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Age-related Degeneration of Lumbar Muscle Morphology in Healthy

Younger versus Older Men

Aim: The aim of this study was to evaluate age-related changes in lumbar

paravertebral muscle (LPM) morphology in healthy younger and older adult men.

Methods: T2-weighted axial MRI of the lumbar spine were obtained for twelve
healthy older (67.3+6.0 years) and younger (24.7+3.1 years) men. Normalised
muscle volume (NMV) and muscle-fat-infiltrate (MFI) were determined
bilaterally for the psoas (PS), quadratus lumborum (QL), erector spinae (ES) and
multifidus (MF). MANOVA was used to compare NMV and MFI between age
groups. Follow-up ANOVA compared NMV and MFI for each muscle between
age groups, with physical activity (PA) as a covariate. Stepwise regression was

used to explore the association between muscle morphology.

Results: NMV of the ES and QL were significantly lower in the older group (OG)
(p=.040 and p<.001, respectively). MFI across all muscles was significantly
greater in the OG (p<.001). PA did not moderate the relationship between aging
and muscle degeneration. Non-dominant handgrip strength was associated with

NMV (p=.003).

Conclusions: Age-related atrophy is muscle-specific in the lumbar spine; changes
in lumbar musculature is independent of PA, handgrip strength may reflect
morphological changes in the postural muscles with age. This study supports

establishing effective targeted exercise interventions in the lumbar musculature.

Keywords: paravertebral muscles, MRI, fat infiltration, atrophy, spinal

sarcopenia, aging
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1. Introduction

Sarcopenia is a major health concern [1-3] and socioeconomic burden, responsible for
considerable healthcare expenditure in the United Kingdom [4] and United States [5].
With worldwide increases in the number of elderly, the challenges posed by sarcopenia
are increasingly great at patient, societal and clinical levels [6,7].

Diagnostic criteria for sarcopenia typically include measurement of appendicular
muscle mass [8—13], however, there is increasing evidence highlighting the value of
measuring paravertebral muscle degeneration (atrophy and fat infiltration) [14—19].
Narici and Maffulli [20] suggest that the postural muscles may be more susceptible to
the effects of age-related sarcopenia than the appendicular muscles. This suggestion is
supported as the lumbar musculature is more susceptible to progressive fat infiltration
with aging than the lower limbs [21]. Degeneration of the lumbar musculature has
attracted interest in recent years, even stimulating ideas of spinal sarcopenia [22,23].
This focus is likely due to the importance of the paravertebral muscles in the
maintenance of spinal health [18,24,25], postural support, falls prevention, and assisting
with trunk movements during activities of daily living [15,26-30].

Studies have shown that lower back pain and pathology modifies the size and
composition of the LPMs [31-36]. However, the extent of muscle atrophy and fat
infiltration is confounded by physiological declines associated with normal aging
[15,34,37-40]. Few studies have directly investigated the effects of healthy aging on
muscle size and fat infiltration in the lumbar spine [39,41,42]. Furthermore, the range of
approaches used to evaluate age-related changes in LPM morphology makes comparing
findings difficult. Disparate methodologies and their influence on age-related

degeneration of the LPMs has been explored in detail elsewhere [43]. Lifestyle factors,
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such as PA, may also modify the relationship between aging and LPM degeneration
[44,45]. In our view, PA level has however been generally overlooked as a potential
covariate in the literature. Anatomical variations in lumbar sagittal curvature [29] may
also influence age-related changes in LPM morphology and their moderating effect
should be considered.

Attenuating atrophy and fat infiltration in the LPMs is important to maintain
quality of life and offset adverse health outcomes in old age [19,46—50]. The need for
further investigation in this area has been widely acknowledged [21,38,39,49,51],
particularly in healthy volunteers as undetermined phenotypes are likely hidden in the
demographics of general populations [16,52]. To the authors’ knowledge, no study to
date has included volumetric and fat infiltration measures for the PS, QL, ES and MF in
relation to healthy aging. Others have provided cross-sectional areas [53,54], although
single representative slices lack the functional relevance of volumetric muscle measures
[55]. Given the different functions of the LPMs and their propensity for localised
degeneration [51,56—-58], atrophic and fat infiltration changes are of interest for each
individual muscle surrounding the lumbar spine. Therefore, the main aim of this study
was to investigate age-related changes in LPM morphology (i.e. muscle volume and fat
infiltration) in healthy younger and older men. Secondary aims were to evaluate the
age-response on different muscles in the lumbar spine, the moderating effect of PA and

associations with exploratory factors.

