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Background: Lumbar paraspinal muscles (LPM) are a part of the deep spinal stabilisation system and play 
an important role in stabilising the lumbar spine and trunk. Inadequate function of these muscles is thought 
to be an essential aetiological factor in low back pain, and several neuromuscular diseases are characterised 
by dysfunction of LPM. The main aims of our study were to develop a methodology for LPM assessment 
using advanced magnetic resonance imaging (MRI) methods, including a manual segmentation process, to 
confirm the measurement reliability, to evaluate the LPM morphological parameters [fat fraction (FF), total 
muscle volume (TMV) and functional muscle volume (FMV)] in a healthy population, to study the influence 
of physiological factors on muscle morphology, and to build equations to predict LPM morphological 
parameters in a healthy population.
Methods: This prospective cross-sectional observational comparative single-centre study was conducted at 
the University Hospital in Brno, enrolling healthy volunteers from April 2021 to March 2023. MRI of the 
lumbar spine and LPM (erector spinae muscle and multifidus muscle) were performed using a 6-point Dixon 
gradient echo sequence. The segmentation of the LPM and the control muscle (psoas muscle) was done 
manually to obtain FF and TMV in a range from Th12/L1 to L5/S1. Intra-rater and inter-rater reliability 
were evaluated. Linear regression models were constructed to assess the effect of physiological factors on 
muscle FF, TMV and FMV.
Results: We enrolled 90 healthy volunteers (median age 38 years, 45 men). The creation of segmentation 
masks and the assessment of FF and TMV proved reliable (Dice coefficient 84% to 99%, intraclass 
correlation coefficient ≥0.97). The univariable models showed that FF of LPM was influenced the most 
by age (39.6% to 44.8% of variability, P<0.001); TMV and FMV by subject weight (34.9% to 67.6% of 
variability, P<0.001) and sex (24.7% to 64.1% of variability, P<0.001). Multivariable linear regression models 
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Introduction

Lumbar paraspinal muscles (LPM) are an important part 
of the lumbar extensor muscles and the deep spinal (core) 
stabilisation system. They are composed of two main 
groups: the transversospinalis muscle group, including the 
multifidus muscle (MF); and more laterally, the erector 
spinae muscle (ES), which consists of the longissimus and 
iliocostalis muscles. The lumbar extensor muscular system 
plays an important role in stabilising the lumbar spine and 
trunk. Inadequate function of the lumbar extensor muscles 
and poor coordination of the core muscles are thought to be 
important aetiological factors in low back pain (1-3). Several 
neuromuscular diseases are also characterised by dysfunction 
of the trunk muscles including the LPM, for example 
motor neuron diseases and axial myopathies (4,5). In terms 
of macroscopical morphological assessment, two signs of 
muscle damage are usually described: a decrease in muscle 
size [expressed either as a cross-sectional area (CSA) or 
total muscle volume (TMV)] and an increase in the amount 
of fatty deposits [expressed as a fat fraction (FF)] (6-8).  
Another biomarker, functional muscle volume (FMV), is 
easily derived from two biomarkers described above (TMV 
and FF) and is a preferred parameter over TMV (7).

The morphology of LPM may be influenced by 
several physiological variables, mostly by age, sex, and 
anthropometric parameters (9-12), but also by the level 
of physical activity of the individual and by present 
comorbidities, such as diabetes mellitus. Moreover, previous 
studies have shown that individual parameters of paraspinal 
muscles differ in individual levels of the lumbar spine  

(9,11-15). Further, the degree of intramuscular fat 
infiltration seems to differ depending on the particular 
muscle. However, there is not yet a unified view of which 
paraspinal muscle has greater fat infiltration (9,13,16). 

Morphological studies of paraspinal muscles vary widely 
in the literature, presumably due to different imaging 
modalities (9-13,17-19). Prior studies have predominantly 
u s e d  T 1 -  o r  T 2 - w e i g h t e d  s e q u e n c e s  f o r  s e m i -
quantitative assessments of FF (19-22). Recent research 
has demonstrated the usefulness of the Dixon technique 
for the quantitative assessment of muscle fat (9,11), with 
particularly accurate quantitative measurements achieved 
using the mDixon Quant magnetic resonance imaging 
(MRI) or similar sequences (12,18,23,24).

The aims of this study were: (I) to develop a methodology 
for LPM assessment using advanced MRI methods, 
including a manual segmentation process; (II) to confirm 
the reliability of the measurements; (III) to evaluate the 
values of LPM morphological parameters [FF and muscle 
volume (MV)] in a healthy population; (IV) to study the 
influence of physiological factors (age, sex, anthropometric 
parameters, physical activity) on muscle morphology; (V) to 
build equations to predict LPM morphological parameters 
in a healthy population. We present this article in 
accordance with the STROBE reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-23-1796/rc).

Methods

This was a prospective cross-sectional observational 

for FF of LPM included age, body mass index and sex, with R-squared values ranging from 45.4% to 51.1%. 
Models for volumes of LPM included weight, age and sex, with R-squared values ranged from 37.4% to 
76.8%. Equations were developed to calculate predicted FF, TMV and FMV for each muscle.
Conclusions: A reliable methodology has been developed to assess the morphological parameters 
(biomarkers) of the LPM. The morphological parameters of the LPM are significantly influenced by 
physiological factors. Equations were constructed to calculate the predicted FF, TMV and FMV of individual 
muscles in relation to anthropometric parameters, age, and sex. This study, which presented LPM assessment 
methodology and predicted values of LPM morphological parameters in a healthy population, could improve 
our understanding of diseases involving LPM (low back pain and some neuromuscular diseases).
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comparative single-centre study. The Ethics Committee of 
the University Hospital Brno approved the study protocol 
(No. 05-090621/EK), and written informed consent was 
obtained from all participants. The study was conducted 
in accordance with the Declaration of Helsinki (as revised  
in 2013).

Participants

Personal recruitment by experienced staff was used to 
gather volunteers from the Caucasian population of the 
South Moravian region in south-eastern Czech Republic. 
The recruitment was carried out from April 2021 to March 
2023. The guidelines included an established quota of 
subjects, intended to obtain a proportional representation of 
four age categories (18–29, 30–39, 40–49, 50–70 years) and 
both sexes. Figure 1 summarises the subject recruitment.

Exclusion criteria were: age <18 years, acute low back 
pain, chronic low back pain (of duration over 12 weeks) 
in the medical history, presence of lumbosacral radicular 
pain in the medical history with residual signs of nerve 
root dysfunction (sensory impairment and/or absent or 
diminished reflexes and/or weakness) in clinical neurological 
examination and manual muscle testing of the lower 
extremities, previous surgery of the lumbar spine, vertebral 
fracture, spine infection or tumour, scoliosis, degenerative 
changes in the lumbar spine (the presence of lumbar spinal 
stenosis (Schizas grading scale above A4) and lumbar disc 

herniation), presence of myopathy, comorbid conditions 
affecting the overall mobility (e.g., post-stroke paresis, heart 
failure leading to limited mobility), confirmed pregnancy, 
general MRI contraindications, and the presence of metal 
material in the lumbar spine, even MRI-compatible metal, 
as artefacts can influence measurement accuracy.

