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Abstract

Purpose To analyze the effects of mobility of degener-

ated disc in the lower lumbar discs (L4–5 and L5–S1) on

both whole lumbar motion and adjacent segment ROM.

Methods The kMRIs with disc degeneration at L4–5 or

L5–S1 were classified into three groups: the normal group,

the motion-preserved (MP) group and the motion-lost (ML)

group based on range of motion (ROM) of 5� in the

degenerated segment. Each segmental ROM, whole lumbar

motion, and the contribution % of the upper lumbar spine

(ULS: L1–2–3) and the lower lumbar spine (LLS: L4–5–

S1) motion to whole lumbar motion were measured and

compared with each of the other groups.

Results There were 94, 99 and 66 patients in the normal

group, MP group and ML group, respectively. The normal

group showed no significant difference compared to the

MP group in all ROM parameters. The ML group showed

significantly less whole lumbar motion, more contribution

% in the ULS and less in the LLS than the normal and the

MP groups. The ROM in the superior adjacent segment in

the ML group was not significantly different between that

in the normal and MP group.

Conclusions Degenerated lumbar discs did not show

hypermobility within functional ROM. Loss of segmental

ROM from advanced disc degeneration did not cause an

increase in the ROM of the superior adjacent segment

in vivo. When the LLS had motion-lost, advanced disc

degeneration, whole lumbar motion was significantly

decreased and compensatory increase in ROM was

accomplished by the ULS.

Keywords Kinetic MRI � Disc degeneration � Segmental

motion � Lumbar spine � Adjacent segment

Introduction

Traditionally, the scientific literature has described the

degenerative changes of intervertebral discs (IVDs) in

terms of the three sequential stages that were described in a

study of autopsy findings by Kirkaldy-Willis and Farfan

[1]: (1) temporary dysfunction, (2) unstable phase and (3)

stabilization. In other words, the early stages of IVD

degeneration produce instability of the segment. This

process has been supported by a variety of radiographic

findings and biomechanical studies of cadavers [2–4].

Additionally, recent in vivo analyses of the lumbar spine

using kinetic magnetic resonance imaging (kMRI), which

evaluates segmental range of motion (ROM) in a weight-

bearing functional position, have shown that IVD degen-

eration increases segmental ROM and translation [5–9].

As the degenerative changes progress, however, the IVD

space is lost and the instability is reduced by osteophyte

formation and hypertrophy of the facet joints, progressively
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inducing stability. Although this ‘stabilization phase’ could

have different influence on the motion of the whole lumbar

spine, as well as the adjacent segments, there has been no

comparative data available.

The hypothesis of this study is that the whole lumbar

motion could show different patterns according to the

mobility of the degenerated disc in the lower lumbar spine,

and the stabilized segment with advanced disc degenera-

tion may not show compensatory increase of ROM in the

adjacent segment in vivo. We aimed to analyze the effects

of mobility of degenerated disc in the lower lumbar spine

discs (L4–5 and L5–S1) on both whole lumbar motion and

adjacent segment ROM.

Materials and methods

Participants

KMRI of the lumbar spine were consecutively obtained

over a 6-month period from September 2005 to February

2006 at an MRI institute. In this study, 600 patients

(3,000 motion segments) with low back pain (398 men,

202 women) with or without leg pain were enrolled. The

mean age was 46.2 years (range 21–76 years). All

patients underwent kMRI for segmental motion of the

lumbar spine in the 60� flexion, neutral and 20� extension

in standing, weight-bearing position. The range of flexion

and extension was limited with a control bar. Patients

with transitional vertebra, coronal plane deformity,

spondylolisthesis, trauma, tumor, infection, or those who

had a lumbar spine operation due to any disease were

excluded from this study. Each patient was screened by

the authors for preexisting lumbar spine pathology or

operation history. All the patients signed an approved

informed consent form.

