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Abstract

Purpose Iatrogenic injuries to paraspinal muscles during

the posterior lumbar surgery (PLS) cause a reduction in

their cross-sectional areas (CSAs) and contractile densities

over time post-surgery. This study aims to quantify such

alterations.

Method Pre- and postoperative CSAs (*6 months in-

terval) of all paraspinal muscles were measured in six pa-

tients undergoing PLS using a 3-T magnetic resonance

(MR) scanner to quantify the alterations in geometrical and

tissue effective contractile (non-fatty) CSAs of these

muscles at all lumbar levels. To examine the presence of

any confounding effects on recorded changes within *7-

month period, measurements were also carried out on ten

healthy volunteers.

Results In the healthy population, an important (*22 %)

portion of CSA of the erector spinae (ES) was noncon-

tractile at the lower lumbar levels. Negligible variations

over time in both the total geometrical (\1.7 % in average)

and contractile (\1.2 %) CSAs of muscles were observed

in the healthy group (i.e., no confounding effect). Fol-

lowing PLS, significant reductions were observed in the

geometrical CSA of only multifidus (MF) muscle by *14

and 11 % as well as in its contractile CSA by *26 and

14 % at the L5–S1 and L4–L5 levels, respectively.

Conclusion The total CSA of ES at lower lumbar levels

shows substantial noncontractile contents in both healthy

and patient populations. Biomechanical models of the spine

should hence account for the noncontractile contents using

only the effective contractile muscle CSAs. Postoperative

variations in CSAs of paraspinal muscles may have pro-

found effects on patterns of muscle activities, spinal

loading, and stability.
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Introduction

Posterior lumbar surgeries (PLS) are common interventions

for the treatment of low back disorders such as the de-

generative disc disease, spinal tumor and vertebral fracture.

During PLS, paraspinal muscles surrounding the surgical

site are damaged due to ischemia, inadvertent dissection

and denervation [1–3]. Such iatrogenic alterations decrease

postoperative cross-sectional area (CSA) and tissue con-

tractile density of back muscles [3–5, 7]. As a result, a

significant reduction in the postoperative trunk strength has

been reported in patients with longer retraction duration [4,

8]. To reduce such intraoperative injuries, minimally in-

vasive approaches have been proposed [9]. Apart from the

torque generation in different planes, paraspinal back
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muscles also play a crucial role in the equilibrium, control

and stability of the ligamentous spine.

In the absence of noninvasive in vivo approaches to

quantify muscle forces and spinal loads/stability, biome-

chanical modeling techniques are recognized as viable

tools. Both optimization- and EMG-driven models use

CSA of trunk muscles as input to partition external net

moments among muscles. Any changes in CSA of back

muscles as a result of intraoperative lesions may, therefore,

alter the moment generation capacity of trunk, muscle ac-

tivations and spinal loads/stability predicted by these

models. Few modeling studies have estimated changes in

postoperative pattern of muscle activations without subse-

quent quantification of the associated changes in the spinal

loads and stability [10, 11]. In absence of detailed in vivo

data on changes in CSA of individual back muscles fol-

lowing PLS, these models have either presumed some ar-

bitrary values for the postoperative reduction in CSA of

back muscles (i.e., 10, 30 and 40 %) [10] or removed some

muscle fascicles in the model [11].

Several studies have measured CSAs of paraspinal

muscles in healthy subjects using magnetic resonance

(MR) or computed tomography (CT) techniques [12–14].

This is usually performed by digitizing muscles through

their fascial boundaries using a mouse-guided tool. Fol-

lowing PLS, however, effective (i.e., contractile) CSA of

muscles may diminish not only via the reduction of their

geometrical CSAs but also by increases in the intramus-

cular noncontractile tissues (fatty infiltration) [3, 9, 15].

The fatty portion of muscle CSAs even in non-operated

healthy population remains however unknown. By

analyzing signal intensity of pixels, the MR imaging is an

appropriate technique to distinguish the contractile (active

tissues that are able to contract) from the noncontractile

components (passive fat and connective tissues that do not

contract). A number of studies have indicated reliability of

MR imaging in the measurement of CSAs of human

muscles as well as of their contractile and noncontractile

contents [3, 12, 16–19].

