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Abstract

Objective: Spinal-muscle morphological differences between weight-bearing and
supine postures have potential diagnostic, prognostic, and therapeutic applications.
While the focus to date has been on cervical and lumbar regions, recent findings have
associated spinal deformity with smaller paraspinal musculature in the thoracic
region. We aim to quantitatively investigate the morphology of trapezius (TZ), erector
spinae (ES) and transversospinalis (TS) muscles in upright postures with open upright
MRI and also determine the effect of level and posture on the morphological
measures.

Methods: Six healthy volunteers (age 26 + 6 years) were imaged (0.5 T MROpen,
Paramed, Genoa, Italy) in four postures (supine, standing, standing with 30° flexion,
and sitting). Two regions of the thorax, middle (T4-T5), and lower (T8-T9), were
scanned separately for each posture. 2D muscle parameters such as cross-sectional
area (CSA) and position (radius and angle) with respect to the vertebral body centroid
were measured for the three muscles. Effect of spinal level and posture on muscle
parameters was examined using 2-way repeated measures ANOVA separately for
T4-T5 and T8-T9 regions.

Results: The TZ CSA was smaller (40%, P = .0027) at T9 than at T8. The ES CSA was
larger at T5 than at T4 (12%, P = .0048) and at T9 than at T8 (10%, P = .0018). TS
CSA showed opposite trends at the two spinal regions with it being smaller (16%,
P =.0047) at T5 than at T4 and larger (11%, P = .0009) at T9 than at T8. At T4-T5,
the TZ CSA increased (up to 23%), and the ES and TS CSA decreased (up to 10%) in
upright postures compared to supine.

Conclusion: Geometrical parameters that describe muscle morphology in the thorax
change with level and posture. The increase in TZ CSA in upright postures could
result from greater activation while upright. The decrease in ES CSA in flexed posi-
tions likely represents passive stretching compared to neutral posture.

KEYWORDS
erector spinae, magnetic resonance imaging, muscle morphometry, paraspinal muscle, thoracic
spine, transversospinalis, trapezius, upright MRI
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1 | INTRODUCTION

Spinal geometry in upright postures is different than in supine.!”®
Most symptoms of spinal deformities are worse in a standing posture*
and upright clinical measurements are important for better diagnosis
and treatment outcomes.>® For example, a study in people with low-
back pain found that geometric parameters such as lumbosacral angle,
lordosis, and disc height were significantly different in upright pos-
tures in 70% of patients when compared to their supine measure-
ments.® Another study showed that the Cobb angle of the
thoracolumbar major curve was significantly higher, and the lumbar
lordosis was considerably lower while standing than when measured
supine.? It is intuitive that with the change in spinal geometry in dif-
ferent postures, the overall morphometry, position, moment-arm and
activation levels of the surrounding musculature” would also change.
Closed-bore magnetic resonance imaging (MRI) requires the sub-
ject to be in a supine or prone position. Our knowledge of muscle
morphology is thus restricted to the non-upright postures. This poses
a challenge in using the muscle data obtained from clinical imaging in
the development of biomechanical spine models, and personalized
treatment strategies.® Open and upright MRI allows subjects to be
imaged in different weight-bearing postures and has shown some
encouraging results in visualizing muscles in vivo. Upright imaging
studies that focused on the lumbar spine have shown significant
changes in muscle morphology between supine and upright pos-

tures” 13

and differences between the flexed and extended posi-
tions.X In the cervical spine, it was shown that the position of the
head and neck significantly affected area and location of the
sternocleidomastoid and posterior neck muscles.>® Almost all upright
MRI studies have been on the cervical and lumbar spine. However,
spinal extensor muscle strength is shown to be more important for

1617 and is presumed to have

muscular support of the thoracic spine
the greater clinical significance with respect to thoracic spinal
health.*8*?

Thoracic hyperkyphosis, an exaggerated anterior curvature of the
thoracic spine, is known to affect 20% to 40% of older adults above
the age of 60 years,2° with an average cost of about 54 000 USD for
principal diagnosis of spine curvature.?%?? Previous research has
reported that lower muscle density,23 smaller muscle volume,?* and
reduced extensor muscle strength®2>-27 in the lumbar spine is associ-
ated with kyphosis®2°27. On the other hand, the findings of a recent
longitudinal study suggested that smaller cross-sectional area (CSA)
and lower density (muscle-to-fat ratio) of the thoracic muscles, espe-
cially those situated nearest to the kyphosis curvature was associated
with kyphosis severity more than those in the lumbar region.*®

Some studies have assessed spinopelvic musculature in upright
postures while trying to understand the fundamental morphological
changes in healthy individuals. Shaikh et al assessed and quantified
muscles at three lumbar levels'® and in the pelvic region in different
upright postures. This study follows a similar approach for investigat-
ing two paraspinal extensor muscles—erector spinae (ES) and trans-
versospinalis (TS) and one posterior muscle—trapezius (TZ) in the

thoracic spine. Although the TZ is mainly involved in stabilizing and

controlling the scapula, it has been noted that correction of thoracic
kyphosis should be included among exercises designed to achieve
normal scapular alignment, which could imply that the TZ may be
involved in development of hyperkyphosis.2%2?