Medical history and neurological clinical evaluation

Each subject underwent a detailed neurological clinical 
evaluation, including medical history, performed by 
an experienced neurologist (BA 28 working years, PK 
6 working years) to confirm suitability for the study. 
Before the MRI assessment, each participant filled in 
a two-part questionnaire covering basic demographic 
and anthropometric data (age, sex, weight, and height) 
and the short form of the International Physical Activity 
Questionnaire (IPAQ) to quantify the level of physical 
activity. Based on the IPAQ, a total physical activity MET-
minutes a week was calculated for each participant (MET is 
metabolic equivalent) (25).

MRI of the lumbar spine and LPM

The Philips Ingenia MRI system, with a 3T magnetic field 
and anterior and posterior receiving coils, was used for 
the morphological evaluation. The examination included 
standard MRI sequences for lumbar spine assessment (turbo 

128 volunteers were approached 
by the recruitment agency

12 volunteers refused to 
participate or did not meet the 

study requirements

25 participants refused to 
undergo magnetic resonance 

imaging

1 participant was excluded 
due to magnetic resonance 

imaging findings

116 participants had clinical 
examination

91 participants underwent 
magnetic resonance imaging

90 patients were enrolled 
in the study

Figure 1 Study flowchart, including subject recruitment. 
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spin echo T2, T1, and STIR in the sagittal plane and T2 
in the axial and coronal planes). Furthermore, we utilised a 
6-point Dixon gradient echo sequence with multi-fat-peak 
compensation (seven) as well as eddy current correction 
(labelled mDixon Quant by the Philips company) for 
creating water, fat, in-phase, out-phase, and FF images (23). 
The mDixon Quant sequence was acquired in the axial 
plane for the bilateral assessment of parameters of the LPM 
(MF and ES) and psoas muscles (PS) (as a control muscle 
that is located in the lumbar region but is not a paraspinal 
muscle). Parameters of MRI sequences are shown in Table 1.  
The minimal sequence coverage was from intervertebral 
disc Th12/L1 to L5/S1. The whole duration of the MRI 
examination was approximately 30 minutes.

All MRI images were assessed by an experienced blinded 
radiologist (RG 7 working years, MS 4 working years, MK 
21 working years) to exclude any pathology within the study 
exclusion criteria. 

Segmentation of selected muscles

Image analysis of selected muscles (MF, ES, and PS 
bilaterally) was performed manually on all slices without 
any interpolation methods using the software application 
ITK-SNAP (26). The segmentation methodology and the 

defining of the regions of interest (ROIs) were based on 
recommendations by Crawford et al. (MF and ES) and on 
the description of healthy PS by Weinreb (27,28).

All three muscles (MF, ES, and PS) were segmented 
primarily in the water image; the other images (fat, in-phase, 
and out-phase) were used for detailed correction of the 
segmentation masks at all slices between the first axial MRI 
image above the superior endplate of L1 to the second axial 
MRI image below the inferior endplate of L5 (Figure 2).

The definition of ROI from MRI for individual muscles 
is described below. The medial boundary of the MF 
extends from the spinal process to the lamina, with the 
anterior border defined by the mamillary process and 
the zygapophyseal joint. The lateral border is the fascial 
line between the MF and ES, and the posterior border 
follows the MF’s epimysium, distinguishable from nearby 
thoracolumbar fascia and subcutaneous adipose tissue (27). 

For the ES, its medial boundary is formed by the fascial 
line between the MF and ES muscle, adjacent to the 
mamillary process and zygapophyseal joint. The anterior 
border extends along the lateral transverse process and 
adjacent muscles (quadratus lumborum muscle). The 
lateral and posterior borders follow the fascia surrounding 
the muscles, distinct from the thoracolumbar fascia and 
subcutaneous adipose tissue (27).

Table 1 Parameters of MRI sequences

Parameter Sag T2 Sag STIR Sag T1 Cor T2 Ax T2 Ax Quant

FOV (mm) 260×260 260×260 260×260 260×260 180×180 380×380

#Slices 22 16 22 25 9/disc 47

Slice thick. (mm) 3 4 3 3 3 5

Acq. Vox. size (mm × mm) 0.8×0.85 0.9×1 0.7×1 0.7×1 0.6×0.75 1.5×1.5

Rec. Vox. size (mm × mm) 0.32×0.32 0.45×0.45 0.35×0.35 0.32×0.32 0.41×0.41 1.19×1.19

TR (ms) 3,900 2,500 650 4,700 4,000 14

TE (ms) 90 70 9 90 100 1.32

ETL/#Echoes 23/– 19/– 3/– 23/– 24/– –/6

TI/delta TE (ms) – 210/– – – – –/1.1

NSA 1 1 1 1 2 2

SENSE 1.5 1.7 1.5 1.8 2 2

Acq. time (m:s) 2:38 3:10 2:39 2:07 6:26 4:48

MRI, magnetic resonance imaging; Sag, sagittal; STIR, short tau inversion recovery; Cor, coronal; Ax, axial; Ax Quant, mDIXON 
quant sequence; FOV, field of view; #Slices, number of slices; thick., thickness; Acq. Vox. size, acquisition voxel size; Rec. Vox. size, 
reconstruction voxel size; TR, repetition time; TE, time to echo; ETL, echo train length; #Echoes, number of echoes; TI, inversion time; 
NSA, number of signal averages; SENSE, sensitivity encoding parallel technique; Acq. time, acquisition time.
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Figure 2 MRI mDixon Quant sequence of the lumbar paraspinal muscles and psoas muscles from a 27-year-old female. In (A), the 
segmentation masks for fat, water, in-phase and out-of-phase images are shown at the level of L4 of the lumbar paraspinal muscles and PS. 
The MF is medial to the ES and the PS is anterior to both the ES and MF. (B) Shows a 3D model illustrating segmented muscles including 
the PS, ES, and MF. PS, psoas muscle; ES, erector spinae muscle; MF, multifidus muscle; MRI, magnetic resonance imaging; 3D, three-
dimensional.
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The segmentation of the PS utilised the well-visible 
fascia of the muscle as its outer border, starting from its 
origin and continuing to the L5/S1 vertebral level. The iliac 
muscle was not included in the segmentation; it was not 
part of the defined ROI (28).

Manual segmentation was allocated between three trained 
raters [a radiologist (rater M.S.) and two neurologists (raters 
P.K. and V.K.) with spine disease experience] blinded to the 
participants’ demographic, anthropometric, and clinical 
data. Segmentation masks of individual muscles were used 
to obtain FF, TMV, and FMV. Reconstruction algorithms 
used by mDixon Quant can produce voxels with negative FF 
or FF above 100%. In these cases, the value of voxels below 
0 were set as 0 and the value of voxels over 100% were set 
as 100%. The final FF was calculated as the average of FF 
in all muscle voxels bilaterally, expressed as a percentage. 
TMV for a given muscle was determined for each individual 
by summing TMV values obtained for the right and left 
muscles. To estimate the FMV, we adopted the approach of 
Carlier et al. (7) and it was calculated as follows (Eq. [1]):

( )1FMV TMV FF= ∗ − 	 [1]

Data analysis

For the statistical analysis, we used IBM SPSS Statistics 
28.0, Statistica 12 (StatSoft) and R (V4.1.1) software. The 
descriptive statistical analysis respected the type of data and 
the distribution of the values. Statistical significance in all 
statistical tests was set at two-sided P<0.05. 