Measurement of motion

All examinations were performed on kMRI with a field

strength of 0.6 T (Upright Multi-Position; Fonar Corp, New

York, NY) using a flexible surface coil. The imaging

protocol included sagittal T1-weighted spin-echo sequen-

ces (repetition time/echo time, 671/17 ms; slice thickness,

3.0 mm; field of view, 24 cm; matrix, 256 9 200; and

number of excitation 2) and T2-weighted fast spin-echo

sequences (repetition time/echo time, 3,432/160 ms; slice

thickness, 3.0 mm; field of view, 24 cm; and number of

excitation 2). Two segmental motions were measured at

flexion and extension positions in the sagittal plane. The

data obtained from the MR images were recorded on a

computer for subsequent measurements and all calculations

were automatically performed utilizing a software package

(MRI Analyzer Version 3, Truemeric Corp, Bellflower,

CA).

Segmental motion was defined as a sum of two seg-

mental angles between each vertebral body in flexion and

extension. This was measured by drawing lines along the

superior borders of the upper vertebra of each motion

segment and extending them until they cross (Fig. 1). In

addition to measuring segmental motion at five spinal

levels (L1–2, L2–3, L3–4, L4–5 and L5–S1), the whole

lumbar motion which indicates the overall segmental

motion from L1 to L5 was defined by the following for-

mula: whole lumbar motion = L1–2 ? L2–3 ?

L3–4 ? L4–5 ? L5–S1 segmental motion. The proportion

of total lumbar motion contributed by each segment of the

spine was measured (% of whole lumbar motion): that is,

the contributions (% ROM) of the upper lumbar segments

(L1–2–3, ULS) and the lower lumbar segments (L4–5–S1,

LLS) to whole lumbar motion were measured.

To analyze the interobserver and intraobserver reliabil-

ity, we analyzed intraclass correlation coefficients (ICC)

for the measured value of 30 randomly selected cases by

two observers.

Classification of the groups

Grade 1 and 2 degenerative changes, according to the

system of Pfirrmann et al. [10] were classified as normal.

IVD graded as 3 or 4, with segmental motion [5�, were

classified as motion-preserved (MP) degenerated discs, and

IVD of grade 4 or 5 degeneration with segmental motion of

\5� were classified as motion-lost (ML) degenerated discs.

Of the 600 patients, we excluded 337 patient with multi-

level MP degenerated disc without ML disc, multilevel ML

disc and single level ML disc with segmental motion[5�.
There was no degenerated disc of grade 4 in the ML group.

We classified the final 263 patients into three groups:

the normal group, the MP group and the ML group. To be

classified into the normal group, all segments must have

had normal discs. If a single segment of the LLS (either

L4–5 or L5–S1) had a MP disc and the other IVDs were

normal, the patient was classified into the L4–5 MP or

L5–S1 MP group, and patients in whom a single segment

of the LLS was a ML disc and the other IVDs were

normal or MP disc were classified into the L4–5 ML or

L5–S1 ML group.

The results of the three groups were compared. To analyze

the influence of the mobility of each degenerated disc, we

compared the normal group, L4–5 MP group and L4–5 ML

group first and then compared the normal group with L5–S1

MP and L5–S1 ML group in the next step (Fig. 2).

Next, we analyzed the differences in the segmental

motion on superior adjacent segments according to their

grade of degeneration in the ML group (L4–5 segmental
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motion in the L5–S1 ML group and L3–4 segmental

motion in the L4–5 ML group, Figs. 3 and 4). Statistical

analysis was performed using SPSS software (version 12,

SPSS Inc., Chicago, IL). ANOVA with Tukey’s B post hoc

analysis was used to compare the three groups, and Stu-

dent’s t test and Mann–Whitney U test were performed to

compare the superior adjacent segment ROM, with a sig-

nificance level of 0.05.

Results

Interobserver ICC were 0.77 (0.68–0.93), while intraob-

server ICC were 0.87 (0.82–0.96). The reliability was

excellent ([0.7) for measurement of the segmental motion.