In light of the high prevalence of adult spinal deformities, the
incremental cost effectiveness ratio of correction surgery to non-
surgical management at 3 year follow-up was estimated as 375 000
USD.22%% proximal junctional kyphosis (PJK) is a well-documented
post-surgical clinical problem where understanding the thoracic mus-
cle morphology is relevant. PJK often manifests as a kyphotic change
in the disc space of vertebral body adjacent to the fusion.® PJK typi-

cally occurs in the thoracolumbar junction®?33

or upper thoracic
levels®32> and is found to be prevalent in about 17% to 39% of
patients®® who undergo a fusion surgery in the thoracolumbar spine.
PJK is attributed to the failure of the soft tissue at the back?? such as

3839 altered muscle

loss of muscle CSA and density,®” atrophy,
activations,*® and reduced muscle strength.3®*! Furthermore, clinical
studies by Yagi et al.#? suggested that 41% of patients post lumbar
degenerative scoliosis surgery, developed progressive global kyphosis
in the thorax. Clearly, PJK is a multifactorial problem where the health
of the surrounding musculature, especially those in the thoracic spine,
is important.*344

Given that paraspinal musculature in the thorax plays a vital role
in maintaining weight-bearing postures, onset and progression of
adult spinal deformity, and post-surgical pathologies, there is a need
to quantitatively investigate thoracic musculature in different pos-
tures in vivo. Thus, with an aim to fill this literature gap, our study had
two objectives. The first objective was to quantitatively investigate
the parameters such as CSA and position of muscles in the thoracic
region. The second objective was to study the effect of spinal level
and posture on these muscle parameters.

While our previous article®® focused on outlining detailed
segmentation guidelines and assessing segmentation repeatability on
the thoracic muscle data, this study focuses on investigating the effect
of upright, seated, and supine postures on thoracic muscle
morphometry.

2 | MATERIALS AND METHODS

2.1 | Study participants
Six healthy participants were recruited (five male and one female, age
26 + 6 years, height 177 £ 9 cm, and weight 75 + 10 kg, BMI 24 +

3 kg/m? with no history of spine conditions).

2.2 | Image acquisition

The imaging protocol for human-study was approved by the Clinical
Research Ethics Board (CREB) of the University of British Columbia
and the Vancouver Coastal Health Research Institute (H10-00942).
All the participants signed an informed and written consent along with
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permission for publishing their imaging data without disclosing any per-
sonal information. The participants were scanned within the 56 cm gap
of a 0.5 T vertical open MRI scanner (MROpen, Paramed, Genoa, Italy)
using a T1-weighted Gradient Field Echo sequence (TR/TE = 480/8 ms,
FOV 24 cm, scan matrix 224*192, slice thickness 4 mm with 0.4 mm
gap, NEX = 2, 153 seconds imaging time for each posture). Each volun-
teer was scanned in four postures: supine, standing upright, standing
with 30° forward flexion, and seated 90° flexion from the hips (sit
upright) as shown in Figure 1. Consistency in flexed posture across all
subjects was achieved by asking each participant to flex forward from
their neutral standing posture by a distance equal to the product of
approximate length of their torso and sine of the desired angle of flexion
(Figure 1E). The seated posture was achieved by seating each subject on
the scan table where the backrest was setup 90° relative to its seat
(Figure 1F). Owing to the challenges in aligning the thoracic spine to the
center of the scanner at higher flexion angles, 30° was chosen as
opposed to 45° as typically found in the literature.®

Two separate scans were performed for every posture due to the
dimensional limitations of the imaging coil and challenges with
aligning the same thoracic levels of volunteers with varying heights to
the iso center of the MRI scanner for all four postures. Each scan
focused on two regions, either T4-T5 (ie, the junction between the
upper and the middle thorax), or T8-T9 (ie, the junction between the
middle and lower thorax).

(E) d= Lsinf

30° forward flexion

FIGURE 1 MR Openimage
acquisition for one volunteer in four
postures. A, Supine. B, Standing. C
and E, Standing with 30° forward
flexion. D and F, Seated 90° flexion
from the hips (sit upright)

L=Length of the torso

Upright standing neutral

30° setup > ‘
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The volunteers were systematically repositioned twice in every
posture, such that T4-T5 or T8-T9 regions were centered in the scan-
ner. Images were obtained from a stack of continuous, parallel slices
(typically 9 or 11 in number) with the middle slice aligned to the cen-
ter of the intervertebral disc (T4-5 or T8-9) and parallel to it
(Figure 2A). The number of slices in a stack was varied in order to
cover the entire length of the thoracic regions under consideration.

