted
AUC area under the curve
BMI body mass index
LSOS Lumbar Stenosis Outcome Study
LSS lumbar spinal stenosis
MRI magnetic resonance imaging
ROI regions of interest
SSM spinal stenosis measure
TA texture analysis
WD walking distance

Introduction

Lumbar spinal stenosis (LSS) is the most frequent indication
for spine surgery in patients older than 65 years [1]. Lower
back pain constitutes one of the main contributing factors to
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disability and absence from work in industrialized countries
[2, 3]. In healthy, asymptomatic individuals, magnetic reso-
nance imaging (MRI) may visualize disc degeneration or
nerve root compression, spondylolysis, spondylolisthesis,
and spinal stenosis [4]; however, these findings neither predict
the risk of lower back pain, nor correlate with clinical symp-
toms [5, 6]. Even in symptomatic patients, the presence of
different types of abnormalities on MRI demonstrates little
correlation with self-reported pain and negligible effect on
patient care or outcome [7].

The lack of correlation between pathology and pain is
largely argued to be due to the multifactorial nature of the
reported pain. Paraspinal musculature plays an important role
in the stability and functional movements of the lumbar ver-
tebral column and its denervation and atrophy have been pre-
viously reported in patients with lumbar disc herniation [8] or
lumbar spinal stenosis (LSS) [9]. Fatty infiltration of trunk
musculature is also a marker for degenerative disc and facet
joint disease [10]. It has been shown that paraspinal muscle
mass decreases while the proportion of fat increases with age
[11]. These changes influence muscular microarchitecture and
potentially impact the clinical outcome.

MRI is able to provide non-invasive information onmuscle
status, e.g., cross-sectional surface area (CSA), edema, or fatty
infiltration [12]; however, it was recently shown that the latter
can only be assessed qualitatively with moderate reproducibil-
ity [13] and negligible impact on clinical outcome [14].

In order to increase reproducibility and objectivity of med-
ical imaging findings, recent efforts have focused on methods
to quantify herein contained information regarding pixel dis-
tribution [15]. Texture analysis (TA) has emerged as a viable
tool for the detection of distinct quantifiable differences of
tissues that cannot be depicted by a qualitative visual assess-
ment [16]. So far, TA in medical imaging of musculature is
mainly limited to the differentiation between neurogenic and
myogenic diseases [17]; however, it has been successfully
applied in other fields, such as neuroimaging [18, 19], oncol-
ogy [20, 21], and in skeletal applications [22, 23]. The aim of
this study was to apply TA on paraspinal musculature in
symptomatic LSS patients and correlate the findings with clin-
ical outcome measures.

Materials and methods

Study participants

Study approval was granted by the local institutional review
board and ethical committee (Number blinded for review).
Sixty-two patients of the multi-centric Lumbar Stenosis
Outcome Study (LSOS) were prospectively enrolled for this
study. Additional background information about LSOS has
been published previously [24–26]. Patients with the

diagnosis of LSS, neurogenic claudication, available magnetic
resonance imaging examination, and an absence of vertebral
fractures, edema, spine infection, scoliosis (>15°), or clinical-
ly relevant peripheral artery occlusive disease, were included.

As surgical interventions are known to risk ischemia and
denervation of the paraspinal musculature [27], patients who
had undergone prior surgical treatment were excluded from
this trial. To assess the predictive value of the texture features
in comparison to clinical outcome scores, patients who
underwent surgery up to 12months after theMRI examination
were excluded as well. Similarly, patients who had undergone
epidural injections up to 3 months prior or 12 months after the
MRI examination were excluded from further analysis.

Clinical outcome measures

All included patients were clinically assessed by use of two
widely used clinical endpoints for LSS: First, every patient
completed the spinal stenosis measure (SSM) questionnaire
at baseline, and after 12 months. The SSM questionnaire is a
LSS-specific clinical score and was used in its severity of
symptoms subscale (SSM symptom severity scale). Each item
is rated on a Likert scale (range 1–5, best–worst). Response
options on the SSM symptom severity scale range from Bno
symptoms^ to Bvery severe symptoms^ [28, 29].