2. Materials and Methods

Reporting of this prospective observational case matched study is based on the

Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
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Statement [59]. Coventry University Ethics Committee approved the study (P70399) on

13" September 2018.

2.1. Participants

Participants were recruited from the community and from University staff and students
in Coventry, UK between November 2018 and June 2019. Inclusion criteria were
healthy males aged 18 — 30 years or above 60 years. Exclusion criteria were BMI
outside of 18.5 —29.9 kg-m™, smokers, consumption of alcohol on a daily basis and an
existing or past medical history of metabolic diseases, neuromuscular disorders or
musculoskeletal impairments that may affect muscular strength. Pain-related disability
was assessed using the Modified Oswestry Low Back Pain Disability Questionnaire
(ODQ-m) [60].

Participants in the younger group (YG) (n = 12) were matched to participants in
the OG (n = 12) based on PA category (IPAQ-SF) [61] and ethnicity. Informed written
consent was obtained from all participants and suitability to undergo MRI was assessed
through a safety questionnaire immediately prior to the imaging study. Participants’
height and mass were measured as was whole-body fat and lean mass using bioelectrical
impedance analysis (Tanita MC-780MA S, Tanita, Tokyo, Japan). Handgrip strength
was also assessed using a handgrip dynamometer (Takei 5401, Takei Scientific

Instruments Co Ltd, Japan) and adhering to the Southampton protocol [62].

2.2. Muscle Morphology

2.2.1. Imaging Acquisition

Scans of the lumbosacral spine were performed in a 3T MR imaging scanner (Discovery

MR750w, GE Medical Systems, Milwaukee, Wisconsin, USA). Participants were
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positioned supine in the magnetic bore with a pillow placed under their legs resulting in
slight flexion of the hips and knees. A flexible 16-element body-matrix coil (GEM
Anterior Array, GE Healthcare, Waukesha, Wisconsin, USA) was used in combination
with an in-table GEM Posterior Array (GE Healthcare, Waukesha, Wisconsin, USA)
consisting of a 5 x 8§ array to improve signal reception. Axial T2-weighted fast recovery
fast spin-echo (FRFSE) images were acquired from the L2 inferior endplate to the L5
inferior endplate, using a slice thickness of 4 mm, no interslice gap, repetition time (TR)
6643 ms, echo time (TE) 107 ms, acquisition matrix 240x240, flip angle 150°, field of
view (FOV) 240 mm, voxel size 0.938 x 0.938 x 4 mm, 30 slices provided sufficient
coverage, acquisition time 03:04 mins. Images were stored as DICOM format for

processing.

2.2.2. Image Analysis

Image analysis was performed using ITK-SNAP (ITK-SNAP, version 3.8.0, www.itk-
snap.org) [63]. Right and left sides of the psoas, quadratus lumborum, erector spinae
and multifidus were manually segmented for each axial slice between the superior
endplate of L3 to the superior endplate of L4 (Figure 1). The superior endplate of L4
was chosen as the inferior-most level to avoid obliquity at lower levels. The chosen
levels provided identifiable anatomical planes that were approximately parallel to the

axial image slices in all participants; minimising inter-subject measurement error.

[Figure 1 near here]
The summation of axial regions of interest (ROI) provided volumetric
measurements for each muscle. Volumetric measures are preferable to cross-sectional

areas as they are more meaningful functionally [55,64,65] and minimise errors
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associated with postural variations during scanning [29]. Due to variations in
participants anatomy, the number of analysed slices ranged from 10 to 11. To account
for differences in muscle volume as a result of stature, muscle volumes were normalized
to the straight-line distance between the anterior superior border of the L1 vertebra and
the anterior superior border of the S1 vertebra (Figure 2) [66], giving normalized
muscle volume (NMV) in arbitrary units (a.u.).