To accurately detect the required thoracic levels in each region
(T4-T5 or T8-T9) in all postures, four fiducial skin markers were placed
on the back of the volunteers via manual palpation (Figure 2A).The posi-
tion of the markers with respect to thoracic vertebral bodies was identi-
fied initially with a sagittal localizer scan counting inferior from level C2
in the supine position. The position of these markers was confirmed in
upright scans by performing a localizer scan in the seated posture, again
counting down from C2. For all scans, the subjects were asked to adopt a
relaxed and neutral posture (ie, not slumping or actively extending, or
flexing the spine). For comfort and stability, the participants were allowed
to rest their hands and hold onto a bar placed in front of them but were
instructed to not rely on the bar for any load bearing support. Other bars
were positioned at the back of the volunteers and foam spacers were
placed on the sides, as an indicator for where to hold a still position, and
to avoid side-to-side motion during the scan. To maintain consistency of
the scapular position among the subjects and postures, the subjects was
asked to hold their shoulders as naturally as possible (not elevated

Scan table [ \

Sitting 90° from the hips
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(A) (B)

1,2,3and 4 are
fiducial skin markers

FIGURE 2 A, Sagittal MR image showing the orientation of the parallel slice stack for thoracic regions T4-T5 (9 slices; 4 slices across T4
[yellow], 4 slices across T5 [blue], and 1 mid-disc slice [white]) and T8-T9 (11 slices; 5 slices across T8 [purple], 5 slices across T9 [green] and 1
mid-disc slice [white]) with four fiducial skin markers marked as 1, 2, 3, and 4. B, Image analysis measurements of 2D muscle CSA and position
(radius and angle). The brown colored circle represents the vertebral body, the white colored circle represents the vertebral canal, and solid dots
represent geometric centroids. AP, anterior-posterior; CSA, cross-sectional area; ES, erector spinae group; ML, medial-lateral; TS,

transversospinalis group; TZ, trapezius

upward or extended backward) in upright postures and their arms always
positioned adducted to their torso. To prevent the subjects from falling
(eg, numbness in the legs, blackouts) in the scanner during upright scans,
a safety harness was used connected to a rope suspended from the ceil-
ing (Figure 1B). The rope was slack and does not exert any force on the
subject or affect the posture or muscle activations.

221 | Image analysis

Segmentation guidelines described previously*® were used to manually
segment regions of interest of TZ, ES, and TS in 3D Slicer (Version 4.10.12,
http://www slicer.org).*® Magnitudes of CSA and positions (radius and
angle) were computed as shown in Figure 2B in MATLAB (version
R2019a, Natick, Massachusetts: The MathWorks Inc.). CSA (mm?) was
determined by manually tracing the outline of the muscle boundary on
every slice, and the centroid was defined as its geometric center. Radius
(mm) was measured as the absolute distance between the centroid of the
muscle and the vertebral body.r®> Angle, A (degrees) was measured
between the line connecting centroids of the muscle and the vertebral
body, and the line connecting the centroids of vertebral body and the ver-
tebral canal. Both the vertebral body and the vertebral canal were seg-
mented as circles with constant radii for a given subject as shown in
Figure 2B. The anterior-posterior (Radius x cosA) and medial-lateral
(Radius x sinA) distances were then computed. Intra and inter-rater
repeatability of segmentation for all muscles was generally good/excellent
(average Intraclass Correlation Coefficient ICC [3, 1] = 0.9 with ranges of
0.56-0.98).4

2.2.2 | Data analysis

Statistical analysis was performed in Statistica (Version 13, Copyright
1984-2017, TIBCO Software Inc.). For analysis, the parameters for
the right and left muscles were added for the CSA and were averaged

for radius and angle, since no significant effect of side was found for
these parameters. Level-specific properties were obtained by taking
the averages of each parameter computed on all slices passing
through each level (see Figure 2A). The effect of level and posture on
CSA, radius, and angle of every muscle was separately evaluated for
each thoracic region with a two-way repeated measures analysis of
variance (ANOVA) with factors of spinal level and posture. Normality
and sphericity of the data were initially confirmed. Statistical signifi-
cance was considered at P < .05. Student-Neuman-Keuls tests were
performed for post-hoc analyses and Greenhouse-Geisser correction
was applied in cases of violation of sphericity criteria. The Friedman
nonparametric test was performed for specific comparisons in case of
severe violation of normality criteria. The effect of level and posture
was evaluated between T4 and T5, and between T8 and T9.