Second clinical outcome measure used at baseline, and
after 12 months was walking distance (WD), which was ex-
tracted from the SSM function scale. Patients were assessed
by their maximumWD on a plane terrain before stopping and
resting. The distance in meters (m) was binned into four cat-
egories: (1) < 15m, (2) 15–200m, (3) 200–3,000m, and (4) >
3,000 m. To account for change over time, SSM andWDwere
each dichotomized into two categories: (1) (any) worsening
over 12months, and (2) unchanged or improved outcome over
12 months.

MR imaging

MR imaging in supine position was performed in all patients
included in the LSOS. Due to the nature of a multicentre study
with multiple participating institutions, imaging was per-
formed on different MRI scanners with field strengths at 1.5
and 3 T with varying scanning parameters. However, certain
quality criteria had to be fulfilled by all participating centres,
which included standard protocols—sagittal T1w, sagittal
T2w, and axial T2w turbo spin echo (TSE) images—and qual-
ity control by a board-certified radiologist. All imaging data
from the participating clinical centres were collected at one
place and saved on a picture archiving and communication
system (PACS, IMPAX 6; AGFA Healthcare, Mortsel,
Belgium).

For further analysis, we chose morphology-based axial 2D
T2w TSE images with 3.5-mm slice thickness perpendicular
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to the intervertebral disc at level L3/4 directly acquired with a
standard matrix of 256 × 256. An axial image was chosen to
average asymmetric paraspinal muscular findings between
both sides. The level L3/4 was chosen as it showed on average
most fatty infiltration with least susceptibility to scoliotic
changes. For each individual, a single image in the axial plane
at this level was saved in DICOM format and postprocessed
for image normalization, pixel spacing and field of view.

Qualitative Goutallier classification

The Goutallier classification is originally used to quantify the
amount of fatty infiltration of the rotator cuff muscles, partic-
ularly in the context of rotator cuff tendon tears [30]. In mus-
culoskeletal imaging it is widely used for the subjective as-
sessment of fatty infiltration in skeletal muscles. The grading
ranges from 0 to 4: (0) grade 0: normal muscle, (1) grade 1:
some fatty streaks, (2) grade 2: less than 50% fat proportion of
muscle mass, (3) grade 3: 50% fat proportion of muscle mass,
and (4) grade 4: greater than 50% fat proportion of muscle
mass [30]. According to Battaglia et al. [31], the Goutallier
classification system can be reliably applied to quantify fatty
degeneration in lumbar spinal musculature. For the qualitative
readout, we graded the amount of fatty infiltration in the psoas
muscles (negative control), and the paraspinal musculature—
erector spinae group (longissimus and iliocostalis together),
spinotransverse group (predominantly multifidus), and erector
spinae and spinotransverse group combined as one region of
interest [32].

Goutallier staging was performed twice for intra-observer
analysis by the same reader (x.y.) blinded for review, with
4 years of experience in skeletal radiology; and by a second
reader for inter-observer analysis (y.y.) who was also blinded
for review, with 1 year of dedicated experience in skeletal
radiology.

Quantitative texture analysis (TA)

TAwas performed in all 62 individuals using a freely available
software package (MaZda, version 4.6, Institute of
Electronics, Technical University of Lodz, Lodz, Poland)
[33]. Normalization was performed between the mean and
three standard deviations (B±3σ^ method), which corrects
small technical intra- and interscanner fluctuations [34].
Table 1 provides an overview of all TA categories and corre-
sponding features calculated by the software.

To account for differences in spinal inclination, free-hand
regions of interest (ROI) were drawn on the most horizontal
portions of the lumbar spine at level L3/4. ROIs were drawn
on axial T2w TSE DICOM spine MR images. ROI delinea-
tion was restricted to the aforementioned paraspinal muscle
groups as recently proposed by Crawford et al. [32] (Fig. 1).

For testing the intra- and inter-observer reproducibility of
the TA features, ROI delineation was repeated twice by the
same reader for intra-observer (x.y.) blinded for review; and
for inter-observer analysis by a second reader (y.y.) blinded for
review. As several TA features require identical spatial reso-
lution and pixel size to be comparable, images were rescaled
according to the pixel spacing values obtained from the
DICOM header. Rescaling was performed using an in-house
MATLAB routine to the coarsest in-plane resolution of 0.3 ×
0.3 mm2.