Muscle-fat-infiltrate (MFI) was used to estimate intramuscular fat infiltration.
For MFI, mean signal intensity (MSI) of each muscle across all included slices was
reported as a percentage relative to MSI of a homogenous region of subcutaneous back
fat across all included slices, given by the equation:

Eq 1. MFI (%) = Muscle MSI/Subcutaneous Fat MSI = 100

Similar approaches have been used previously [39,67-69] to account for inter-
subject and temporal variations in measured signal intensity due to field strength
variations and distance of voxels from the detector coils. The fat ROI was selected from
an area of subcutaneous back fat as defining a region of intermuscular fat may be
difficult in every individual [67]. Hyperintense regions within the LPMs observed on T2

axial images were considered fatty tissue [46,70].

2.2.3. Vertebral Height and Lumbar Lordotic Angle

Sagittal plane images were acquired to measure lumbar lordotic angle (LLA). The
images were acquired using a T2-weighted FRFSE sequence with a magnetic field
strength of 3T, slice thickness 6 mm, interslice gap 8 mm, TR 2877 ms, TE 109 ms, flip
angle 142°, voxel size 1.41 x 1.41 x 8 mm, images in acquisition 12, acquisition time
01:58 mins. The slice representing the mid-vertebral line was identified by the presence

of the conus medullaris and spinous processes and used for analysis. The Cobb L1-L5
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method was used to measure LAA [71]; the angle between the superior endplate of L1
and the inferior endplate of L5 (6L1-1s) (Figure 2).

[Figure 2 near here]

2.2.4. Reliability

Segmentation of the LPMs was performed independently and sequentially by one
observer (AD) for every participant. Segmentation was repeated (AD) on a random sub-
sample (n = 4) after six months to assess long-term intra-observer reliability and
measurement error. To avoid bias, the observer was blinded to the first measurement
before the second measurement was completed. The observer was also blinded to the
participant’s information. Intra-observer reliability of the NMV and MFI measurements
were assessed by calculating the average measures intra-class correlation coefficient

(ICC) using a two-way mixed absolute agreement model.

2.3. Physical Activity Measurement

Participants wore an Actigraph GT9X accelerometer, sampling at 90 Hz, on their
dominant wrist for ten consecutive days. Accelerometers were worn on wrists to
improve wear-time compliance and detect less traditional modes of PA commonly
performed by older adults [72]. Data were processed using Actilife software (version
6.13). To be eligible for processing, data must have been obtained for a minimum of
four days including one weekend day and at least 10 hours of awake time during these
days [73]. Valid data were divided into 1 second epochs to increase accurate
identification of high intensity bursts of activity. Average time (hours) spent per day in
moderate-to-vigorous PA (MVPA) and vigorous PA (VPA) were calculated using cut-

off values of 1031 counts/minute for moderate and 3589 counts/minute for vigorous
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intensities [74].

2.4. Statistical Analysis

Statistical analyses were performed using SPSS software (Version 24.0, IBM, Armonk,
New York) and graphical presentation performed using GraphPad Prism (Version 8.3.1,
San Diego, California). For each muscle group, right and left sides were combined and
NMYV and MFI were presented as mean =+ standard deviation (SD) unless otherwise
stated. All variables were normally distributed (Shapiro Wilk’s test: p > .05) and equal
variances between groups were assumed (Levene’s test: p > 0.05). Independent t-tests
compared MVPA and VPA between groups. Following a significant result (p <.05), the
moderating effect of the corresponding variable was explored by including it as a
potential covariate. Multivariate analysis of variance (MANOVA) were conducted for
NMYV and MFI. Group differences were investigated based on the linear composite of
outcome variables for each muscle. Significant between-subject results were followed
up with univariate analysis of variance (ANOVA) to compare NMV and MFI for each
muscle between age groups.