3 | RESULTS

The effects of level and posture, and any interactions on CSA, radius and
angle are presented for each muscle at each thoracic region, with sum-
mative data presented in Figures 3, 4, and 5 and Table 1, Tables 2 and 3.
Note that posture effects for each thoracic region are presented as aver-
aged across the two spinal levels (Tables 1 and 2), and the spinal level
effects are presented as averaged across all four postures (Table 3).

3.1 | Cross-sectional area

3.11 | Trapezius

The CSA of TZ was found to be 40% (P = .0027) larger at T8 compared
to T9 (Figure 3A), while no significant level effect was observed between
T4 and T5. Posture significantly (P = .0001) affected the CSA at T4-T5
region with an increase of approximately 10%, 12%, and 23% in standing,

flexed and sitting postures when compared to supine (Figure 3A and
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FIGURE 3 Box plots of muscle CSA (averaged across all subjects) shown for each posture by spinal level. The median is marked by the
horizontal line inside the box, the ends of the box are the upper and lower quartiles, and the whiskers are the two lines outside the box that
extend to the highest and lowest observation. Outliers are represented by circular markers above or below each box. Post hoc significant marked
by notations. * = significant from supine, $ = significant from standing, # = significant from flexion. CSA, cross-sectional area

Figure 5). The CSA also was 10% and 9% lower in the standing and flex-
ion postures compared to sitting. At T8-T9 region, however, CSA did not
significantly vary with posture. For the number of specimens tested, no
level-posture interaction was observed for TZ CSA.

3.1.2 | Erector spinae

Significant level effects were observed for ES CSA across both the
spinal regions. The CSA was larger by 12% (P = .0048) and 10%
(P =.0018) at T5 than T4 and at T9 than T8, respectively (Figure 3B).
For posture, no significant changes were detected at T8-T9 region. At
T4-T5 region, the CSA decreased by 10% (P = .0508) in flexion when
compared to supine (Figure 3B and Figure 5). No interaction was

detected between levels and postures at T4-T5, but significant inter-
action was detected at the lower thoracic region, T8-T9 (P = .0052).
Specifically, at level T8, there was 7%, 8%, and 7% decrease in CSA
for supine, flexed and sitting compared to standing. At level T9, there
was 3% increase, 4% and 6% decrease for standing, flexed and sitting
respectively compared to supine, and a 7% and 9% decrease for flex-

ion and sitting compared to standing.

3.1.3 | Transversospinalis

TS CSA showed opposite trends at the two regions under consider-
ation. The CSA was 16% (P = .0047) smaller at T5 than the T4 level
(Figure 3C and Figure 5), but it was larger by about 11% (P = .0009)
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FIGURE 4 A Box plots of TZ Radius shown for each posture (averaged across all subjects) by level. B, Box plots of TZ and ES angle (averaged
across all subjects) shown for each posture at region T8-T9. The median is marked by the horizontal line inside the box, the ends of the box are
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represented by circular markers above or below each box. Post hoc significant marked by notations. * = significant from supine, $ = significant
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(A) (B)

TS(8%\.)

TZ Radius (8%.1)

~ .
=

TS Radius (2% T)

TZ Radius (7% 1) TS (10% | )

ES (10% 1)

o~
A\ ,_/A TZ (12% 1)

FIGURE 5 Sample illustration at level T4 showing post hoc significant for CSA, radius and angle in upright postures with respect to supine as
reference. A, supine. B, upright standing. C, forward flexion. D, upright sitting. CSA, cross-sectional area; ES, erector spinae group; TS,

transversospinalis group; TZ, trapezius

decrease and 7% increase in standing and sitting compared to flexion

(Figure 3C) at T9 than the T8 level. Although posture did not seem to
at T4-T5 (P = .0019). The interactions between level and posture were