Texture feature selection and feature reduction

The TA software calculated 208 features for each ROI
(Table 1). Feature selection and dimension reduction was per-
formed as follows: in a first analysis, we selected all 1st level
TA features as recently described by Tabari et al. [35], includ-
ing Bmean^, Bvariance^, Bskewness^, and Bkurtosis^; second-
ly, we removed those TA features with a reduced intra- and
inter-observer reproducibility, defined as intraclass correlation
coefficient < 0.85; ten, in order to best reflect total paraspinal
muscle changes, the remaining features were averaged over
both sides per patient. Consecutive dimension reduction was
performed using a machine learning algorithm (Boruta pack-
age) [36], which uses random forest algorithms and performs
a top-down search for relevant features by comparing original
attributes’ importance (p = 0.01) with importance achievable
at random.

Statistical analysis

Continuous variables were expressed as means ± standard
deviation, and categorical variables as frequencies and/or per-
centages. Intra- and inter-observer reproducibility of the fatty
degeneration of paraspinal musculature was performed by use
of Cohen’s kappa (κ) statistics. Goutallier values were ana-
lyzed separately for each of the aforementioned muscle re-
gions and sides. A κ value >0.81 was interpreted as excellent
agreement, 0.61–0.80 as good, 0.41–0.60 as moderate, 0.21–
0.40 as fair, and values ≤0.20 as poor agreement [37].

To determine the inter- and intra-reader reproducibility for
the TAmeasurements, intraclass correlation coefficients (ICC)
were calculated for each pair of variables. According to
Landis and Koch, ICC of 0.61–0.80 were interpreted as sub-
stantial agreement, and 0.81–1.00 as excellent agreement [38].

The 1st-level-histogram TA feature mean accounts for the
mean value of pixel intensities. We assumed higher mean
histogram values for higher T2w signal intensities, as found
in fatty infiltration (Fig. 2). To quantify the strength of a
(linear) association between the TA feature mean and the sub-
jective fatty infiltration of the paraspinal musculature accord-
ing to Goutallier, Pearson correlation coefficients were calcu-
lated. A correlation coefficient ± r between 0.31 and 0.5 was
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graded as weak, between 0.51 and 0.7 as moderate, and above
0.7 as strong linear relationship [39].

For significantly correlating TA features, receiver operating
characteristics (ROCs) regarding tested clinical outcomes
were calculated. To evaluate the likelihood that any observed
differences between the Goutallier staging and each of the
dichotomized two clinical outcome measures—SSM and
WD—arose by chance, a Chi-squared test was performed.
Additionally, a Pearson correlation was performed between
the Goutallier staging and the two continuous clinical out-
come measures, SSM and WD.

The impact of TA features on clinical outcomes was ana-
lyzed with two approaches. First, all first-level features were
correlated with clinical endpoints by using multiple logistic
regression models. Second, those TA features with good inter-

rater reliability (ICC ≥ 0.85) were preselected, and entered the
automated feature selection algorithm as already described.
Selected features by the machine learning algorithm were en-
tered in (multiple) logistic regression models.

To test for statistical significance, a two-tailed p value be-
low 0.05 was considered to indicate statistical significance
with exception of the Boruta algorithm, where a P value
threshold below 0.01 was used. All statistical analyses were
conducted by using freely available software (R for Microsoft
Windows, Version 3.2.3; http://www.r-project.org, The R
Software Foundation, Vienna, Austria; Boruta package) [36].
Figures were edited with Adobe Illustrator CC (2015.3.1,
Adobe Systems Inc., San Jose, CA).

Results

Sixty-two patients of the multi-centric LSOS were prospec-
tively enrolled for this study. Patients’ demographics are sum-
marized in Table 2.

Qualitative fatty infiltration assessment

We observed variability in the reproducibility of the subjective
amount of fatty degeneration according to the qualitative
Goutallier classification in paraspinal musculature, with κ
values ranging from κ = 0.69 to 1. Lowest reproducibility
was observed on the overall assessment of erector spinae
group and spinotransverse muscle group combined as one
region of interest (κ = 0.69) (Table 3).