An independent t-test was used to compare LLA between groups. The strength
of the relationships between LLA and muscle morphology outcomes were assessed
from the Pearson correlation coefficient. Stepwise multiple linear regression was used
to explore potential variables that may be related to total NMV (summation of each
muscle’s NMV) and mean MFI (mean MFI across all muscles). Input variables
included: age (age group), MVPA (hrs/day), VPA (hrs/day), BMI, whole body fat
composition (%), whole body lean mass (kg), dominant and non-dominant handgrip
strength (kg), and LLA (°). A stepwise regression model was chosen due to its ability to

reduce the number of predictor variables without substantially reducing the explanatory
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power of the data [75]. An alpha level of 0.05 was required for statistical significance in
all tests. Standardized effect size (1,%) and observed power (1-B) were also determined

where possible.

3. Results

Descriptive data are presented in Table 1. The OG had more whole-body fat mass (t(22)
=2.62,p =.016), engaged in less VPA (t(22) =-2.37, p = .027) and had weaker
dominant (t(22) =2.22, p = .037) and non-dominant (t(22) = 2.38, p = .027) handgrip
strength than the YG.
[Table 1 near here]

MANOVA revealed statistically significant differences in NMV (F(4,19) =5.07,
p =.006; Wilks’ A = 0.48, np> = 0.52) and MFI (F(4,19) = 9.64, p < .001; Wilks’ A =
0.33, np? = 0.67) between age groups. Descriptive statistics for each muscle outcome
stratified by age group are presented in Table 2.

[Table 2 near here]

3.1. Normalized Muscle Volume

Follow-up ANOVA revealed a significant effect of age on NMV for the QL (£(1,22) =
15.98, p <.001, > = 0.421, 1-B = 0.968) and ES (F(1,22) =4.77, p = .040, n,> = 0.178,
1-B =0.551) muscles (Figure 3). Compared to the YG, the OG had significantly lower
NMYV for the QL (2.2 £ 0.5 vs 3.0 £ 0.5) and ES (8.9 £ 1.7 vs 10.1 + 1.0). Differences in
NMYV between groups were not significant for the PS and MF muscles. The greatest
difference between groups was observed in the QL, where the YG exhibited a 36.47%

greater NMV than the OG.
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[Figure 3 near here]

3.2. Intramuscular Fat Infiltration

There was a significant effect of age on fat infiltration for all muscle groups: PS
(F(1,22) =10.30, p =.004, np> = 0.318, 1-B = 0.864); QL (F(1,22) = 23.10, p <.001, 1,
=0.512, 1-p=0.996); ES (F(1,22) = 32.73, p <.001, n,*> = 0.598, 1-B = 1.0); MF
(F(1,22) =40.43, p <.001, np> = 0.648, 1-p = 1.0) (Figure 4). The greatest mean
difference in MFI was observed in the MF, where MFI was significantly greater in the
OG compared to the YG (33.48 + 6.63% vs 18.53 + 4.74%, p <.001). The OG also
exhibited significantly greater fat infiltration in the PS (13.04 + 2.53% VS 10.18 +
1.77%, p = .004), QL (14.87 £ 3.56% vs 9.46 £ 1.56%, p <.001) and ES (23.77 +
5.56% vs 13.48 £ 2.79%, p <.001).

[Figure 4 near here]

3.3. Physical Activity

VPA was not significantly related to NMV (p = .44) or MFI (p = .94), when included as
a covariate in statistical models (MANCOVA). The effect of age on MFI for all muscles
remained significant after controlling for VPA. However, whilst a significant main
effect of age on NMV for the QL remained after controlling for VPA, age did not have
a significant effect on NMV for the ES after controlling for VPA (p > .05). Adjusted
values indicated that ES NMV remained lower in the OG (9.0 £+ 1.5 a.u.) compared to

the YG (10.0 = 1.5 a.u.).

3.4. Lumbar Lordotic Angle

The OG (36.9 = 10.6°) had a significantly greater LLA than the YG (26.6 &+ 5.2°), #(22)
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=3.02, p =.006. Of the morphological features measured across all muscles, only MF

NMYV was significantly correlated with LLA, r(22) = 0.434, p = .034.