have any effect on CSA at T8-T9, there was an 8% and 10% decrease
in upright standing and flexion when compared to supine, a 2% found to be not significant for our data.
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TABLE 1 Average muscle cross-
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. . . CSA (mm? Radi Angle (d
sectional area (CSA in mm?), radius (mm), (mm’) adius (mm) ngle (dee)
and angle (degrees) for all subjects across Muscle Posture Average SD Average SD Average SD
different post.ur(?s. (averaged across levels Tz Supine 1633 573 82 7 36 7
T4 and T5). Significant results (P < .05) ] R N
from Neuman Keuls post-hoc indicated Standing 1800 626 89 6 36 2
by symbols in legend. The CSA value is Stand 30F 18312 696 88? 8 39 5
the sum of right and left sides. The radius Sitting 20052P< 596 90°2< 5 38 4
and angle. values are averages of right ES Supine 1306 266 59 4 31 3
and left sides
Standing 1266 254 59 4 31 S
Stand 30F 11772 219 59 4 32 3
Sitting 1260 263 60 4 32 3
TS Supine 508 83 43 2 16 2
Standing 468 65 44 3 15 3
Stand 30F 4582 83 44 3 15 2
Sitting 490P¢ 80 442 3 15 2
Note: 30F represents 30° forward flexion posture.
Abbreviations: CSA, cross-sectional area; ES, erector spinae group; SD, standard deviation; TS,
transversospinalis group; TZ, trapezius.
Significant from supine.
bSignificant from standing.
“Significant from flexion.
TABLE 2  Average muscle cross- % .
sectional area (CSA in mm?), radius (mm), e i ek ! Angle (deg)
and angle (degrees) across the different Muscle Posture Average SD Average SD Average SD
postu'res‘(:.averaged across levels T8 and 1z Supine 707 114 72 4 o5 9
T9). Significant results (P < .05) from ] b
Neuman Keuls post-hoc indicated by Standing 740 268 72 14 20* 4
symbols in legend. The CSA value is the Stand 30F 689 229 72 12 232P 4
sum of right and left sides. The radius Sitting 684 319 69 18 21ab 7
and angle' values are averages of right Es Supine 2999 295 79 3 40° 1
and left sides
Standing 24222 575 71 7 342b 2
Stand 30F 22442 491 69 7 352b 1
Sitting 22272 474 70 6 352bc 2
TS Supine 463 65 48 1 14 1
Standing 513 147 48 4 13 2
Stand 30F 498 117 47 4 13 2
Sitting 501 118 48 4 13 1

Note: 30F represents 30° forward flexion posture.

Abbreviations: CSA, cross-sectional area; ES, erector spinae group; SD, standard deviation; TS,
transversospinalis group; TZ, trapezius.

?Results from nonparametric Friedman test.

bSignificant from supine.
“Significant from standing.

3.2 | Muscle positions (radius and angle)

3.21 | Trapezius

The TZ radius was consistently higher at level T4 than at T5
(P = .0097) (Figure 4A), although the magnitude was small (~1%).
However, no significant difference was found between levels T8 and

T9. On the other hand, the angular position was found to be consis-
tent across T4 and T5 levels, while the angle was 18% (P = .0143,
Friedman test) larger at T8 than at T9 (Figure 4B). For postures, the
radius at T4-T5 for standing, flexion and sitting was respectively 8%,
7% and 10% more than that in supine, and was 2% more in sitting
than in flexion (P = .0005) Figure 4A). The angle at T8-T9 was 21%,
10%, and 16% smaller in standing, flexion and sitting compared to
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TABLE 3 Average muscle cross-sectional area (CSA in mm?), radius (mm), and angle (degrees) for all subjects across T4, T5, T8, and T9 levels
(averaged for all postures). Significant results (P < .05) from Neuman Keuls post-hoc indicated by symbols in legend. The CSA value is the sum of
right and left sides. The radius and angle values are averages of right and left sides

CSA (mm?)
Muscle Level Average SD
TZ T4 1883 640
T5 1751 575
T8 881° 282
9 529 208
ES T4 11842 232
T5 1321 251
T8 2184° 449
T9 2413 509
TS T4 5242 82
T5 438 78
T8 467° 111
T9 520 110

Radius (mm) Angle (deg)

Average SD Average SD
88? 7 37 5
87 7 37 5
75 7 25P¢ 3
67 20 20 7
59 4 31 3
59 4 32 3
70° 6 36 3
71 5 36 3
44 3 157 2
44 3 15 2
47 4 14° 2
48 3 13 1

Abbreviations: CSA, cross-sectional area; ES, erector spinae group; TS, transversospinalis group; TZ, trapezius; SD, standard deviation.

significant between levels T4 and T5.
bSignificant between levels T8 and T9.
“Results from nonparametric Friedman test.

supine (P = .0056). For the number of samples analyzed, both position
parameters showed no significant level-posture interactions across

both levels.

3.2.2 | Erector spinae

While there were no level-effects observed between T4 and T5 for
both radius and angle, the ES radius at T9 was always found to be
larger than at T8 (P = .0156), but the magnitude of difference was
negligible (~1%). While radius did not vary with posture at both spinal
levels and the ANOVA showed no interaction between levels and
posture for the given dataset, the angle decreased by about 12% at
T8 and about 14% at T9 from supine to all upright postures. The angle
between stand to sit significantly increased at T9, with a small differ-

ence in magnitude (~4%) Figure 4B).