Quantitative fatty infiltration assessment

After exclusion of TA features with reduced ICC, 21 TA
features remained for the spinotransverse group, 44 TA

Table 1 Overview of all
computed texture categories with
corresponding features

Texture category Texture feature

Histogram Mean, variance, skewness, kurtosis

Gray-level co-occurrence matrix (GLCM)

(computed for four directions [(a,0), (0,a), (a,a),
(0,–a)] at five interpixel distances (a = 1–5);
(6 bits/pixel)

Angular second moment, contrast, correlation, entropy,
sum entropy, sum of squares, sum average, sum
variance, inverse different moment, difference entropy,
difference variance

Run-length matrix (RLM)

(computed for four angles [vertical, horizontal,
0°, and 135°]); (6 bits/pixel)

Run-length non-uniformity, gray-level non-uniformity,
long run emphasis, short run emphasis, fraction of
image in runs

Absolute gradient

(4 bits/pixel)

Gradient mean, variance, skewness, kurtosis, and non-zeros

Autoregressive model Teta 1–4, sigma

Wavelet transform

(calculated for seven subsampling factors

(n = 1–7)

Energy of wavelet coefficients in low-frequency sub-bands,
horizontal high-frequency sub-bands, vertical
high-frequency sub-bands, and diagonal high-frequency
sub-bands

Fig. 1 Segmentation of paraspinal musculature in T2w axial MR images
at level L3/4 for TA. Freehand-region of interest (ROI) delineation was
restricted to the psoas muscles [+]; erector spinae group (longissimus and
iliocostalis together) [*], and spinotransverse muscles (predominantly
multifidus) [‡] as proposed by Crawford et al. [32]
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features remained for the erector spinae group, and 86 TA
features remained for both groups combined for further
analysis. ICC’s for the quantitative first level/histogram
TA feature mean showed consistently excellent reproduc-
ibility across regions and raters (Table 3). A hypothesized
correlation between the 1st level histogram TA feature
mean and the Goutallier classification was observed. We
found a moderate correlation with coefficients ranging
from r = 0.48 –0.65.

Correlation with clinical outcome measures

The Goutallier classification system showed no correlation
with the clinical outcome measures SSM and WD dichoto-
mized regarding change over 12 months compared to baseline
(r = 0.09–0.14; p = 0.08–0.87). Without correcting for multi-
ple comparison, the 1st level histogram texture feature mean
of the spinotransverse musculature showed a significant cor-
relation with dichotomized SSM change over 12 months (p =

Fig. 2 a Region of interest segmentation for histogram analysis in
paraspinal musculature in erector spinae group (blue), spinotransverse
group (green), and b combined (red). c Depiction of the histogram for
each of the three aforementioned groups. Note the second peak at higher
pixel intensity values for the spinotransverse group (arrow),

corresponding to a higher degree of fatty infiltration. d Visualization of
a texture map regarding the 90th percentile histogram values,
corresponding to high T2w signal intensity, therefore an indirect
measure of fatty infiltration
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0.046). The corresponding receiver operating characteristic
(ROC) curve is depicted in Fig. 3a.

Application of the machine learning algorithm for feature
reduction on the TA features with ICC ≥ 0.85 with regard to
the clinical outcome measure SSMworsening after 12 months
yielded no significantly contributing TA features. With regard
to worsening inWD over 12 months and without adjusting for
multiple comparisons, it identified a single significantly, yet
weakly contributing TA feature, S(3,3) entropy (p = 0.046).
The corresponding ROC-curve is depicted in Fig. 3b.

Discussion

Our study is the first, to the best of our knowledge, to deter-
mine the influence of paraspinal musculature characteristics
on clinical outcome using MR TA with machine learning al-
gorithms in asymptomatic patients with lumbar spinal steno-
sis. Quantitative assessment of fatty infiltration using the his-
togram TA feature mean showed higher interreader reliability
compared to the Goutallier. We observed no correlation be-
tween Goutallier staging and the two clinical outcome mea-
sures SSM and WD. Among 151 TA features only TA feature
mean of the spinotransverse group showed a significant, yet
weak correlation with worsened SSM and TA feature BS(3,3)
entropy ,̂ a measure of altered microarchitecture, showed a
significant, yet weak association with worsened WD over
12 months. The moderate area under the curve (AUC) of
0.73/ 0.71 are possibly due to the multifactorial nature of
LSS symptoms and the individual subjective assessment of
functional impairment. These findings are in accordance with
recent findings of the LSOS study group, where no relevant
prognostic value of fatty degeneration on lumbar spinal steno-
sis treatment was observed [14].