3.5. Exploration of Important Variables

Of the variables included in the stepwise linear regression, only non-dominant handgrip
strength was found to be a significant predictor of total NMV, F(1,22) =10.93,p =
.003, R? = 0.332. Predicated total NMV was equal to 13.511 + 0.205*(non-dominant
handgrip strength). Age was the only significant predictor of mean MFI, F(1,22) =
38.27, p <.001, R?> = 0.635. Predicted mean MFI across all LPMs was equal to 12.922 +
8.370*(age group), where age group was coded as 0 = YG, 1 = OG. Mean MFTI in the

OG was 8.4% greater than the YG.

3.6. Reliability

Intra-observer reliability was excellent across measures of Volume, NMV and MFI.
ICC [95% CI], root mean square difference (RMSD) and mean residual difference (%)
values are presented in Appendix a. Segmentation agreement maps for visualisation are

presented in Appendix b.

4. Discussion

This study aimed to investigate morphological changes in the LPMs with healthy aging.
The main finding of this study was that the OG exhibited increased fat infiltration
across the lumbar musculature whilst muscle atrophy was only found in the QL and ES
muscles. This suggests that morphological changes in muscle fat content, rather than

size, are a better indicator of age-related degeneration in the lumbar musculature.
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4.1. Age-related Fat Infiltration in the Lumbar Musculature

Significantly greater fat infiltration was observed across the LPMs with age,suggesting
that myosteatosis has a somewhat global effect on skeletal muscle in the lumbar spine.
Type I fibres are more susceptible to fat infiltration with advancing age [76—78], whilst
type Il fibres are more vulnerable to atrophic changes [76,79,80]. Since the LPMs are
predominantly composed of slow-twitch fibres [81-86], it is unsurprising that changes
in muscle composition were more apparent than those in muscle size. Indeed, age
accounted for a large proportion (63.5%) of variation in mean MFI in the LPMs.
Despite methodological disparities, other studies have observed similar age
effects on muscle composition in the lumbar spine [14,87,88]. However, the effects of
aging on certain LPMs is more equivocal. Valentin et al. [39] and Lee et al. [89]
reported that the PS is resistant to age-related fat infiltration. Discrepancies with the
current study may be due to different MRI sequences [39] and study subject
characteristics [89]. The rate of change in muscle fat content in the lumbar differs
between Asian and Caucasian populations [90]. Therefore, differences with Lee et al.
[89] may be due to ethnicity. The literature does not fully support the current findings
for the QL either. Whilst moderate to strong effects of aging on QL muscle density have
been reported in large population-based cohorts [91,92] in support of the current results,
others have observed insignificant age-related changes in QL fat content [54,69,93,94].
The highly disparate methods used to measure muscle composition precludes
conclusions from being drawn, although the large effect sizes in the current study

indicate that all LPMs undergo degenerative fat infiltration in older men.

4.2. Muscle-specific Atrophy in the Lumbar Spine
The QL exhibited the greatest age-related atrophy in the current study. This is supported
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by Johannesdottir et al. [91], who also reported that the rate of atrophy in the QL may
be as great as 9% per decade in males. Few studies have directly investigated the effect
of aging on QL muscle size [54,91,95], however, these studies all observed age-related
atrophy. NMV of the ES was also significantly reduced in the OG, however age
accounted for only 17% of the variance in ES atrophy, suggesting that factors other than
age (e.g. physical inactivity) play an important role in mediating the loss of ES muscle
size. Skeletal muscle has been shown to undergo adaptive reductive remodelling in
response to both physical inactivity [96,97] and aging [49,98,99]. The effect of muscle
disuse atrophy in the elderly is likely exacerbated by their inter-relationship [100].
According to Ikezoe et al. [48], mechanical unloading preferentially affects the
antigravity muscles. Given that the ES muscles are antigravity muscles and are
predominantly composed of type I muscle fibres [§1-85] which are susceptible to
inactivity atrophy [101], less engagement with PA is a likely mechanism for ES muscle
atrophy [102].