3.2.3 | Transversospinalis

No significant level-effects were noted in TS radius across both tho-
racic regions. However, the angles at T4 and T8 were larger by ~3%
(P = .0405) and ~8% (P = .0073) as compared to levels T5 and T9
respectively. For posture effects, the radius showed a small increase
(~2%) from supine to sitting from T4-T5 (P = .0272) and no significant
changes from T8-T9 region. For the number of samples analyzed,
angle showed no significant effects of posture, and both radius and

angle showed no posture-level interactions.

4 | DISCUSSION
The CSA and position of three muscles were quantitatively investi-
gated at two levels in the thoracic spine. The effect of thoracic level

and posture on the muscle parameters was also examined.

4.1 | Comparison with literature

The magnitudes of CSAs reported this study (Table 4) were overall
larger than those reported in previous studies,'®*” but still within one
SD. The reasons for these differences could be multifold. First, the
McGill et al.*” study only considered longissimus thoracis, iliocostalis
lumborum (from ES), and multifidus (from TS) while computing the
paraspinal muscle CSA, while our study also considered spinalis in the
ES, and semispinalis and rotatores in TS group. Second, considerable
intermuscular gaps were found between spinalis and longissimus
within the ES group, and between ES and TS functional groups, which
were included in the region-of-interest of paraspinal muscle CSA.#®
Third, in the study by Lorbergs et al,*® all the subjects were consider-
ably older (mean age: 61 years) and had a higher BMI (27.5 kg/m?)
than the volunteers in our study. It is intuitive that CSA reduces in size
with increase in age due to age-related atrophy and physiological
changes. In addition, the CSA reported from Lorbergs et al*® study
was measured at the T7-T8 disc, while the our study reported data at
T8 and T9 levels. Also, since no other studies, to the best of our
knowledge, have reported CSA values at the T4 level, we have not

made any direct comparison.
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The radius and angles measured in this study essentially give the
anterior-posterior (A-P) and medial-lateral (M-L) distances from the
vertebral body center, which is also a conventional approach for com-
paring relative position of a muscle in axial radiographs.*®->¢ These
magnitudes were comparable with the values reported in previous

k48,53,56

worl and found to lie within one SD as seen from Tables 5 and

6. The variations observed, however, could have been due to the dif-
ferences in the sampled population. The subjects in the Kumar et al.>®
study were older (58.6 year) but had similar BMI (25.9 kg/m?) as that
of the volunteers in this study. This may indicate that with increasing
age, CSA decreases, thereby decreasing the distance of muscle from

the vertebral body.

4.2 | Trends due to level and posture

Most observed changes in thoracic muscle CSA were expected due to
the muscle anatomy. While, the large difference (40%) in CSA for TZ
from T8 to T9 characterizes its tapering,*>°” a large SD (Table 2) is
indicative of wide variation in insertion points along lower thoracic
levels (T8 to T12).*>>® In addition, paraspinal muscle (especially ES in
the entire spinal column and multifidus in the thoracolumbar and lum-

45,58,59 and a

bar region) size is known to typically increase caudally
similar trend was observed in our study (Table 3 and Figure 3B).

The increase (up to 23%) in TZ CSA at T4-T5 region in upright
postures when compared to supine could be due to muscle activation
in upright postures. Our results, however, showed a decrease (about
10%) in CSA during upright flexion compared to erect seated position,
which is contrary to the findings in the literature,%® where substantial
activation was observed in the middle and lower TZ in the slouched
sitting compared to sitting erect. While TZ is known to hyperactivate

during slouching, we acknowledge the possibility of these muscles
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undergoing passive stretching during torso flexion.' Passive
stretching is a concurrent effect of the lengthening of the muscles, a
mechanical behavior of transverse contraction during longitudinal
stretching, which is expected for any typical elastic material or tissue.
Furthermore, the head/neck posture was not controlled in our study
and could also affect the CSA measures of TZ. Further investigation
on the muscle activation levels in different postures is required to
accurately validate our assertion.

O'Sullivan et al.®2

showed that the superficial lumbar multifidus
and thoracic ES muscles are more active in maintaining optimally
aligned, erect postures, than during the adoption of passive postures.
Although ES and TS are extensor muscles, which act to maintain more
active extended postures, the decrease in CSA in upright standing
(~8% for TS at T8-T9) compared to supine or sitting could be due to
the fact that the participants in our study may have adopted a slightly
slouched and comfortable upright posture since they were not
instructed to hold an active and erect trunk. Furthermore, the
decrease in CSA at both regions going from neutral to flexed posture
could be attributed to passive stretching, which aligns with the find-
ings for lumbar ES and multifidus.* Moreover, the significant level-
posture interaction suggests that activation may not be uniform
throughout the length of the muscle and is level and posture
dependent.