To develop detailed postoperative models of the spine,

the present study aims to measure pre- and postoperative

(*6 months) CSAs of individual paraspinal muscles using

MR imaging. This includes measurements of CSA of

multifidus (MF), erector spinae (ES) (longissimus and il-

iocostalis as one muscle mass), quadratus lumborum (QL)

and iliopsoas (IP) in six patients undergoing PLS. For the

first time, pre- and post-operation CSAs of these muscles at

all lumbar levels are separately investigated to quantify the

alterations in their geometrical CSAs as well as noncon-

tractile content. To examine the presence of any con-

founding effects on results within 6- to 7-month period as

well as to quantify the noncontractile content in back

muscles of healthy subjects, measurements are also carried

out on ten healthy volunteers. Our future detailed biome-

chanical models [20, 21] studies will exploit such data to

investigate the effect of intraoperative injuries to paraspinal

muscles on postoperative muscle activations and lumbar

loads/stability.

Materials and method

Subjects and surgical procedure

Six patients scheduled for a single-level degenerative

lumbar disc disease by traditional (open) lumbar decom-

pression laminectomy technique [22] at the L4–L5 or L5–

S1 discs as well as ten healthy volunteers with no recent

back complications were volunteered to undergo MR scans

twice within an interval of about 6–7 months (Table 1).

For patients, the initial MR scans were taken the day before

operation. After routine physical and neurological tests, all

patients were diagnosed with persistent low back pain as

well as weakness and radiculopathy in the lower extremity

(loss of motor power) caused by degenerative disc disease

(herniated disc) as determined on MR images. All patients

were operated on at a single institution by the same surgeon

with more than 15 years of experience. The surgeon was

not aware of the nature of this study so made no particular

attempt to minimize muscle injuries. The subjects were

positioned prone while skin incisions were made vertically

along the center line. Paraspinal muscles were dissected

and detached from the spinous process and lamina to make

lamina visible (wound depth from skin to lamina). Bilateral

decompression via vertebral lamina fenestration was ac-

complished with the muscles being pulled using a spinal

retractor. After laminectomy, partial discectomy was per-

formed by excision of herniated disc tissues. Each surgery

lasted *120 min with the muscle retraction time

of *100 min. Status of facet joints were normal and no

denervation of these joints occurred. Patients were mobi-

lized and were walking the day after surgery and no

specific rehabilitation exercises were followed. The study

was approved by the ethics committee and informed con-

sent was read and signed by all subjects.

MR imaging protocol

A 3.0-T Siemens Trio Tim machine (Erlangen, Germany)

was used for all scanning sessions by the same operator.

T1-weighted images (repetition time, TR, of 767 ms and

echo time, TE, of 14 ms) [3, 16, 18] with slice thickness of

3 mm were taken starting from the superior endplate of the

S1 through slightly above the superior endplate of the T12

vertebra. Subjects laid on the MR table in a supine position

with a pillow underneath their knees. All images were
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scanned with a matrix of 320 9 256 and a pixel size of

0.625 9 0.625 mm, thereby generating a field of view of

200 9 160 mm to encompass all back muscles. Identical

imaging procedure was followed for both the initial and

follow-up scans. Images were saved in the Digital Imaging

and Communications in Medicine (DICOM) format.

Measurement of muscle CSAs

The DICOM files were imported into Mimics� (version

17.0, Materialise, Leuven, Belgium) to measure CSAs of

the ES, QL and IP at each lumbar disc level from the T12–

L1 through the L5–S1 (Fig. 1). Due to difficulties in dis-

criminating between the multifidus (MF), longissimus and

iliocostalis muscles on images, these muscles are usually

considered as one muscle mass, i.e., erector spinae (ES)

[23]. For patients and as needed in the detailed biome-

chanical models, the multifidus muscle was, however,

carefully isolated using the fascial border separating it from

the more laterally located longissimus [24]. No attempt was

made to separate longissimus and iliocostalis muscles as

their boundaries were less clear to identify in most images

[25]. Three trained raters, blind to each other’s measure-

ments, traced outer fascial boundaries of each muscle using

a mouse-guided tool while excluding extramuscular fat and

connective tissues. Subsequently, the software calculated

the encompassed area within the traced boundary of each

muscle (i.e., geometrical CSA including intramuscular

noncontractile tissues).

Distinction of contractile and noncontractile muscle

tissues

The PROFILE LINE (Fig. 2) and THRESHOLD (Fig. 3)

functions in Mimics� allowed for the semi-automated

identification of and thereby quantification of the CSAs of

contractile (pure muscle) and intramuscular noncontractile

(fat and connective tissues in case of the ES) components

of muscles by analyzing signal intensity of pixels.