Another explanation as to why the ES and QL atrophy considers their
fundamental anatomy and biomechanics. The QL and iliocostalis lumborum (IL) of the
ES act in the coronal plane due to their lateral positioning [103,104]. Greater trunk
excursions in the coronal plane contribute to larger lateral flexion moments [105]. As
older adults exhibit reduced coronal plane trunk motion during everyday activities such
as walking [106,107], it is likely that the subsequently lower mechanical demands are
an insufficient stimulus to attenuate muscle atrophy in the QL and IL. The longissimus
muscle of the ES acts primarily in the sagittal plane [108] and with advancing age this
extensor muscle is solicited more due to postural changes increasing the thoracolumbar

bending moment [109]. It is unknown from the current analysis how much ES atrophy
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was attributed to a diminished longissimus, however, these findings highlight the
potential for a change in planar motion with aging.

Interestingly, MF NMV was larger in the OG. Change in LLA with age may
explain why the MF is spared from atrophic decline. The NMV of the MF was
significantly and moderately associated with LLA. According to mathematical models,
forces applied by the LPMs should be greater in spines with increased lumbar lordosis
as larger muscle forces are required to provide biomechanical stability [110]. Therefore,
the significantly greater LLA in the OG may provide a training effect for the MF,
whereby the MF plays a role in generating follower loads [111] (i.e. resultant forces that
travel tangentially to the spine’s sagittal curvature to provide lumbar spine stability)
[112].

The PS did not appear to atrophy with aging in this study,in agreement others
[41,48,88] although not unequivocally so [113]. The relative preservation of PS NMV
may be due to changes in motor control strategies. Older adults exhibit a distal-to-
proximal redistribution of joint power during gait [114,115], demonstrated by greater
reliance on hip flexor activity to propel the leg into swing [114]. As the PS functions as
a primary flexor of the hip joint [116—-120], increased reliance on the hip flexor muscles
in older age may provide sufficient stimulus to attenuate atrophy of the PS.

Fat infiltration appears to have a global effect on the LPMs whereas atrophy
appears to be muscle-specific. Mechanisms for this remain undetermined, although the
suggestions in the previous paragraph provide a plausible explanation. Increase in
intramuscular fat tissue is likely due to slow-twitch fibre distribution in the postural
muscles and propensity for these fibres to accumulate fatty deposits with aging. Muscle-
specific atrophy likely concerns the specific functions of the lumbar muscles and their

exposure to reduced mechanical loading resulting from a shift in the locus of function in
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motor performance with aging [115]. Furthermore, accretion of intramuscular fat may
be an early change in muscle as it ages, which may explain why fat infiltration was the

more apparent degenerative feature in the lumbar musculature.

4.3. Influence of Physical Activity on Muscle Degeneration

Controlling for VPA did not influence the effect aging had on MFland on atrophy for
the MF, PS and QL. However, VPA moderated the effect aging had on ES muscle
atrophy. This suggests that VPA may have a positive effect on attenuating ES muscle
atrophy in older age, although this finding must be interpreted with caution as VPA was
not significant as a covariate. Skeletal muscle tissue, like osseous tissue, is
mechanoresponsive [121]. Yet PA seemingly has little or no effect on the size or fat
content of the LPMs. In support of the current findings, it has been consistently
demonstrated that PA does not relate to changes in paravertebral muscle morphology
with aging [14,89,122]. This supports the idea that functional changes to the muscle in
older age may be responsible for muscle degeneration rather than the mechanical loads
exerted on them. The independence of PA on LPM morphology adds to the growing
conflicting evidence questioning the effect of exercise interventions for spinal muscles,

particularly those involving less volition like the shorter fascicles of MF.

4.4. Handgrip Strength as a Predictor of Paravertebral Muscle Atrophy

Handgrip strength is well-established as an indicator of muscle status, particularly in
elderly populations. In this study, variance in non-dominant handgrip strength explained
33.2 % of the variance in the loss of total paravertebral NMV, which suggests that
handgrip strength is a good indicator of muscle atrophy in the lumbar spine. However,

mechanisms directly linking atrophy of the LPMs and forearm muscle strength are
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unlikely to exist. A more plausible explanation is that atrophy of the LPMs is simply

representative of the systemic decline in muscle status throughout the body.