Thoracic spine position is known to significantly affect scapular
kinematics,2’ where the scapula is more elevated and protracted in a
slouched posture with a smaller posterior tilt when compared to neu-
tral posture. The increase in radius of TZ observed (up to 10%) from
supine to flexion may indicate activation of the middle fibers to retract
the scapula,®® while the decrease in angle (up to 21%) at T8-T9 could
account for lower thoracic fibers inferiorly acting on scapular eleva-
tion. The thoracic fibers of the lumbar ES largely run parallel to the
trunk®* and therefore their orientation with respect to the trunk

TABLE 4 Raw cross-sectional areas (mm?) (SD in parentheses) of paraspinal muscles measured directly from the MRI scans for supine. PS,
paraspinal muscle, includes both ES and TS groups. PO, posterior muscles, includes ES, TS, and TZ groups EM, erector mass, includes longissimus

thoracis, iliocostalis lumborum, and multifidus, R, right, L, left

Average CSA (mm?) (SD in parentheses)

Levels T4 T5 T8 T9

Side Muscles R L R L R L R L

This study TZ 851 (360) 829 (372) 800 (296) 785 (279) 406 (113) 376 (135) 259 (141) 221 (127)
ES 628 (186) 617 (121) 678 (166) 689 (155) 1092 (273) 1067 (273) 1209 (314) 1198 (316)
TS 283(52) 274 (63) 236 (36) 222 (41) 237 (66) 251(99) 273(78) 268 (61)
PS 911 (214) 891 (186) 914 (183) 911 (176) 1329 (333) 1318(361) 1483(385) 1466 (364)
PO 1762 (549) 1720(496) 1714 (470) 1695(406) 1736(373) 1694 (414) 1742(320) 1687 (365)

McGill et al®® EM = = 743 (70) 675 (78) 1049 (120) 1129 (100) 1413(304) 1471(351)

Lorbergs et al*® PS 741 (148)

averaged for PO 1112 (212)

males and females
computed at
T7-T8 disc

Abbreviations: CSA, cross-sectional area; ES, erector spinae group; TS, transversospinalis group; TZ, trapezius.
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TABLE 5 Anterior-posterior distances (mm) (SD in parentheses) of paraspinal muscles measured directly from the MRI scans for supine. PS,
paraspinal muscle, includes both ES and TS groups. EM, erector mass, includes longissimus thoracis, iliocostalis lumborum, and multifidus. R, right,

L, left
Average anterior-posterior distance (mm) (SD in parentheses)
Levels T4 T5 T8 T9
Side Muscles R L R L R L R L
This study ES 50(4) 50(4) 50(4) 51(3) 56(3) 57(2) 58(3) 57(3)
TS 42(3) 42(3) 41(3) 42(3) 45(3) 46(2) 46(2) 46(3)
PS 46(3) 47(4) 47(3) 47(3) 53(3) 53(2) 54(2) 54(3)
McGill et al®® EM - - 50(3) 50(3) 52(3) 51(3) 52(3) 51(3)
Kumar et al,*® averaged for males and females at T7 ES - - - - 49(4) - -
TS - - - - 48(5) - -
Jorgenson et al*® averaged for males and females PS 48(3) 46(4) 49(4) 46(4)

TABLE 6 Medial-lateral distances (mm) (SD in parentheses) of paraspinal muscles measured directly from the MRI scans for supine. PS,
paraspinal muscle, includes both ES and TS groups. EM, erector mass, includes longissimus thoracis, iliocostalis lumborum, and multifidus. Positive
and negative distance corresponds to right and left side of the vertebral body, respectively. R, right, L, left.

Average medial-lateral distance (mm) (SD in parentheses)

Levels T4 T5 T8 T9
Side Muscles R L R L R L R L
This study ES 31(3) -30(5) 33(4) —33(6) 44(5) —43(4) 43(4) —44(4)
TS 13(2) -11(2) 12(2) -10(1) 12(1) -11(1) 11(1) -11(2)
PS 21(2) -19(3) 21(3) —20(3) 26(2) —25(2) 25(2) —25(2)
McGill et al®® EM = = 27(2) —27(6) 31(7) —33(6) 32(4) —35(4)
Kumar et al,*® averaged for males and females at T7 ES - - - - 35(7) - -
TS - - - - 10(2) - -
Jorgenson et al*® averaged for males and females PS - - - - 29(3) —-30(4) 30(3) -31(3)

(or the vertebral body) remains parallel and is less likely to be affected
by changes in orientation of the spine. For example, during flexion
(stand to flex) or extension (stand to sit), little or no change (1%) in the
radius is noted as compared to supine. Furthermore, thoracic multifidi
of the TS group, are known to be more adapted to produce movements
in the transverse plane (twisting), with smaller tension and lower ampli-
tude than lumbar multifidus.®® Thus, the extent of change in radii mea-
sured for TS in different postures was negligible (1%), as the postures
selected in this study constitutes mainly of sagittal plane movements.