Data and statistical analysis

Average coefficient of variation (CV value as standard

deviation divided by mean) was calculated and paired

correlation analyses for the three independent measure-

ments (by three raters) of geometrical CSA of each muscle

were carried out to investigate the inter-rater agreement

[12, 26]. Mean of differences for the CSA of muscles

(averaged over left and right muscles) measured under the

two MR sessions (initial and follow-up) was calculated

separately at each disc level (L5–S1 through T12–L1). For

the patient group, for a given level and muscle if the mean

of differences was larger than that of the control group, a

paired t test analysis was performed to examine the sta-

tistical significance (p\ 0.05). Moreover, for both patient

and control groups and for each muscle at each level the

CSA of the intramuscular noncontractile components (as

percentage of the total geometrical CSA) were presented

separately for the two MR scans. Similarly, paired t test

analyses were carried out to determine statistical sig-

nificance between initial and follow-up percentage of in-

tramuscular noncontractile components at each level.

Results

Subject-specific data for the geometrical and intramus-

cular noncontractile CSAs for the initial and follow-up

MR images are presented, separately for bilateral mus-

cles, in the online supplementary data (SuppData.xlsx).

Differences in the muscle CSAs measured over time

were averaged over left and right muscles (Tables 2, 3).

For the QL and IP muscles, CSAs of noncontractile

components were found negligible compared to the as-

sociated total CSAs (less than 2 % in average for all 16

subjects at all levels for the two MR imaging scans).

Therefore, results for the noncontractile CSAs are only

presented for the ES in the control group and ES and MF

in the patient group.

Table 1 Body weight, body height, age, time between initial and follow-up MR (mean ± standard deviation) as well as the exclusion criteria for

six patients (4 males and 2 females) and ten healthy control (8 males and 2 females)

Group Weight (kg) Height (cm) Age

(years)

Follow-up MR

(months)

Exclusion criteria

Controla 78.2 ± 12.1 175 ± 6.8 37.6 ± 6.4 7.3 ± 0.6 Previous spine operations, neuromuscular disorder, spinal infection,

needing revision surgery

Patientb 77.6 ± 13 174.0 ± 12.2 43.0 ± 7.6 5.9 ± 1.5 Being on a diet or exercising the trunk muscles within the previous

3 months

The patients ranged in age from 31 to 55 years, in height from 155 to 187 cm and in weight from 57 to 92 kg
a The control group was instructed not to change their diet or physical activity level (e.g., to lose weight or engage in body building) between the

initial and follow-up MR scans
b None of the patients had more than a week postoperative bed rest
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Control group

Average CVs for the three independent measurements for

each muscle were smaller than 9.6 % (7.7 and 8.0 % for

the ES, 9.1 and 9.6 % for the QL, and 6.1 and 6.9 % for the

IP, respectively, for the 1st and 2nd MR sessions) with all

R2[ 0.97. Calculated geometrical CSAs of the muscles

were therefore averaged over the three measurements at

Fig. 1 Digitizing muscles through their fascial boundaries using a mouse-guided tool to measure their CSAs at the L4–L5 level of a typical

patient a before and b after surgery in Mimics� (QL muscle does not exist at this level)
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Fig. 2 The PROFILE LINE and THRESHOLD functions used in

Mimics� to determine lower and upper limits of pure normal muscle

signal intensity for MF at the L4–L5 level of the same patient (Fig. 1)

a before and b after surgery. The distinction between contractile and

noncontractile components of each muscle at each level was made

using the signal intensity of the pixels for each subject at each MRI

session. For this, the PROFILE LINE function was initially used to

measure signal intensity along several user-defined lines passing

through different tissues including pure muscle, intramuscular fat,

connective tissues and extramuscular fats (Fig. 2). From these, while

varying for each subject at each MR session, the lower and upper

limits of pure normal muscle signal intensity were determined to be,

respectively, *300 (lower limit) and 800 (upper limit). Subsequent-

ly, the THRESHOLD function was used within the border of each

muscle to exclude tissues whose signal intensities were out of this

range (i.e., noncontractile components such as intramuscular fat and

connective tissues) (see Fig. 3)
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each vertebral level on each side. Mean of differences over

time between the two MR sessions at each level remained

smaller than 1.7 % (\1.1 %,\1.7 %, and\1.7 % for ES,

QL, and IP, respectively) (Table 3). Percentage of intra-

muscular fat to the total CSA of ES was larger at lower

levels (e.g., respectively, more than 22 and 12 % at the L5–

S1 and L4–L5 levels which was statistically very sig-

nificant when comparing these two lower levels to any of

their upper levels) but only slightly changed over time

between the two MR sessions (\1.2 % with no statistical

significance) (Table 3). Any confounding parameter af-

fecting CSAs of muscles in our patient group had, there-

fore, a negligible role.