Prior to this study, the power analysis was conducted for 
estimating the minimum number of patients with chronic 
low back pain needed to detect differences in parameters of 
the LPM compared to healthy controls, which resulted in a 
requirement of 47 patients in each group. As for the healthy 
controls, we were aware of the need for a larger sample 
size, especially for matching purposes, and for reliable 
description of values covering the full range of healthy 
subjects. Therefore, we opted for a sample of 90 healthy 
controls (45 females, 45 males of all ages), which allowed 
us to adequately describe the variability of parameters in 
healthy subjects and was consistent with our capabilities.

The reliabilities of the segmentation masks and the FF 
and TMV of muscles (ES, MF, PS) were evaluated. To assess 
intra-rater reliability, a subsample of five randomly selected 
MRIs was re-segmented (always under a different name/
ID to increase blindness) and evaluated by all three raters 

(M.S., P.K., V.K.), a total of three times, always three weeks 
apart. To assess inter-rater reliability, a subsample of 15 
randomly selected volunteers was independently segmented 
and assessed by all three data-blinded raters. Reliability was 
assessed separately for the right and left muscles.

Inter- and intra-rater reliability was assessed using Dice 
coefficients for mask agreement, Hausdorff distance (HD), 
and average HD for error deviation calculated using the 
EvaluateSegmentation Tool (29). The Kruskal-Wallis 
test was used to detect any significant variation in the 
reliability of FF and volume measurements among raters, 
muscles, or right-left asymmetry. To assess measurement 
agreement, Pearson correlation coefficients (r, ∥r∥<0.3, 
weak; 0.3≤∥r∥<0.6, moderate; 0.6≤∥r∥<0.9, strong; ∥r∥≥0.9, 
perfect) and intraclass correlation coefficients (ICCs, ICC 
<0.5, poor; 0.5≤ ICC <0.75, moderate; 0.75≤ ICC <0.9, 
good; ICC ≥0.9, excellent) were calculated (30,31), as were 
absolute (Eq. [2]) and relative (Eq. [3]) differences of FF 
and TMV between raters.

AbsoluteXdifferences 1 2X X= − 	 [2]

( )( )RelativeXdifferences 1 2 / 0.5 1 2X X X X= − ∗ + 	 [3]

Where X is FF or TMV and index 1 or 2 means two 
different measurements (inter or intra).

The statistical significance of differences in FF and MV 
among individual muscles were analysed with the Kruskal-
Wallis rank sum test with the Wilcoxon post hoc test.

To  a s se s s  the  e f f ec t  o f  the  demograph ic  and 
anthropometric factors and physical activity on FF, TMV, 
and FMV, multivariable linear regression models were 
built. Prior to the regression analysis, the normality of the 
variables’ distribution was tested utilising Shapiro-Wilk 
test and visually assessed by plotting histograms. Variables 
with non-normal distributions, i.e., FF, TMV, FMV, and 
MET-min/week, were log-transformed to approximate 
normality. Firstly, we built univariable linear regression 
models with FF, TMV, and FMV separately for each muscle 
as dependent variables, and age, height, weight, BMI, sex, 
and MET-min/week (log scaled) separately as explanatory 
variables. To assess the importance of a given factor on the 
dependent variables, R-squared (a percentage of model 
variability explained by the factor), was calculated together 
with the statistical significance of the factor/covariate. 
Multivariable linear regression models were built based 
on the significance of individual explanatory parameters in 
the univariable models. Graphs were generated for each 
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muscle showing the predicted FF, TMV, and FMV with 
95% confidence intervals and their dependence on the 
statistically significant factors from the multivariable linear 
regression models. If any of the factors were not found to 
be significant for a given morphological parameter, the 
predicted values for one representative factor/covariate 
value were displayed in the graph. That is, if sex was not 
significant, the predicted values of the morphological 
parameter were shown for males; if BMI was not significant, 
BMI 25 kg/m2 was used; and if age was not significant, age 
40 years was chosen. Finally, based on multivariable linear 
regression models, equations were built to calculate the 
predicted FF in each muscle and their prediction interval 
bounds for an individual with particular age, sex, and BMI, 
alongside the predicted TMV and FMV in each muscle with 
prediction interval bounds for an individual with particular 
age, weight and sex. 

Results 

Basic characteristics of participants

Ninety-one healthy volunteers underwent clinical 
examination and MRI of the lumbar spine and LPM  
(Figure 1). One volunteer was excluded due to the finding 

of an asymptomatic spinal intramedullary ependymal cyst 
at the level of the L1 vertebral body on MRI. A total of  
90 subjects were included in the analysis (45 men,  
45 women). Each of the four age categories included 10 to 
12 subjects of both sexes. The essential characteristics of 
these subjects, including age, sex, height, weight, BMI, and 
level of physical activity, are comprehensively outlined in 
Table 2. 

Assessment of reliability
Reliability of segmentation
The inter-rater mask agreement, expressed in terms of 
the Dice coefficient—an index of spatial mask overlap—
showed values of around 92% for ES and PS. For MF, 
the inter-rater Dice coefficients varied between 84% and 
88%, which was within an acceptable range. The maximum 
HD between the segmentation masks was on average 5 
to 8 mm, corresponding to 4 to 7 voxels. The median 
of average HD ranged from 0.1 to 0.3 mm (Figure 3).  
Statistically significantly (P<0.001) lower inter-rater 
reliability was found for MF segmentation masks (based on 
the Dice coefficient and average HD) and higher inter-rater 
reliability was found for PS (HD, P<0.001). 

Intra-rater reliability of the segmentation masks showed 

Table 2 Characteristics of subjects in all subgroups

Variable Sex Total 18–29 years 30–39 years 40–49 years 50–70 years

Sex (N) Male 45 11 12 11 11

Female 45 12 12 11 10

Age (years) Male 38.0 (30.0, 48.0) 27.0 (24.0, 28.0) 32.0 (31.0, 37.0) 43.0 (40.0, 48.0) 53.0 (50.0, 55.0)

Female 36.0 (28.0, 46.0) 26.0 (24.0, 27.0) 35.0 (32.0, 36.0) 45.0 (41.0, 46.0) 57.0 (51.0, 58.0)

Height (cm) Male 183.0 (178.0, 186.0) 183.0 (174.0, 186.0) 184.0 (180.0, 190.0) 182.0 (180.0, 183.0) 182.0 (178.0, 186.0)

Female 168.0 (164.0, 174.0) 167.0 (161.0, 175.0) 168.0 (166.0, 173.0) 171.0 (164.0, 176.0) 168.0 (162.0, 174.0)

Weight (kg) Male 87.0 (78.0, 93.0) 80.0 (73.0, 88.0) 88.0 (78.5, 91.5) 89.0 (78.0, 99.0) 92.0 (83.0, 96.0)

Female 63.0 (59.0, 69.0) 60.0 (57.0, 65.0) 63.5 (58.5, 70.0) 63.0 (62.0, 65.0) 70.0 (55.0, 78.0)

BMI (kg/m2) Male 25.5 (23.6, 27.2) 24.8 (22.9, 26.5) 24.9 (23.3, 26.2) 25.4 (23.6, 30.6) 26.3 (25.4, 29.8)