Within the normal group, there were 94 patients

(M:F = 50:44, mean age 32.8 years). The MP group con-

sisted of 99 patients (M:F = 67:32, mean age 40 years)

Fig. 1 An example of measurement of segmental motion by the MR AnalyzerTM software

Fig. 2 Diagrams for

classification of each group and

comparison
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and there were 28 L4–5 MP and 71 L5–S1 MP patients.

Within the ML group with 66 patients (M:F = 45:21, mean

age 50.2 years), there were 17 L4–5 ML and 49 L5–S1 ML

patients. There was no significantly different sex ratio in

the MP and ML group (p = 0.184), but the mean age was

significantly different in all three groups (p\ 0.001).

Within the 49 patients in the L5–S1 ML subgroup, there

were 17 with normal L4–5 discs and 32 with degenerated

L4–5 discs. Within the 17 patients in the L4–5 ML sub-

group, there were 5 with normal L3–4 discs and 12 with

degenerated L3–4 discs.

Comparison of the normal group, the L4–5 MP group

and the L4–5 ML group (Table 1; Fig. 5)

The mean L4–5 segmental ROM, whole lumbar ROM and

mean age was 9.3�, 41.3� and 32.8 years in the normal

group, 8.4�, 36.1� and 42.3 years in the L4–5 MP group,

and 3�, 25�, 54.2 years in the L4–5 ML group, respectively.

The L4–5 segmental ROM and whole lumbar ROM

showed no significant difference between the normal and

MP group, but significant difference between the normal

and ML, MP and ML group (p = 0.003 and\0.001,

respectively). Mean age showed significant difference

between all three groups (p\0.001).

The mean upper (L1–2–3):lower (L4–5–S1) lumbar

segmental % ROM was 40.2:36.6 % in the normal group,

38.1:40.1 % in the MP group and 46.3:27.7 % in the ML

group. The difference was not significant between the

normal and MP group, but significant between the normal

and ML, and MP and ML group (p = 0.036 for ULS and

0.006 for LLS respectively). The mean ROM of L1–2 was

7� (17 %) in the normal group, 6.7� (18.8 %) in the MP

group and 5.8� (25.3 %) in the ML group. Significant

hypermobility of L1–2 was found only in the ML group

(p = 0.017).

Comparison of the normal, L5–S1 MP and L5–S1 ML

groups (Table 2; Fig. 6)

The mean L5–S1 segmental ROM, whole lumbar ROM

and mean age was 6.3�, 41.3� and 32.8 years in the normal

group, 6.5�, 39�, 35.8 years in the L5–S1 MP group and

2.2�, 32.2� and 48.8 years in the L5–S1 ML group,

respectively. The L5–S1 segmental ROM and whole lum-

bar motion showed no significant difference between the

normal and MP group, but significant difference between

the normal and ML, MP and ML groups (p\ 0.001

and\0.001 respectively). Mean age showed significant

difference between the three groups (p\ 0.001).

The mean upper:lower lumbar segmental ROM was

40.2:36.6 % in the normal group, 40.3:38.2 % in the MP

group and 45.4:31.5 % in the ML group. The difference

was only significant between the normal and ML, MP and

ML groups (p = 0.037 for ULS and 0.011 for LLS

respectively). The mean ROM of L1–2 was 7� (17 %) in

the normal group, 6.5� (18 %) in the L5–S1 MP group and

6.7� (22.6 %) in the L5–S1 ML group. There was a sig-

nificant hypermobility of L1–2 only in the ML group

(p = 0.008).