In general, quantitative assessment of fatty infiltration in
paraspinal musculature overcomes the impaired reproducibil-
ity of the qualitative Goutallier classification as recently re-
ported by Winklhofer et al. for the entire lumbar paraspinal
musculature (L1–5) [13]. We utilized the mean of a normal-
ized histogram vector p(i), defined as ratio between total num-
ber of pixels with gray level I and total number of pixels [40],
to indirectly depict fatty infiltration in paraspinal musculature.
Our approach had an overall excellent inter- and intrarater
reproducibility. Park et al. [41] used a similar approach, while
Gloor et al. [42] used MRI image histogram analysis to quan-
tify fatty infiltration in muscular dystrophy. However, they
used specialized sequences measuring the free induction de-
cay (FID) signal in gradient-spoiled steady-state free preces-
sion sequences, while we performed TA on morphology-
based T2w MR sequences, an integral part of standard MRI
evaluation of LSS, according to the North American Spine
Society [43].

In a machine learning-based approach, we first performed
dimension reduction by discarding those TA features with
impaired reproducibility due to minor differences in ROI de-
lineation; however, in future studies automatic segmentation
tools based on artificial neural networks might render this step
redundant [44]. We observed a weak association between the
gray level co-occurrence (GLCM) TA feature S(3,3) entropy
and a deterioration in WD. GLCM TA features quantify joint
probability pixel distributions. Entropy in particular accounts
for a measure of randomness in pixel distribution. For in-
stance, TA of a checkerboard would yield in low entropy
levels. Entropy may therefore indicate clinically relevant
micro-architectural changes of paraspinal musculature in

Table 2 Descriptive Statistics of included LSOS participants

Parameter Male Female

n 33 29

Age [years] 71 ± 11 76 ± 6

BMI [kg/m2] 29 ± 6 28 ± 7

SSM symptom score baseline 3 ± 0.8 3 ± 0.7

SSM symptom score after 12 months 2.5 ± 1 2.8 ± 1

WD baseline

< 15 m 7 (21.2%) 12 (41.4%)

15–200 m 14 (42.4%) 12 (41.4%)

200–3,000 m 8 (24.2%) 2 (6.9%)

> 3,000 m 3 (9.1%) 2 (6.9%)

NA 1 (3%) 1 (3.4%)

WD after 12 months

< 15 m 10 (30.3%) 9 (32.1%)

15–200 m 16 (48.5%) 10 (35.7%)

200–3,000 m 4 (12.1%) 6 (21.4%)

> 3,000 m 2 (6.1%) 3 (10.7%)

NA 1 (3%) –

NA not available

Table 3 Reliability analysis of qualitative and quantitative fatty
infiltration

Region Right side Left side

Goutallier
Kappa κ

Spinotransverse group 1.00 1.00

Intrareader Erector spinae group 1.00 1.00

Combined 0.97 0.98

Goutallier
Kappa κ

Spinotransverse group 0.93 0.88

Interreader Erector spinae group 0.76 0.83

Combined 0.69 0.88

TA feature mean
ICC intrareader

Spinotransverse group 0.88 0.85

Erector spinae group 0.92 0.93

Combined 0.95 0.97

TA feature mean
ICC interreader

Spinotransverse group 0.88 0.83

Erector spinae group 0.91 0.93

Combined 0.95 0.97
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patients with LSS that cannot be picked up by qualitative
rating scales, e.g. Goutallier.

The following study limitations must be acknowledged.
First, this was a retrospective study with inherent limitations.
Second, we excluded individuals with recent epidural infiltra-
tions and prior surgeries; therefore, our sample size is relative-
ly low. Assessment of quantitative fatty infiltration was not
compared to other imaging-related quantification techniques
(e.g. chemical shift imaging [45]) or a histological gold
standard. Moreover, quantitative assessment of fatty infiltra-
tion in paraspinal musculature was restricted to one spinal
level (L3/4) and is likely limited in the presence of other
T2w hyperintense findings, e.g. muscular edema. Finally, im-
age acquisition was heterogeneous as different MR scanners
were used in this multicentric study.

In conclusion, we were able to show, in a carefully selected
patient cohort of asymptomatic patients with lumbar spinal
stenosis without prior interventions, that MR TA serves as a
viable tool to indirectly quantify paraspinal fatty infiltration
with higher reproducibility than the conventional qualitative
Goutallier grading system. TA might aid in detecting underly-
ing mircoarchitectural changes; however, there is no clear as-
sociation between paraspinal musculature TA findings with
clinical outcome in asymptomatic LSS patients.
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