Female 21.9 (20.8, 24.5) 21.7 (20.7, 22.6) 21.7 (20.7, 24.8) 22.8 (20.7, 24.7) 23.8 (20.8, 28.7)

Total physical 
activity MET-
minutes/week

Male 1,866.0  
(1,182.0, 2,815.0)

2,622.0  
(1,999.0, 3,920.0)

2,043.0  
(1,236.5, 2,849.5)

1,280.0  
(1,104.0, 1,566.0)

1,533.0  
(876.0, 5,239.0)

Female 1,680.0  
(1,114.0, 2,527.0)

1,781.5  
(1,321.5, 2,513.5)

1,692.5  
(1,022.5, 2,229.0)

1,893.0  
(820.0, 3,000.0)

1,459.5  
(558.0, 2,106.0)

Data are expressed as median (25th percentile, 75th percentile) for continuous data and as absolute frequency for categorical data. N, 
number of individuals; BMI, body mass index; MET, metabolic equivalent. 
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robustness, as indicated by Dice coefficients greater than 
90% (ranged from 91% to 99%) across raters, suggesting a 
substantial level of agreement. The maximum HD between 
the segmentation masks was on average 4 to 8 mm and the 
median of average HD ranged from 0.01 to 0.13 mm. The 
Dice coefficient (P<0.001) and average HD (P=0.048) showed 
statistically significantly lower intra-rater reliability for the 
MF segmentation masks. The data are presented in Figure 3.

Reliability of FF assessment
The ICC for inter-rater reliability of FF assessment ranged 
between 0.97 and 0.99 (Table 3); a subsequent Kruskal-
Wallis analysis did not prove statistically significant 

differences (P>0.05) in FF between raters nor left-right 
dependency. The excellent reliability was also supported by 
the perfect correlation of FF values of individual muscles 
among raters (Pearson correlation coefficients exceeded 
values of 0.96); the low mean values of the absolute 
differences of FF between raters were 1.73%, and the low 
mean values of the relative differences of FF between raters 
were 16.22% (Table 3).

Intra-rater reliability showed an even slightly higher 
agreement when assessing the FF of individual muscles. 
ICC exceeded the value of 0.99 (Table 4) and we did not 
prove any statistically significant differences (P>0.05) 
between raters nor right-left asymmetry. This internal 

Table 3 Fat fraction and total muscle volume: inter-rater reliability

Parameter
Raters

M.S. vs. P.K. M.S. vs. V.K. P.K. vs. V.K.

Fat fraction

ICC (95% CI) 0.968* (0.952–0.979) 0.990* (0.984–0.993) 0.976* (0.963–0.984)

Mean abs (rel) difference (%) 1.80 (17.82) 1.50 (16.51) 1.90 (14.34)

Pearson r 0.965* 0.980* 0.973*

Total muscle volume

ICC (95% CI) 0.993* (0.989–0.995) 0.995* (0.991–0.997) 0.995* (0.988–0.997)

Mean abs (cm3) [rel (%)] difference 12.38 (7.63) 10.21 (5.31) 10.53 (6.25)

Pearson r 0.990* 0.994* 0.992*

*, P values <0.001. M.S., P.K., V.K., initials of the raters. ICC, intraclass correlation coefficient; CI, confidence interval; abs, absolute; rel, 
relative.

Table 4 Fat fraction and total muscle volume: intra-rater reliability

Parameter
Raters

M.S. P.K. V.K.

Fat fraction

ICC (95% CI) 0.996* (0.993–0.998) 0.997* (0.995–0.999) 0.995* (0.992–0.998)

Mean abs (rel) difference (%) 0.82 (8.21) 0.53 (4.14) 0.89 (7.04)

Pearson r 0.990* 0.990* 0.986*

Total muscle volume

ICC (95% CI) 0.999* (0.998–0.999) 1.000* (0.999–1.000) 0.998* (0.997–0.999)

Mean abs (cm3) [rel (%)] difference 5.40 (2.68) 2.97 (1.68) 7.11 (3.26)

Pearson r 0.998* 0.999* 0.996*

*, P values <0.001. M.S., P.K., V.K., initials of the raters. ICC, intraclass correlation coefficient; CI, confidence interval; abs, absolute; rel, 
relative.
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consistency was further confirmed by the values of 
Pearson correlation coefficients (r≥0.99), indicating a 
perfect correlation between measurements; very low mean 
values of the absolute differences of FF between repeated 
measurements were on average 0.75%, and the low mean 
values of the relative differences of FF between repeated 
measurements were on average 6.46% (Table 4). 

Reliability of TMV assessment
There was a very high level of inter-rater agreement for 
the volumetric assessment of each muscle, as confirmed 
by ICC (values greater than 0.99) and Pearson correlation 
coefficient (r≥0.99) (Table 3). A Kruskal-Wallis analysis did 
not prove any statistical differences (P>0.05) between raters 
nor right-left asymmetry. The mean values of absolute 
differences of volumes between raters were 11.04 cm3; the 
mean values of relative differences of volumes between 
raters were 6.40% (Table 3). 

Excellent intra-rater agreement was again found for the 
volumetric analysis of individual muscles (ICC greater than 
0.99) (Table 4) and was confirmed by Pearson correlation 
coefficient values (r higher than 0.99). A Kruskal-Wallis 
analysis again did not prove any statistical differences 
(P>0.05) between raters nor right-left asymmetry. The 
mean values of absolute differences of volumes between 
raters were 5.16 cm3; the mean values of relative differences 
of volumes between raters were 2.54% (Table 4).

Assessment of LPM morphological parameters

Table 5 shows the FF, TMV and FMV values for each 
muscle. The FF values for individual muscles varied 
significantly (P<0.001), with the lowest values found for 
the PS (median 6.1%), higher for the ES (median 8.3%), 
and the highest value found for the MF (median 11.1%). 
Regarding MV, the individual muscles again differed 
significantly (P<0.001). The smallest volumes were in MF 

(median 211 cm3 for TMV and 184 cm3 for FMV), followed 
by PS (median 374 cm3 for TMV and 342 cm3 for FMV) 
and the largest volumes were in ES (median 555 cm3 for 
TMV and 478 cm3 for FMV). The values of the individual 
parameters (FF, TMV, FMV) in relation to sex and four age 
categories (18–29, 30–39, 40–49, 50–70 years) can be found 
in the online supplementary material (Table S1).

Factors influencing LPM morphological parameters

FF
The results of the univariable linear regression analysis, 
indicating how individual factors (age, sex, height, weight, 
BMI, and MET-min/week) contribute to FF variability in all 
three muscles, are summarised in Table 6. Age consistently 
showed a significant effect on FF in all muscles (P<0.001). 
Moreover, models with age as an explanatory variable had 
the highest percentage of FF variability explained (ranging 
from 39.6% to 44.8%) compared to other variables. Among 
anthropometric parameters, weight and BMI significantly 
affected FF of ES (for weight P=0.047, for BMI P=0.005) 
and PS (for weight P=0.001, for BMI P<0.001). Since 
weight and BMI are related covariates, BMI as a variable 
with higher R-squared value was used in the multivariable 
analysis. In contrast to anthropometric parameters, sex 
significantly contributed to FF variability in MF (P=0.026). 
MET-min/week, as a parameter reflecting physical activity, 
showed a borderline significant effect on FF (P=0.034), but 
this effect was only observed for one muscle (ES) and only 
when considering the logarithmic value of this parameter. 
Because of the marginal significance of this effect and the 
subjective nature of MET-min/week, we decided not to 
include this factor in the subsequent multivariable analysis.