4.3 | Biomechanical modeling implications

Musculoskeletal modeling requires information on muscle parameters
such as CSA, moment-arms and relative positions of muscles with
respect to the bony anatomy and with respect to each other. Studies
have reported such muscle parameters based on in vivo imaging for

the lumbar*849:52:64.66.67 4nd cervical spine,*>%871 and our study tries
to fill the gaps that remain with regards to the thoracic spine, espe-

cially in upright postures.

The application of our data to biomechanical spine modeling
could be multifold. First, the radius and angle parameters computed
here could provide details of curved and wrapped muscle path along
the thoracic spine in different postures facilitating more accurate
models. Furthermore, changing trends of muscle parameters with dif-
ferent postures could provide crucial information for developing and
validating functionally upright thoracic spine models.””?

Second, the data could also aid in validating and explaining the
simulated results from models. For example, a lumbar model by Bog-
duk et al.** showed that the overall lengths of lumbar ES and multi-
fidus fascicles increased in the range of 15% to 59% in flexion when
compared to upright standing. Knowing that skeletal muscles are iso-
volumetric, an increase in length would result in corresponding
decrease in CSA. Imaging studies on the lumbar muscles confirmed
this trend by observing a decrease in CSA during flexion by up to
19%% and 28%.°* Similarly, parallels can be drawn for the thoracic
spine, where a 10% decrease in CSA, as observed in our study, could
roughly correspond to about a 10% increase in muscle length during
flexion. Furthermore, another lumbar imaging study®! showed that

level specific CSAs decreased by different amounts at different
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lumbar levels during flexion, suggesting that the lengthening may not
be uniform throughout the muscle. A similar trend in CSA is also
observed in our study, which could be a crucial takeaway on para-
spinal muscle behavior.

Third, our data could be suitably modified based on the approach
suggested by McGill et al®® to get anatomical CSA (ACSA) and
moment-arm estimates. For more cylindrical and elongated muscles
such as the ES and TS, modified moment-arm values thus approxi-
mated could be used the models. However, for a relatively flat and
spread out muscle like the TZ, the distances computed in our study
could be used for modeling muscle geometry and positions as
opposed to computing muscle torques.

44 | Clinical implications

Paravertebral muscle size and health was found to have a crucial influ-
ence on standing and walking in adults, post-surgery for spinal defor-
mity correction.”® Reference dataset of thoracic muscle morphology
in healthy individuals becomes essential for comparing and analyzing
pathological muscle health in a deformity cohort, such as correlating
relative sizes of muscles in an individual to functionality or severity of
deformity. Our data could also aid in validating future EMG or func-
tional MRI studies performed to improve understanding of muscle
activations in different posture in healthy individuals. Furthermore,
knowledge of normal muscle behavior in supine vs upright positions
could provide valuable insights into identifying and differentiating
pathological behavior, especially in asymptomatic spinal conditions.
Last, a fundamental understanding of the thoracic muscle morphologi-
cal changes could eventually lead to clinical insights on the role of
muscle and postures in causation of age-related sagittal balance disor-

ders and post-surgical pathologies.

4.5 | Limitations of the study

Interpretation of the data presented in this study must acknowledge
the study's limitations. The small sample size of six individuals may
influence the observed level and postural trends on the muscle param-
eters. While thoracic hyperkyphosis is more common in elderly
women, our data (healthy and male-dominated) might not be suitable
to make direct comparisons with the deformity cohort. We also
acknowledge the small sample size being a shortcoming for using our
data as normative muscle data representing the healthy cohort. Fur-
thermore, the subjects were asked to hold postures as naturally as
possible without exerting load on the support bars and hence muscle
activations were not controlled for or measured during this study.
Also, due to the restricted field of view of the imaging coil, the muscle
could not be imaged along its entire length, which would give more
compelling information on changes in muscle belly length with pos-
ture. Because of the low-field strength (0.5 T) of the MR scanner, the
individual muscles in the group could not be differentiated and the

muscle lines-of-action could not be distinguished. Hence, computing
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ACSA estimates from the MRI CSA as described earlier might require
additional computations of muscle line-of-action for upright postures,
which is ongoing work in our group. Last, the usage of data reported
in this study in computational models might come with biases favoring

young and healthy Caucasian males.

5 | CONCLUSION

Overall, this work provides quantitative data on thoracic musculature
in healthy individuals thus contributing to the growing spinal muscle
literature. It also delivers novel insights into muscle morphometric
changes with level and posture, which could potentially aid in devel-
oping functionally upright spine models for more accurate simulations

and aid in improved clinical support decisions.
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