4.5. Limitations

The current study was limited by its cross-sectional design, although the wide age range
and close matching of the groups mitigated this somewhat. Another limitation
concerned the measure of fat infiltration. Fat infiltration derived from T2-weighted
images [23,56,69,123,124], risks overestimating fatty muscle degeneration because
water and other tissues in addition to fat appear hyperintense. The Dixon MRI technique
has demonstrated its superiority over and T2-weighted imaging techniques in terms of
fat fraction quantification [125]. However, confidence in the current approach is high
given the similarity between the results in this study and other studies using Dixon
sequences in comparable populations [14,41]. It should be noted that fat composition of
the LPMs in the literature has a wide range of 2.1 % to 45 % in younger adults [39,126].
Furthermore, fat fraction quantification using a Dixon MRI sequence was not possible
in all muscle groups from L2 to L5 due to the poor quality of the resulting images
(Appendix c). Finally, the complex geometry of the LPMs may have introduced
systematic errors in the image analysis. These muscles, the QL in particular, are not
linear and axial slices (which were aligned parallel to the vertebral endplates) may not

have produced true cross-sections of every muscle imaged.

5. Conclusion

There is a limited literature describing the natural history of spinal muscle change with

age. This study adds to the literature by providing volumetric and fat infiltration data for
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all the main LPMs in relation to healthy aging. These findings will further
understanding of age-related degeneration in the lumbar musculature and extend the
concept of spinal sarcopenia. Furthermore, important relationships were revealed with
exploratory variables (e.g. handgrip strength) that may enable early diagnosis of spinal
sarcopenia.

In this study aging had a detrimental effect on LPM morphology, although
engaging in PA did not appear to attenuate muscle degeneration in old age. The current
findings indicate that age-related fat infiltration has a global effect across the lumbar
musculature, whereas atrophic changes appear to be muscle-specific. The MF was most
susceptible to compositional changes with age, whilst the QL exhibited the greatest
reductions in muscle volume. Future studies should look to assess age-related changes
in LPM morphology using a longitudinal design over long time periods (> 10 years).
Whilst it was implied that muscle function is impaired by the accumulation of fatty
deposits, the loss of contractile tissue within the lumbar musculature should be

investigated with respect to muscle function in older age.
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Appendices

Appendix a. Intra-observer reliability for the MRI analysis outcome measures presented
as Intraclass Correlation Coefficient (ICC) with 95% Confidence Intervals [95% CI],
Root Mean Squared Difference (RMSD) and Mean Residual Difference (MRD)

expressed as a percentage

ICC [95% CI] RMSD MRD (%)
PS 1.000 [.996, 1.000] 0.45 0.3
QL 997  [.966, 1.000] 1.49 2.6
Volume (cm?)

ES 999  [.986, 1.000] 1.58 1.0

MF 995 [.943, 1.000] 0.91 1.5

PS 998  [.976, 1.000] 0.07 1.2

QL 994  [.940, 1.000] 0.09 2.9

NMY (a.u.)

ES 997  [.970, 1.000] 0.11 1.2

MF 995 [.944, 1.000] 0.05 1.7

PS 918 [.075, .995] 0.58 34

QL  .990 [.895, .999] 0.98 7.9

MFI (%)

ES 998  [.973, 1.000] 0.66 2.0

MF 999 [.978, 1.000] 0.74 1.7

Vertebral Height (cm) 982 [.710, .999] 0.2 1.0
LLA (°) 989 [.844, .999] 1.9 33

NMYV = Normalized muscle volume, MFI = Muscle-fat-infiltrate, LLA = Lumbar lordotic angle,
PS = Psoas, QL = Quadratus lumborum, ES = Erector spinae, MF = Multifidus
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Appendix b. Segmentation agreement maps showing the test (blue) and retest (pink)

segmentations. Purple areas show the cross-over between test and retest measurements
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Appendix c. Comparison between a) Dixon fat fraction image and b) T2-weighted

image. The fat fraction image shows noise increasing posteriorly-to-anteriorly
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Tables

Table 1. Demographic and descriptive information of the OG and YG. Data reported as

mean =+ standard deviation.