Patient group

Average CVs for the three independent measurements for

each muscle remained smaller than 10 % (4.4 and 5.2 %

for the ES, 10.0 and 9.1 % for the MF, 6.3 and 6.5 % for

the QL, and 3.0 and 2.9 % for the IP, respectively, for the

Fig. 3 Exclusion of intramuscular noncontractile components from the total CSA of MF at the L4–L5 level of the same patient (Fig. 1) a before

and b after surgery (pixels corresponding to contractile components are highlighted)

Table 2 Mean of changes in

the total geometrical cross-

sectional areas (CSA) of

paraspinal muscles (measured at

different lumbar levels) over

time between the initial and

follow-up MR imaging sessions

(positive values indicate a drop

over time) for both healthy

control and patient groups

Group Muscle Lumbar level

L5–S1 L4–L5 L3–L4 L2–L3 L1–L2 T12–L1

Control ES 0.3 0.7 1.1 0.9 0.8 1.0

QL – – 1.6 1.4 1.7 –

IP 0.6 1.4 1.7 1.4 0.5 –

Patient ES – 2.6 -0.8 -0.7 -3.8 -4.8

MF 13.7* 10.8* 1.7 -6.3 -2.2 1.1

QL – – 2.9 2.6 3.7 –

IP -1.5 -2.9 0.5 -1.2 0.1 –

Positive values indicate a reduction in the CSA

MF multifidus, ES erector spinae, QL quadratus lumborum, IP iliopsoas

* p\ 0.05
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1st and 2nd MR sessions) with all R2[ 0.96. Measured

muscle CSAs were therefore averaged over the three

measurements at each vertebral level and side. Average of

differences in total CSA over time between the two MR

sessions (at each level for all subjects) remained\5 % for

the ES muscle,\3 % for the IP muscle and\4 % for the

QL muscle (no statistical significance) (Table 3). On the

other hand, larger and statistically significant reductions in

the total CSA of the MF muscle at the L5–S1 (average

reduction of *13.7 % for left and right sides, p\ 0.01) as

well as L4–L5 (average reduction of *10.8 % for left and

right sides, p\ 0.05) levels were observed (Table 3). No

significant variations in CSA of the MF muscle at upper

levels were, however, detected. Reductions in the intra-

muscular contractile CSA of the ES were within the range

of those of control group except at the L4–L5 level where a

reduction of 11.2 % was observed without any statistical

significance (p = 0.07) (Table 3). On the other hand,

larger and statistically significant reductions in the con-

tractile CSA of the MF muscle at the L5–S1 (26.2 %,

p\ 0.001) and L4–L5 (14.2 %, p\ 0.05) levels were

recorded (Table 3).

Discussion

For the evaluation of CSAs of the ES and MF muscles,

both total geometrical CSA and fatty infiltration content

should be quantified while the latter can be overlooked for

the QL and IP. A number of imaging studies have reported

only the total CSA of the ES muscles (as the major lumbar

extensor) in healthy populations [12–14]. As evident from

the current measurements, a considerable portion of CSA

of the ES muscle is, however, formed by noncontractile

fatty components especially at the lower lumbar levels

(average of *22 and 12 % at the L5–S1 and L4–L5 levels,

respectively) (Table 3). Even a greater portion of the pre-

operative CSA of the ES and MF muscles in our patients

was infiltrated by fatty tissue (*18 % for the ES at the L4–

L5 and *28 and 21 % for the MF at the L5–S1 and L4–L5

levels, respectively) (Table 3). As for the MF muscle, the

preoperative noncontractile CSAs were found large enough

even at the upper lumbar levels (*22 and 32 % at the L1–

L2 and T12–L1 levels, respectively). To improve accuracy,

biomechanical models of the spine should hence account

for the noncontractile contents using only the effective

contractile muscle CSAs.

Both in vivo and modeling investigations have sug-

gested an alteration in trunk muscle function, their ac-

tivities and thus trunk strength following PLS [3, 4, 6, 10,

11]. Such alterations are assumed to occur as a result of

intraoperative injuries to the erector spinae muscle (bulk of

all posterior paraspinal muscles). For instance, Gille et al.

[3] measured *24 and 30 % reductions in the contractile

CSA of the ES muscle (including MF) distal to the pedicle

screw construct in patients undergoing pedicle screw-en-

hanced L4–L5 arthrodesis, respectively, with and without

intraoperative cholinergic blockade (6 months follow-up).