The results of the multivariable regression analysis 
fitting the most significant explanatory variables from the 
univariable models are summarised in Table 7. Same as 
the univariable analysis, age showed the highest effect on 

Table 5 Fat fraction and muscle volume values and their comparison

Characteristic
Erector spinae 
muscleA (N=90)

Multifidus  
muscleB (N=90)

Psoas  
muscleC (N=90)

P value

All# A vs. B B vs. C A vs. C

Fat fraction (%) 8.3 (5.8, 10.4) 11.1 (7.0, 16.7) 6.1 (5.2, 7.1) <0.001* <0.001* <0.001* <0.001*

Total muscle volume (cm3) 555 (430, 700) 211 (184, 243) 374 (272, 486) <0.001* <0.001* <0.001* <0.001*

Functional muscle volume (cm3) 478 (385, 610) 184 (153, 211) 342 (248, 452) <0.001* <0.001* <0.001* <0.001*

Data are presented as median (interquartile range). The muscle volume is the sum of the right and left sides. #, Kruskal-Wallis rank sum 
test; Wilcoxon post-hoc P values with Holm adjustment method. *, statistically significant. N, number of individuals.

https://cdn.amegroups.cn/static/public/QIMS-23-1796-Supplementary.pdf
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FF that was positive in all muscles, i.e., FF significantly 
increases (P<0.001) with age (Figure 4). Similarly, the FF 
ascends with increasing BMI (for PS and ES) and is higher 
for females than for males (for MF and ES) (Figure 4). 

Based on the multivariable models, equation (Eq. [4]) was 
built to calculate the predicted FF (FFpred) for each muscle 
in an individual of a given age, BMI, and sex:

( )exp 0 1 2 3FFpred age BMI sexβ β β β= + ∗ + ∗ + ∗ 	 [4]

Where β0 is the model intercept, β1 is the beta coefficient 
for age in years, β2 is the beta coefficient for BMI in kg/m2, 
β3 is the beta coefficient for sex (1 = female, 0 = male). Based 
on values of individual beta coefficients and 95% prediction 

interval bounds, we can calculate the predicted range of FF 
in healthy individuals as (Eq. [5]):

( ) ( )( )exp 1.96 exp 1.96FFpred FFpredσ σ∗ − ∗ − ∗ ∗ 	 [5]

Where σ is the average variance of the prediction interval. 

MV
The results of the univariable linear regression analysis 
showing how individual physiological factors contribute to 
the variability of TMV for all three muscles are shown in 
Table 8. Surprisingly, age failed to reach a significant effect on 
TMV of LPM and PS in the univariable linear regression 
models. However, as age is an important demographic 

Table 6 Univariable linear regression models for fat fraction

Variable
Erector spinae muscle Multifidus muscle Psoas muscle

Beta 95% CI P value R2 (%) Beta 95% CI P value R2 (%) Beta 95% CI P value R2 (%)

Age 0.027 0.021 to 0.034 <0.001* 44.8 0.030 0.022 to 0.037 <0.001* 39.6 0.016 0.012 to 0.019 <0.001* 42.8

Height −0.001 −0.011 to 0.009 0.858 0.0 −0.004 −0.015 to 0.008 0.510 0.5 0.003 −0.003 to 0.009 0.299 1.2

Weight 0.006 0.000 to 0.012 0.047* 4.4 0.001 −0.006 to 0.008 0.725 0.1 0.006 0.002 to 0.009 0.001* 11.0

BMI 0.036 0.011 to 0.062 0.005* 8.7 0.013 −0.016 to 0.043 0.375 0.9 0.027 0.012 to 0.041 <0.001* 13.7

Sex 0.236 1.6 0.026* 5.5 0.420 0.7

Male – – – – – –

Female 0.117 −0.078 to 0.311 0.249 0.031 to 0.467 −0.046 −0.160 to 0.067

MET-100 
minutes/week

−0.006 −0.013 to 0.000 0.057 4.0 −0.006 −0.013 to 0.001 0.114 2.8 −0.003 −0.007 to 0.001 0.136 2.5

MET-minutes/
week (log scale)

−0.098 −0.189 to −0.007 0.034* 5.0 −0.074 −0.179 to 0.032 0.168 2.1 −0.044 −0.097 to 0.009 0.103 3.0

*, statistically significant. CI, confidence interval; R2, R-squared; BMI, body mass index; MET, metabolic equivalent.

Table 7 Multivariable linear regression models for fat fraction

Variable
Erector spinae muscle Multifidus muscle Psoas muscle

Beta 95% CI P value Beta 95% CI P value Beta 95% CI P value

(Intercept) −4.336 −4.890 to −3.781 <0.001* −3.698 −4.370 to −3.026 <0.001* −3.729 −4.063 to −3.395 <0.001*

Age 0.025 0.019 to 0.031 <0.001* 0.029 0.021 to 0.037 <0.001* 0.014 0.010 to 0.018 <0.001*

BMI 0.031 0.009 to 0.052 0.005* 0.008 −0.018 to 0.034 0.534 0.017 0.004 to 0.029 0.012*

Sex

Male – – – – – –

Female 0.217 0.062 to 0.372 0.007* 0.276 0.088 to 0.464 0.004* 0.008 −0.085 to 0.101 0.865

R2 (%) 51.1 45.4 47.5

*, statistically significant. CI, confidence interval; BMI, body mass index; R2, R-squared.
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Figure 4 Graphs of predicted FF with 95% confidence interval 
(dashed line) for an individual with defined age in years, BMI  
(kg/m2), and sex in the (A) ES, (B) MF, and (C) PS. As BMI (MF) 
and sex (PS) were not found to be significant in multivariable 
analysis for FF, only the predicted values BMI 25 kg/m2 for MF 
and male sex for PS are displayed in the graph. BMI, body mass 
index; FF, fat fraction; ES, erector spinae muscle; MF, multifidus 
muscle; PS, psoas muscle.

factor, we included it in the subsequent multivariable 
analysis (see below). Among anthropometric parameters, 
weight demonstrated the highest R-squared values, 
explaining a substantial portion of the TMV variability, 
ranging from 36.3% to 67.6% (P<0.001). Therefore, 
weight was included as an anthropometric parameter in 
multivariable models (TMV increased with weight). Sex 
showed significant and consistent effects on TMV of all 
three muscles (lower TMV in women) (P<0.001). Similar to 
FF, MET-min/week showed no significant effect on TMV. 
Thus, MET-min/week was again excluded from subsequent 
multivariable analysis.

The results of the multivariable analysis with age, 
weight, and sex as explanatory variables are shown in Table 9.  
Weight evinced significant effects (P<0.001) on TMV of 
all muscles, while TMV increased with increasing weight 
(Figure 5). The effect of age on TMV was found only in 
PS (decrease with age), sex influenced TMV of ES and PS 
(lower volume in women). We calculated the FMV (MV 
without fat) and repeated the regression analysis; the results 
of both the univariable and multivariable regression analyses 
are shown in Tables 10,11. In multivariable analysis, weight, 
age and sex significantly influenced FMV in all 3 muscles 
(ES, MF and PS), increasing with weight, greater in men 
and decreasing with age (Figure 6). 