Comparison of ROM in the superior adjacent segment

of the degenerated discs

L3–4 of the subgroups with degenerated L4–5 disc

(Table 3)

The mean ROM % (proportion % to whole lumbar motion)

of the L3–4 showed no significant difference in the three

groups: 9.5� (23.2 %) in the normal group, 7.1� (26 %) in

Fig. 3 An example of the L4–5 motion-lost (ML) group; 46-year-old

male. Segmental range of motion on L4–5 was 2.8� and the total

lumbar motion was 34.6�

Fig. 4 A typical case of the L5–S1 motion-lost (ML) group; 55-year-

old male. Segmental range of motion on L5–S1 was 1.7� and the total

lumbar motion was 38.8�
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the L4–5 MP group and 8.2�(21.8 %) in the L4–5 ML group

(p = 0.411). The mean L3–4 ROM in the L4–5 ML group

was 7� (23.1 %) when the L3–4 IVD was a normal disc. This

result did not differ significantly from the mean L3–4 ROM of

7.1� (26.9 %) when L3–4 was a degenerated disc.

L4–5 of the subgroups with degenerated L5–S1 disc

(Table 3)

The mean ROM (proportion % to whole lumbar motion) of

the L4–5 showed no significant difference in the three

groups: 9.3� (21.6 %) in the normal group, 8.7� (22 %) in

the MP group and 8.1� (23.8 %) in the ML group

(p = 0.173). The mean L4–5 ROM in the L5–S1 ML group

was 8.7� (25.1 %) when the L4–5 IVD was a normal disc

and did not differ significantly from the mean L4–5 ROM

of 7.8� (23.1 %) when L4–5 was a degenerated disc.

Discussion

To date, most studies of degenerative changes and seg-

mental spinal motion have focused on degenerated discs

Fig. 5 Comparison of segment range of motion and percentage of

whole lumbar motion etween the normal, L4–5 MP and L4–5 ML

groups. There was no significant difference between the normal and

MP group in all parameters. The only significant difference was found

in the L1–2 and L4–5 ROM of the ML group

Table 2 Comparison of the measured kMRI data (mean ± standard deviations) of the normal group, the L5–S1 MP group and the L5–S1 ML

group

Normal group L5–S1 MP L5–S1 ML p value

L1–2* 16.7 ± 9.1 % (7 ± 4�) 18 ± 8.8 % (6.8 ± 3.5�) 22.6 ± 13.9 % (6.7 ± 3.6�) 0.008

L2–3 23.2 ± 9.8 % (9.2 ± 3.9�) 22.3 ± 11.4 % (8.6 ± 4.4�) 22.8 ± 9.3 % (7.6 ± 4�) 0.856

L3–4 23.2 ± 9.5 % (9.5 ± 4.4�) 21.5 ± 9 % (8.4 ± 3.4�) 23.1 ± 10.2 % (7.6 ± 3.8�) 0.488

L4–5 21.6 ± 10.1 % (9.3 ± 5.4�) 22.0 ± 10.3 % (8.7 ± 4.2�) 23.8 ± 10.4 % (8.1 ± 4.8�) 0.372

L5–S1* 15 ± 11.5 % (6.3 ± 5.4�) 16.2 ± 9.8 % (6.5 ± 4.8�) 7.7 ± 7.3 % (2.2 ± 1.3�) 0.000

Total lumbar motion* 41.3 ± 13.3� 39 ± 9.84� 32.2 ± 10.7� 0.000

L1–2–3* 40.2 ± 11.5 % 40.3 ± 12.1 % 45.4 ± 13.6 % 0.037

L4–5–S1* 36.6 ± 12.2 % 38.2 ± 13.2 % 31.5 ± 10.4 % 0.011

MP motion-preserved group, ML motion-lost group

* p\ 0.05 significant difference was only found between the ML group and the normal or the MP group by Tukey’s B post hoc analysis. There

was no significant difference between the normal and MP groups

Table 1 Comparison of the measured kMRI data (mean ± standard deviations) of the normal group, the L4–5 MP group and the L4–5 ML