Results of the current study using high-resolution 3.0-T

MR Images as well as careful isolation of multifidus (MF)

muscle from longissimus and iliocostalis through their

fascial border demonstrated that only the geometrical CSA

of more medially located multifidus (MF) muscle was

significantly reduced (by *14 and 11 % at the L5–S1 and

L4–L5 levels, respectively) while that of the ES (longis-

simus and iliocostalis) remained unchanged (Table 3). The

contractile CSAs of both the MF and ES muscles were,

however, reduced following PLS without any statistical

significance for the ES (Table 3) thus indicating the case

for minimally invasive approaches to preserve muscles [9].

Table 3 Cross-sectional area

(CSA) of noncontractile

intramuscular tissues (as

percentage of total geometrical

CSA) in initial and follow-up

MR imaging sessions at

different lumbar levels for both

healthy control and patient

groups

Group CSA of noncontractile components (%) Lumbar level

L5–S1 L4–L5 L3–L4 L2–L3 L1–L2 T12–L1

Control ES (initial MRI) 21.8 12.2 7.9 7.1 6.7 5.7

ES (follow-up MRI) 22.2 12.1 8.0 7.1 6.5 5.9

Reduction in total contractile CSA (%) 0.6 0.6 1.2 0.9 0.5 1.2

Patient ES (initial MRI) – 17.9 10.6 9.0 12.3 9.6

ES (follow-up MRI) – 25.9 11.7 10.6 13.3 10.9

Reduction in total contractile CSA (%) – 11.2 0.4 0.9 -2.7 -3.3

Patient MF (initial MRI) 28.4 20.8 14.5 15.6 22.2 32.4

MF (follow-up MRI) 38.4 25.3 16.2 17.3 27.2 35.3

Reduction in total contractile CSA (%) 26.2* 14.2* 2.9 -4.5 4.3 4.5

Reduction over time in the contractile CSA of muscles is also computed

MF multifidus, ES erector spinae

* p\ 0.05
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In accordance with Gille et al. [3], no significant changes in

the contractile CSAs of muscles were measured proximal

to the surgical sites (i.e., at T12/L3 levels).

Likewise, evaluation of the postoperative CSA of the ES

and MF muscles based solely on their geometrical CSA

could underestimate the total muscle atrophy. For instance,

a degree of atrophy of 0.88 (ratio of the postoperative to

preoperative CSA of back muscles) has been reported in

eight patients undergoing posterior lumbar inter-body fu-

sion at L4–L5 or L5–S1 levels while digitizing muscles

through their fascial boundaries [8]. Some other MR

studies have similarly evaluated changes in CSAs of trunk

muscles in patients with back pain or disc herniation based

solely on their geometrical CSA by drawing polygons

around outer borders [27, 28]. Results of the present study,

however, clearly suggest that both the geometrical and

fatty-infiltrated CSAs of muscles should be taken into ac-

count when evaluating changes in effective CSA of these

muscles following interventions (Tables 2 and 3).

Inter-rater agreement for the measurement of geomet-

rical CSA of muscles was assessed. All the average CVs

remained smaller than 10 % (R2[ 0.96) demonstrating an

acceptable inter-rater agreement. Higher inter-rater vari-

abilities (i.e., larger CV) of CSA measurement for QL and

MF compared to other muscles are consistent with their

relatively smaller areas. Intra-rater agreement was also

assessed randomly and as expected smaller variabilities for

one rater on different occasions were observed when

compared to three raters at any given occasion [16]. Small

changes in CSAs of muscles in our healthy group (Table 3)

within a period of about 7 months measured by the three

raters (measurements on two occasions) also indirectly

confirm the intra-rater agreement.

Small changes in the muscle CSAs of our healthy group

over time were likely due to different lumbar positions

(thus different lines of action of muscles with respect to the

MR scan plane), changes in the image positions along the

lumbar spine, natural alterations within *7 months period,

and intra-rater variabilities. While the distinction between

contractile and noncontractile components of each muscle

was made through a semi-automated approach in Mimics�,

choice of the lower and upper thresholds of pure normal

muscle signal intensity could affect the results. These

limits were set by two trained users through the PROFILE

LINE function in Mimics� while ensuring (through eye

inspections) proper separation of fatty components from

contractile tissues (Fig. 3). We acknowledge the relatively

low number of patients but we are confident that this would

not compromise our conclusions regarding the significant

postoperative reductions in the geometrical and contractile

CSA of multifidus at the L4–L5 and L5–S1 levels. This is

because such reductions were observed in almost every

single patient (see supplementary data). Moreover, our

findings agree with other studies showing a reduction in

geometrical CSA of ES (Motosuneya et al. [8] with eight

subjects) as well as in their contractile CSA (Gille et al. [3]

with ten subjects).
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