Based on the multivariable models, equations (Eqs. 
[6,7]) were built to calculate the predicted TMV and FMV 
(TMVpred, FMVpred) for an individual with particular age, 
weight and sex:

( )exp 0 1 2 3TMVpred age weight sexβ β β β= + ∗ + ∗ + ∗ 	 [6]

( )exp 0 1 2 3FMVpred age weight sexβ β β β= + ∗ + ∗ + ∗ 	 [7]

Where β0 is the model intercept, β1 is the beta coefficient 
for age in years, β2 is the beta coefficient for weight in 
kilograms, β3 is the beta coefficient for sex (1 = female, 0 = 
male). Based on values of individual beta coefficients and 
95% prediction interval bounds the predicted range of 
TMV and FMV in healthy individuals can be calculated as 
(Eqs. [8,9]):
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( ) ( )( )exp 1.96 exp 1.96TMVpred TMVpredσ σ∗ − ∗ − ∗ ∗ 	 [8]

( ) ( )( )exp 1.96 exp 1.96FMVpred FMVpredσ σ∗ − ∗ − ∗ ∗ 	 [9]

Where σ is the average variance of the prediction 
interval. 

The calculator for predicted FF, TMV and FMV values 
of individual muscles (ES, MF, PS) with prediction intervals 
is available in https://cdn.amegroups.cn/static/public/qims-
23-1796-1.xlsx.

Discussion 

In this study, we developed a method to assess morphology 
of LPM (ES and MF) and the control muscle (PS) using 
an advanced MRI method (6-point Dixon gradient echo 
sequence). This method was found to be reliable for 
creating segmentation masks and for assessing FF and TMV. 
The values of basic morphological parameters (biomarkers, 
i.e., FF and MV) of these muscles in our cohort of healthy 
volunteers are presented and the main physiological factors 
influencing these parameters were determined. The FF 

Table 8 Univariable linear regression models for total muscle volume 

Variable
Erector spinae muscle Multifidus muscle Psoas muscle

Beta 95% CI P value R2 (%) Beta 95% CI P value R2 (%) Beta 95% CI P value R2 (%)

Age 0.002 −0.003 to 0.007 0.485 0.6 0.003 −0.002 to 0.007 0.230 1.6 −0.006 −0.012 to 0.001 0.086 3.3

Height 0.022 0.018 to 0.026 <0.001* 55.1 0.015 0.011 to 0.020 <0.001* 37.1 0.023 0.017 to 0.029 <0.001* 40.1

Weight 0.015 0.013 to 0.017 <0.001* 67.6 0.009 0.007 to 0.012 <0.001* 36.3 0.016 0.012 to 0.019 <0.001* 47.6

BMI 0.045 0.031 to 0.058 <0.001* 33.7 0.025 0.012 to 0.038 <0.001* 14.8 0.046 0.028 to 0.064 <0.001* 23.4

Sex <0.001* 62.8 <0.001* 24.7 <0.001* 57.1

Male — — — — — —

Female −0.456 −0.531 to −0.382 −0.243 −0.333 to −0.153 −0.538 −0.637 to −0.439

MET-100 
minutes/week

0.000 −0.004 to 0.004 0.888 0.0 0.001 −0.002 to 0.005 0.452 0.6 0.000 −0.005 to 0.005 0.959 0.0

MET-minutes/
week (log scale)

−0.037 −0.095 to 0.020 0.199 1.9 −0.007 −0.057 to 0.042 0.768 0.1 −0.036 −0.107 to 0.036 0.322 1.1

*, statistically significant. CI, confidence interval; R2, R-squared; BMI, body mass index; MET, metabolic equivalent.

Table 9 Multivariable linear regression models for total muscle volume 

Variable 
Erector spinae muscle  Multifidus muscle  Psoas muscle 

Beta 95% CI P value Beta 95% CI P value Beta 95% CI P value

(Intercept) 5.697 5.457 to 5.937 <0.001* 4.757 4.422 to 5.092 <0.001* 5.644 5.299 to 5.990 <0.001*

Age −0.001 −0.004 to 0.002 0.570 0.001 −0.003 to 0.005 0.718  −0.008 −0.012 to −0.004 <0.001*

Weight 0.010  0.007 to 0.013 <0.001* 0.008  0.004 to 0.012 <0.001* 0.010 0.005 to 0.014  <0.001*

Sex  

Male – – – – – –

Female −0.240 −0.325 to −0.154 <0.001* −0.075 −0.194 to 0.044 0.214 −0.330 −0.453 to −0.207 <0.001*

R2 (%) 76.8 37.4 68.5

*, statistically significant. CI, confidence interval; R2, R-squared.

https://cdn.amegroups.cn/static/public/qims-23-1796-1.xlsx
https://cdn.amegroups.cn/static/public/qims-23-1796-1.xlsx
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Figure 5 Graphs of predicted TMV with 95% confidence interval 
(dashed line) for an individual with defined weight in kilograms, 
age in years, and sex in the (A) ES, (B) MF, and (C) PS. As sex 
(MF) and age (ES, MF) were not found to be significant for TMV 
in multivariable analysis, only the predicted values male sex and 
age 40 years for MF and age 40 years for ES are displayed in the 
graph. TMV, total muscle volume; ES, erector spinae muscle; MF, 
multifidus muscle; PS, psoas muscle.

was influenced the most by age; the MV was influenced 
most by the weight and sex of the individual. We developed 
equations to calculate the predicted FF, TMV and FMV 
values for each muscle as a function of the individual’s 
independent physiological variables.

The agreement of the segmentation masks in our study 
reached high values for the Dice coefficient, low values 
(high agreement) for the average HD in the case of inter-
rater reliability, and, according to the assumption, an even 
better agreement was shown in the case of intra-rater 
reliability. Both of these parameters are very sensitive to 
the number of voxels in the segmented masks. This could 
be one reason MF had worse results than other bigger 
muscles. In addition to the size of the muscle, the LPM (ES 
and MF) are not encapsulated by their own independent 
layer of epimysium, complicating their identification and 
delineation (27). When we examined the reproducibility of 
FF and MV, we observed excellent ICC values (ICC >0.96) 
and perfect correlations among all raters and between the 
raters themselves (r>0.96), which is in line with the results 
of previous research on this topic (12,18,32,33). The chosen 
segmentation methodology is tedious; nevertheless, this step 
was necessary for the future creation of a fully automated 
machine learning-based method, which is a challenge in this 
anatomical field. Several works on this topic exist and this 
approach could improve the already high reproducibility of 
segmentation and save hours of physician work (34,35).