group

Normal group L4–5 MP L4–5 ML p value

L1–2* 16.7 ± 9.1 % (7 ± 4�) 18.8 ± 9.1 % (6.7 ± 3.5�) 25.3 ± 12.2 % (5.8 ± 2.9�) 0.017

L2–3 23.2 ± 9.8 % (9.2 ± 3.9�) 19.3 ± 9 % (7.3 ± 4.4�) 21.1 ± 14 % (5.3 ± 3.7�) 0.220

L3–4 23.2 ± 9.5 % (9.5 ± 4.4�) 21.8 ± 8.2 % (8.2 ± 4�) 26 ± 15.6 % (7.1 ± 5.7�) 0.273

L4–5* 21.6 ± 10.1 % (9.3 ± 5.4�) 24.8 ± 14.8 % (8.4 ± 4.6�) 13.6 ± 7.6 % (3.1 ± 1.6�) 0.003

L5–S1 15 ± 11.5 % (6.3 ± 5.4�) 15.3 ± 14.2 % (5.4 ± 4.2�) 14.1 ± 10.4 % (6.3 ± 5.4�) 0.181

Total lumbar motion* 41.3 ± 13.3� 36.1 ± 12.4� 25.1 ± 8.4� 0.000

L1–2–3* 40.2 ± 11.5 % 38.1 ± 13.8 % 46.3 ± 14.8 % 0.036

L4–5–S1* 36.6 ± 12.2 % 40.1 ± 17.7 % 27.7 ± 12.6 % 0.006

MP motion-preserved group, ML motion-lost group

* p\ 0.05 significant difference was only found between the ML group and the normal or the MP group by Tukey’s B post hoc analysis. There

was no significant difference between the normal and MP group
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with low signal intensity, with or without partial loss of

disc height and segmental instability [2–9] (i.e., dys-

function or unstable phase by Kirkaldy-Willis and Farfan

[1]). However, the mobility of degenerated disc could be

variable; there has been no study comparing the normal

and degenerated segments with variable degree of

mobility. In addition, the traditional radiographs in lateral

recumbent, maximal flexion–extension position may not

be helpful in determining ROM in a weight-bearing,

functional position, taking into consideration the tension

on the paraspinal muscles and ligaments [11–15]. Previ-

ous studies examining cadavers or maximal flexion–

extension radiographs of lumbar spines have demonstrated

that range of segmental motion in the lumbar spine

becomes larger in the lower segments (L4–5, L5–S1) as

compared to upper segments (L1–2, 2–3) [16, 17]. On the

contrary, the results of studies based on the weight-bear-

ing, functional position or kMRI reported larger ROM in

the upper or mid lumbar segments (L2–3, 3–4) than LLS

(L4–5 or L5–S1) [18, 19]. This is the background of the

present comparative study using kMRI.

Although the ROM required for functional status or for

activities of daily living (ADLs) has not been clearly

delineated, the maximal ROM of the lumbar spine is not

required in most cases. Additionally, existing biomechan-

ical studies have reported that in the initial 60� of lumbar

flexion, an increase in the tension of the gluteus maximus

muscle limited flexion of the hip joint. However, advancing

lumbar flexion beyond 60� causes hip flexion, which con-

tributes to flexion of the whole trunk [20, 21]. Thus, we

inferred that a motion of 60� trunk flexion and 20� exten-

sion in a weight-bearing standing position would be able to

reflect the amount of functional lumbar motion required for

ADLs.

In the present study, there was no significant difference

between the normal group and the MP group in all ROM

parameters, and only the ML group showed significantly

less whole lumbar motion, more ROM % in the ULS and

less ROM % in the LLS than the other groups. The ROM in

the superior adjacent segment in the ML group was not

significantly different between that in the normal and the

MP group regardless of the degenerative change of the

superior adjacent segments

In previous studies on the influence of disc degeneration

on segmental ROM, degenerative discs have been reported

to experience instability initially and then become more

stable in later stages [2–9, 22]. Other studies, however,

have shown opposite results. For example, Nachemson

et al. [23] found that segmental ROM was not related to the

degree of degenerative change. Interestingly, while most

studies suggesting a contribution of disc degeneration to

biomechanical instability were performed on cadavers,

most studies suggesting that there are no correlations

between degenerative changes and segmental motion have

been conducted utilizing in vivo radiographs, biomechan-

ical study using follower load or kMRI [19, 24, 25].