Young group Old group
(n=12) (n=12)
Demographics
*Ex Age (years) 24.7+£3.1 67.3+6.0
Ethnicity (% white) 100 100
Anthropometrics and body composition
Height (m) 1.78 £ 0.1 1.74 £0.1
Mass (kg) 764 +£11.2 79.2+10.8
BMI 24.1+2.2 26.0+2.7
Whole-body lean mass (kg) 59.7£6.9 574+6.3
* Whole-body fat mass (kg) 13.6 4.9 192+54
Physical limitation/disability
ODQ-m (%) 22+£23 22+35
Physical activity status
IPAQ-SF (low : moderate : high) 0:4:8 0:4:8
MVPA (average hours per day) 6.6x1.4 6.3=£1.5
* VPA (average hours per day) 2.6+0.6 2.1+0.6
Muscle function
*Dominant handgrip strength (kg) 450+ 7.5 37.4+9.1
*Non-dominant handgrip strength (kg) 42.8+£5.3 36.3+79

n.b. IPAQ-SF was used in the matching procedure. ODQ-m = Modified Oswestry Low Back

Pain Disability Questionnaire; MVPA = Moderate-to-vigorous physical activity; VPA =

Vigorous physical activity. * p <.05, ** p <.01, *** p <.001
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Table 2. Means + SD for muscle volume normalized to vertebral height (NMV) and
mean intramuscular fat infiltration (MFTI).

NMYV (a.u.) MFI (%)

Younger Older Younger Older
Psoas 6.40 + 0.85 6.09 + 0.78 1018+ 1.77  13.04+2.53%*
Quadratus ;43 g5 59340504+ 9046+ 156  14.87 +3.56%**
lumborum
TR ITE 10.13+£1.00  8.94+1.65% 13.48£2.79 2377 +5.56%%*
spinae
Multifidus  3.05+0.50  3.38+0.84 1853474  33.48 + 6.63%%*

NMYV = Normalized muscle volume, MFI = Muscle-fat-infiltrate. Significant difference with

younger group * p <.05, ** p <.01, *** p <.001
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Figures

Figure 1. Sagittal (a) and selective axial MRI images (b) of the spine showing the ROI for the psoas (red),

quadratus lumborum (green), erector spinae (blue) and multifidus (yellow) muscles at the superior endplate
L3, mid-vertebral slice L3, intervertebral disc L3/L4 and superior endplate L4. 3-D rendering of the axial
image segmentations (c) is show with additional region of subcutaneous back fat (turquoise) and vertebral

column (pink) for visualisation
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Figure 2. LLA measured using Cobb's method. T2-weighted mid-sagittal MRI image with
lines drawn along the superior endplate of L1 and inferior endplate of L5, extending past
the vertebral body. Orthogonal lines were added, on the side of convergence of the two
lines, and the angle of the intersection (8) was measured. The straight-line distance (d)
was measured between the anterior superior border of the L1 vertebra and the anterior

superior border of the S1 vertebra
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Figure 3. LPM volume (L3 superior endplate - L4 superior endplate) normalized to L1-
L5 vertebral height (mean £ SEM). * p < .05, ** p <.01, *** p <.001
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Figure 4. LPM mean fat infiltration (mean + SEM). * p <.05, ** p < .01, *** p <.001
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Figure Captions

Figure 1. Sagittal (a) and selective axial MRI images (b) of the spine showing the ROI
for the psoas (red), quadratus lumborum (green), erector spinae (blue) and multifidus
(yellow) muscles at the superior endplate L3, mid-vertebral slice L3, intervertebral disc
L3/L4 and superior endplate L4. 3-D rendering of the axial image segmentations (c) is
show with additional region of subcutaneous back fat (turquoise) and vertebral column

(pink) for visualisation

Figure 2. LLA measured using Cobb's method. T2-weighted mid-sagittal MRI image
with lines drawn along the superior endplate of L1 and inferior endplate of L5,
extending past the vertebral body. Orthogonal lines were added, on the side of
convergence of the two lines, and the angle of the intersection () was measured. The
straight-line distance (d) was measured between the anterior superior border of the L1

vertebra and the anterior superior border of the S1 vertebra

Figure 3. LPM volume (L3 superior endplate - L4 superior endplate) normalized to L1-
L5 vertebral height (mean + SEM). * p <.05, ** p <.01, *** p <.001

Figure 4. LPM mean fat infiltration (mean + SEM). * p <.05, ** p < .01, *** p <.001
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