The reproducibility is high but the accuracy of 
quantification of FF is an unresolved issue. Several 
different approaches can be found, each with advantages 
and disadvantages. We decided to use the mDixon Quant 
sequence because its accuracy has been evaluated in 
previous studies with very good results (36,37). For a 
good segmentation, a high resolution and tissue contrast 
is necessary; for a good quantification of fat, a high signal-
to-noise ratio is also necessary; these are two contradictory 
conditions. For this reason, we decided not to perform data 
acquisition by fast acquisition with breath held as in some 
other publications (9,12). Since we are primarily interested 
in the area of muscles located around the spine, we chose 
the direction of phase encoding right-to-left with sufficient 
oversampling. This ensures that breathing artefacts remain 
primarily in the anterior region of the image, and we can 
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Table 10 Univariable linear regression models for functional muscle volume

Variable 
Erector spinae muscle Multifidus muscle Psoas muscle

Beta 95% CI P value R2 (%) Beta 95% CI P value R2 (%) Beta 95% CI P value R2 (%)

Age −0.002 −0.007 to 0.004 0.569 0.4 −0.002 −0.007 to 0.003 0.377 0.9 −0.007 −0.013 to 0.000 0.038* 4.8

Height 0.022 0.018 to 0.027 <0.001* 54.2 0.016 0.012 to 0.020 <0.001* 42.2 0.023 0.017 to 0.029 <0.001* 39.1

Weight 0.014 0.012 to 0.017 <0.001* 57.7 0.009 0.007 to 0.012 <0.001* 34.9 0.015 0.012 to 0.019 <0.001* 44.6

BMI 0.039 0.025 to 0.053 <0.001* 25.0 0.022 0.009 to 0.035 0.001* 11.6 0.044 0.026 to 0.062 <0.001* 21.1

Sex <0.001* 64.1   <0.001* 33.3   <0.001* 56.0

Male – – – – – –

Female −0.469 −0.543 to −0.394 −0.280 −0.364 to −0.196 −0.534 −0.635 to −0.434

MET-100 
minutes/week

0.001 −0.003 to 0.005 0.530 0.4 0.002 −0.001 to 0.006 0.156 2.3 0.000 −0.005 to 0.005 0.966 0.0

MET-minutes/
week (log scale)

−0.022 −0.081 to 0.037 0.455 0.6 0.007 −0.042 to 0.056 0.771 0.1 −0.032 −0.104 to 0.039 0.371 0.9

*, statistically significant. CI, confidence interval; R2, R-squared; BMI, body mass index; MET, metabolic equivalent.

Table 11 Multivariable linear regression models for functional muscle volume 

Variable
Erector spinae muscle Multifidus muscle Psoas muscle 

Beta 95% CI P value Beta 95% CI P value Beta  95% CI P value

Intercept 5.856 5.597 to 6.116 <0.001* 4.897 4.579 to 5.214 <0.001* 5.656  5.306 to 6.005 <0.001*

Age −0.004 −0.007 to −0.001 0.011* −0.004 −0.008 to 0.000  0.037* −0.009 −0.013 to −0.005 <0.001*

Weight 0.008 0.005 to 0.011 <0.001* 0.007 0.003 to 0.010 <0.001* 0.009 0.005 to 0.013 <0.001*

Sex  

Male – – – – – –

Female −0.285 −0.377 to −0.193 <0.001* −0.132 −0.245 to −0.019 0.022* −0.336 −0.461 to −0.212 <0.001*

R2 (%) 73.8 43.0 68.1 

*, statistically significant. CI, confidence interval; R2, R-squared.

capture the image longer (more signal averaging), with 
higher resolution, sufficient signal, and minimal motion 
artefacts in the ROI.

Comparing values of FF and MV between studies 
is challenging due to methodological differences and 
variations in study cohorts, including sex, age, height, 
and weight, which can significantly affect MV and FF 
measurements. For MV, the range of lumbar levels assessed 
is also crucial. Our study is notable for using a precise 
6-point Dixon method and manual segmentation to assess 
the morphological parameters of the individual muscles 
across their entire volume in L1 to L5 levels, as opposed to 
single level assessments since parameters vary at different 

vertebral levels (9). 
Comparing our results with the study by Crawford  

et al. (9), our research reported FF values for MF and ES 
that were on average one-third to one-half lower. TMV 
in our research was approximately 15% lower for MF, and 
TMV for ES was about 28% higher. This discrepancy 
may be due to the use of the less accurate 2-point Dixon 
sequences and different segmentation methods with a 
semi-automated approach by Crawford et al. (9), and 
most importantly, a different segmentation range, which 
may contribute to the variation between studies. Valentin  
et al. (33) also reported higher FF values for LPM muscles, 
probably due to differences in measurement methods. 
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Figure 6 Graphs of predicted FMV with 95% confidence interval 
(dashed line) for an individual with defined weight in kilograms, 
age in years, and sex in the (A) ES, (B) MF, and (C) PS. FMV, 
functional muscle volume; ES, erector spinae muscle; MF, 
multifidus muscle; PS, psoas muscle.

To analyse FF, the study by Valentin et al. (33) used a 
T1 sequence and relied on relative comparisons with 
subcutaneous fat areas, making values from this work 
incomparable with those obtained in other studies. The 
study by Baum et al. (38) reported FF values for the PS of 
4.1% (an average for both sides), which is relatively similar 
to our results (6.1%), although our values are up to half 
as high due to the low FF values in PS. However, Baum  
et al. (38) included only 10 participants with a significantly 
younger average age (29 years), which may explain the 
lower FF values observed. A study by Sollmann et al. (12) 
achieved comparable FF values for PS (men: 5.1%, women: 
6.0%) to our study, with a closely matched cohort in terms 
of age and BMI. However, like Baum et al. (38), Sollmann 
et al. (12) combined MF and ES into a single muscle, which 
affect direct comparisons of the values. Using the same 
imaging modality (MRI), Modesto et al. (39) showed TMV 
values for PS that were approximately 30% lower than 
ours due to differences in volume assessment methodology, 
age composition (healthy volunteers in our cohort were 
younger) and, in particular, different segmentation ranges.

Many studies have investigated the influence of 
physiological factors (age, sex, weight, height, BMI, and 
physical activity) on muscle morphological parameters, but 
the results are inconsistent and often contradictory. In this 
study, we found that age was the main factor influencing 
muscle FF in adults, accounting for about 40–45% of the 
FF variability. We have demonstrated that FF of LPM and 
also PS increases with age, which is in line with most of the 
previous studies (9-17,40-42). Among the anthropometric 
factors, FF of PS and ES was most influenced by BMI, 
and FF increased with increasing BMI. However, we could 
not demonstrate an effect of BMI on FF in MF. Sollmann  
et al. (12) showed that LPM FF (ES and MF were evaluated 
as a single muscle) at level L3–L5 was independent of BMI, 
which was not the case for the other segments (T12–L2 or 
T9–T11) or PS. No significant correlation between BMI 
and FF of LPM was demonstrated in other studies (9,10). 
In line with the findings of this study, the proportion of 
FF has been described as higher among women in LPM 
(9,11,16,17,43). On the other hand, Burian et al., like us, 
did not find any significant differences between men and 
women in FF values of PS (43). It has been repeatedly 
described that the association between the level of physical 
activity in daily life and the paraspinal fat replacement 
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is negligible or even non-existent (9,10), which we also 
confirmed in our study. The fact that LPM are minimally 
affected by general physical activity is also supported by the 
results of our previous study, which found no correlation 
between physical activity and muscle strength and muscular 
endurance of the lower back extensor muscles, which 
include ES and MF (44). The reason for this may be due 
to the different representation of muscle fibres; the feature 
of LPM is the predominance of slow‐twitch fibres (type 1)  
compared to the limb muscles (including PS) with 
predominant fast-twitch fibres (type 2) (45,46). Slow‐twitch 
fibres determine the postural function of LPM; fast-twitch 
fibres determine phasic movements of the limb muscles.