The first important finding of our study was the dif-

ference in whole lumbar ROM between the normal group

and the ML group. The normal group had a whole

lumbar ROM of 41.3�, which was significantly more than

the ROM of 25.1� seen in the L4–5 ML group and the

ROM of 32.2� seen in the L5–S1 ML group. The mean

age also differed significantly, implying that aging and

local degenerative changes in the lumbar spine act

together to decrease whole lumbar motion. These dif-

ferences indicate that the lumbar spine does not inher-

ently compensate for the lost ROM associated with

degenerative changes with hypermobility of the adjacent

segment, but rather reduced lumbar motion could be

compensated by the segmental motion close to the tho-

racolumbar junction or ROM at the hip joints to produce

the same amount of trunk motion.

Another interesting point is that the segment just supe-

rior and adjacent to the ML segment did not exhibit a

Table 3 ROM of the superior adjacent segment of the advanced

degenerated disc; none of the value showed significant difference

(p[ 0.05) between normal and degenerated discs

Disc Normal disc Degenerated

disc

L3–4 ROM (�) 7 ± 7.8 7.1 ± 5.3

Above L4–5

ML

% of total lumbar

motion

23.1 ± 19.2 26.9 ± 15.1

L4–5 ROM (�) 8.7 ± 4.5 7.8 ± 5.3

Above L5–S1

ML

% of total lumbar

motion

25.1 ± 9.4 23.1 ± 11

Fig. 6 Comparison of segmental range of motion and percentage of

whole lumbar motion between the normal, L5–S1 MP and L5–S1 ML

groups. Likewise L4–5 groups, there was no significant difference

between the normal and MP group in all parameters. The only

significant difference was found in L1–2 and L5–S1 ROM of the ML

group
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significant increase in ROM. The L4–5 ML group and the

normal group did not differ significantly in the contribution

of L3–4 to lumbar motion of the whole spine and the

absolute value for L3–4 ROM with L4–5 ML was actually

smaller. Similarly, the ROM of the L4–5 segment in the

L5–S1 ML group was not increased. On the other hand, a

comparison of L1–2 ROM in the ML group with the nor-

mal and MP groups revealed that ROM was increased in all

cases of the ML group. This result suggests that the upper

lumbar spine compensates for decreases in whole lumbar

ROM, rather than simply the superior adjacent segments.

This result might be contrary to the results of various

existing biomechanical studies which showed increased

segmental motion adjacent to motion-lost segment and

their contribution of the development of adjacent segment

disease [26–28].

Several limitations of this study should be noted.

Although this study is the first to analyze the effects of the

mobility of degenerated disc on the whole lumbar motion,

there is no established criteria of ‘motion-lost’ segment.

We used 5� of ROM to define the ML segment. This is a

commonly used radiological criterion to assess lumbar

fusion or progression of deformity; however, these results

cannot be universally applied to cases where motion is lost

as a result of surgical fusion. Secondly, we noted a sig-

nificant age difference between the ML group and the other

groups. Although it is not surprising that older individuals

would have more advanced degeneration, we did not

account for other degenerative findings such as facet

degeneration or ligamentum flavum hypertrophy, which

could also affect the lumbar motion segment. Nonetheless,

these other degenerative findings often go hand in hand

with disc degeneration and therefore are independent of

age.

The result of the present study provides baseline infor-

mation in understanding the characteristics of total lumbar

motion based on segmental mobility of degenerated discs

and should be considered when planning for lumbar fusion

or motion-preserving surgery.

Conclusions

Unlike previous in vitro studies, degenerated lumbar discs

did not show hypermobility within functional ROM. Loss

of segmental ROM from advanced disc degeneration did

not cause an increase in the ROM of the superior adjacent

segment in vivo. When the LLS had motion-lost, advanced

disc degeneration, whole lumbar motion was significantly

decreased and compensatory increase in ROM was

accomplished by the ULS.
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