Ordinary physical activities and sports involve mostly 
phasic movements, which do not target slow-twitch fibres. 
Only certain types of exercise appear to involve paraspinal 
muscles in their postural function (3,47). It can be assumed 
that those exercises that specifically target the deep spinal 
stabilisation system are needed to improve the conditioning 
of LPM in primary and secondary prevention, which was 
confirmed in our previous study (48).

Very few studies have evaluated MV as a biomarker of 
muscle damage, with most preferring muscle CSA as it is 
easier to measure and does not require time-consuming 
muscle segmentation (9,32,33). However, the values for 
muscle CSA are dependent on the lumbar level at which they 
are assessed (CSA of ES decreases at lower segments) (15).  
Thus, MV appears to be a much more reliable marker 
than CSA, and three-dimensional volumetric measures 
are expected to be more closely related to muscle function 
than two-dimensional measures (32). It was reported that 
TMV of MF and ES are lower in women than in men (9), 
which we confirmed for PS and ES, but not for MF (no 
effect of sex on TMV was found for this muscle in the 
multivariable analysis). Another study evaluating factors 
influencing lumbar spine muscle TMV concluded that 
height was a highly significant factor influencing PS, MF, 
and ES volume (33), which was also demonstrated in the 
present study. However, our study showed a slightly greater 
effect of weight on TMV compared to height. The results 
of the analysis of the effect of age on MV of LPM vary 
widely among studies; Crawford et al. concluded that TMV 
of MF and ES are independent of age (9), and Valentin  
et al. described the effect of age only on TMV of MF 
(volume decreased with increasing age), but not on 
TMV of ES and PS (33). In our study, there was no 
significant effect of age on TMV of LPM, but TMV of 
PS decreased with age. It is known that ageing causes 

significant changes in skeletal muscle composition, 
with a  marked increase in non-contract i le  t issue 
(intramuscular fat and connective tissue) and a decrease 
in contractile tissue; the consequence is loss of intrinsic 
muscle strength typically observed at older age (49).  
Such a remodelling process causes a disproportionate age-
associated decrease of force compared to that of TMV (49). 
Significant atrophy of LPM can occur without a reduction 
in the total CSA within the muscles’ fascial boundaries, 
so paraspinal muscle atrophy is described in terms of 
the replacement of muscle with fat and fibrous tissue, 
resulting in reduced functional contractility of muscle  
(50-52). Therefore, a measure of the FMV would be a better 
indicator of the muscle’s contractile ability and could reveal 
the real atrophy of the muscle (53). In our study, there was a 
significant negative effect of age on FMV in both LPM and 
PS. The graphs of predicted FMV show that the FMV for 
all the muscles evaluated is lowest at age 60, higher at age 
45, and highest at age 30. This correlates with previously 
published data on natural ageing and sarcopenia which 
suggests that the age of 30–40 years is the point at which a 
slow but continuous loss of muscle mass (FMV) becomes 
significant, accelerating by the age of 60–70 years (54-56). 
FMV was also significantly influenced by weight (increasing 
with weight) and gender (higher values in men) for both 
LPM and PS in our study. Few studies have used regression 
models to analyse the relationship between paraspinal 
muscle morphology and demographic, anthropometrics 
factors, and level of physical activity. In concordance with 
our results, no association between level of physical activity 
and paraspinal muscle morphology was found (33,42) 
and FF increased with increasing age and was higher in  
females (11). However, comparison with our study is rather 
complex due to substantial differences in demographic 
differences in subjects screened and the methodology used. 
Khil et al. did not differentiate MF and ES, calculated 
CSA and not MV, and the mean age of subjects screened 
was lower (34.3 years) than in our study (11). Fortin et al.  
obtained data only in men, only in L3–4 and L5–S1 
segments, and calculated CSA instead of MV (42); similar 
to the study by Valentin et al. (33), muscle fat infiltration 
was computed as percentage of pixel intensity in fat tissue. 
Moreover, Valentin et al. used BMI and height, which are 
covariates of interest, in one multivariable regression model, 
which could lead to distorted results (33). In our study, 
the multivariable regression models were used to establish 
equations to calculate predicted FF, TMV and FMV of 
individual muscles based on the physiological factors of 
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the individual. We believe that these equations will help to 
simplify the detection of morphological abnormalities in 
LPM and we anticipate their use in routine clinical practice. 

The present study has some limitations. The main 
limitation is the limited number of subjects enrolled. For 
this reason, the values presented for the morphological 
parameters of individual muscles cannot be considered as 
norms, but only as values found in our cohort of healthy 
subjects, and the calculation of predicted values is based 
only on this healthy cohort. In a second step, we also need 
to test the established parameters in individuals where we 
expect LPM involvement, such as patients with chronic low 
back pain or neuromuscular diseases. However, to the best 
of our knowledge, this study is among those with the largest 
number of healthy subjects, selected according to strict 
criteria to exclude parameters that could influence muscle 
parameters. Equal representation of males and females 
was maintained in the recruitment of individuals, as was 
the accurate age stratification of the cohort. The strengths 
of this study are the use of a 6-point Dixon gradient echo 
sequence, the evaluation of physiological variables that 
influence the morphological parameters of LPM, and the 
provision of equations for calculating the FF, TMV and 
FMV values of given muscle based on the individual’s 
characteristics. We also believe that the improvement of the 
manual segmentation methodology for individual muscles 
will be useful in developing a methodology for automatic 
segmentation of these muscles using artificial intelligence. 
We are already working on this. The knowledge of 
paraspinal muscle biomarker values (also in relation 
to the physiological characteristics of the individual) 
determined by MRI will be used in the diagnosis of LPM 
damage in various diseases, including low back pain and 
neuromuscular diseases. It can also be used to monitor the 
dynamics of disease and the effect of treatment, as well as to 
select the optimal rehabilitation programme and exercises. 
Furthermore, assessing LPM in patients with low back pain 
will help to understand the pathophysiology of this very 
common condition.

Conclusions 

A methodology has been developed to assess  the 
morphological parameters of LPM (ES and MF) using 
a 6-point Dixon gradient echo sequence, including the 
segmentation of these muscles. The high level of reliability 
of this methodology has been confirmed. An analysis of 
the physiological factors that have an influence on the FF 

and MV of these muscles was carried out. The FF of LPM 
was most influenced by age and MV was most influenced 
by the weight and sex of the individual. The results of this 
study suggest the expected values of LPM morphological 
parameters in a healthy population, thus helping to detect 
their abnormalities. Equations were developed to calculate 
the predicted FF of LPM in relation to age, BMI and sex, 
and the predicted TMV and FMV of LPM in relation to 
age, weight and sex of the individual. We believe that the 
results of this study could improve our understanding of 
the pathophysiology of low back pain, in which LPM are 
thought to play an important role, as well as the possible 
involvement of these muscles in some neuromuscular 
diseases.
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