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Figure 6. Pre-operative radiological parameters in lordosis groups. Cervical spine lateral X-ray of
neutral (A), flexion (B), and extension (C), and whole-spine lateral X-ray (D). C0-2; C0-2 Cobb angle,
the occipito-cervical angle, which is the intersection angle between the McGregor line and the line
parallel to the C2 lower endplate. C2-7; C2-7 Cobb angle, the intersection angle between the line
perpendicular to the line parallel to the C2 lower endplate and the line perpendicular to the line parallel
to the C7 lower endplate. C0-7; C0-7 Cobb angle, the intersection angle between the McGregor line and
the line parallel to the C7 lower endplate. TK; thoracic kyphosis, intersection angle between the line
perpendicular to the line parallel to the T1 upper endplate and the line perpendicular to the line parallel
to the T12 lower endplate. LL; lumbar lordosis, intersection angle between the line perpendicular to
the line parallel to the L1 upper endplate and the line perpendicular to the line parallel to the L5 lower
endplate. SS; sacral slope, the angle formed by a line drawn along the endplate of the sacrum and a
horizontal reference line. PT; pelvic tilt, the angle formed by a line drawn from the midpoint of the
sacral endplate to the center of the bicoxofemoral axis and a vertical and a vertical plumb line. PI;
pelvic incidence, the angle formed by two vectors: the line joining the bicoxo-femoral axis to the center
of the sacral end plate and the line perpendicular to the sacral endplate.

 

Figure 7. Post-operative radiological parameter in lordosis groups. Cervical spine lateral X-ray of
neutral (A), flexion (B), extension (C) and whole-spine lateral X-ray (D).
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Table 5. Comparison of pre-operative vs. post-operative radiological parameters of lordosis groups.

Parameter

Lordosis

Pre-op Post-op Between-Group
Difference Mean (Degrees)

(95% CI)

p-Value
Mean (Degrees) Mean (Degrees)

C2-7angle 13.2(10.9~15.9) 11.3(8.4~14.4) 2.0(0.6~4.6) 0.13
C0-2angle 24.2(21.2~26.8) 27.2(24.2~30.5) −3.4(−5.4~−1.3) <0.01 *
C0-7angle 36.8(33.3~40.4) 39.7(36.1~43.7) −3.1(−5.9~−0.3) 0.03 *
C0-2ROM 17.8(15.3~20.1) 21.7(18.6~24.7) −4.0(−7.2~−0.8) 0.02 *
C2-7ROM 34.3(30.7~37.6) 20.9(18.1~23.9) 13.1(9.8~16.4) <0.01 *
C0-7ROM 52.4(47.7~56.4) 42.8(39.2~46.6) 9.2(4.7~13.7) <0.01 *
C0-2/C0-7 0.3(0.3~0.4) 0.5(0.4~0.6) −0.2(−0.2~−0.1) <0.01 *
C2-7/C0-7 0.7(0.6~0.7) 0.5(0.4~0.6) 0.2(0.1~0.2) <0.01 *
T1slope 29.7(27.2~32.4) 29.3(26.9~32.3) 0.2(-2.1~2.4) 0.89

Lumbar lordosis 37.6(25.9~49.3) 32.7(21.2~44.2) −1.1(−6.4~4.3) 0.57
sacral slope 34.0(29.6~38.5) 36.0(32.6~43.8) −0.7(−10.8~9.5) 0.85
pelvic tilt 15.5(12.1~18.8) 19.0(12.4~28.0) 1.2(−10.1~12.4) 0.77

pelvic incidence 47.4(40.8~53.9) 55.0(48.3~68.3) 0.8(−14.0~15.6) 0.88

CI, confidence interval; ROM, range of motion. * Statistical significance (p < 0.05).

3.1.4. Comparison of Pre-Operative vs. Post-Operative Radiological Parameters in the Non- Lordosis
Group

In the non-lordosis group, the significant changes in the parameters before and after surgery were
observed in C2-7ROM (p < 0.01), C0-7ROM (p < 0.01), and T1 slope (Table 6). Furthermore, as in the
lordosis group, C2-7ROM and C0-7ROM decreased after the surgery, while C0-2ROM did not increase.
These results suggest that the additional decrease in ROM after the surgery could not be compensated
by the upper cervical spine (C0-2) because C0-2ROM was already heavily used before the surgery. In
addition, change in T1 slope (decrease) was observed after the surgery, which means more kyphotic
curvature (loss of lordosis) after surgery. No statistically significant difference was observed in the
other cervical and spinopelvic parameters (Table 6).

Table 6. Comparison of pre-operative vs. post-operative radiological parameters of non-lordosis groups.

Parameter

Non-Lordosis

Pre-op Post-op Between-Group
Difference MEAN (Degrees)

(95% CI)

p-Value
Mean (Degrees) Mean (Degrees)

C2-7angle 1.1(-2.6~4.9) −0.1(−4.9~4.8) 1.2(2.6~5.0) 0.53
C0-2angle 31.9(27.9~35.9) 33.7(29.8~37.7) −1.9(−5.1~1.4) 0.26
C0-7angle 33.4(29.6~37.3) 32.9(29.5~36.3) 0.6(−3.6~4.7) 0.78
C0-2ROM 23.1(16.2~30.1) 24.8(20.9~28.7) −1.7(−9.5~6.2) 0.67
C2-7ROM 29.7(24.9~34.5) 19.8(14.6~24.9) 9.9(4.5~15.4) <0.01 *
C0-7ROM 50.1(44.9~55.3) 40.9(35.2~46.7) 9.2(2.6~15.8) <0.01 *
C0-2/C0-7 0.5(0.3~0.7) 0.6(0.5~0.7) −0.1(−0.3~0.1) 0.14
C2-7/C0-7 0.6(0.5~0.7) 0.5(0.4~0.6) 0.1(−0.02~0.2) 0.1
T1slope 26.9(23.5~30.3) 23.3(20.3~26.3) 3.6(0.1~7.0) 0.04 *

Lumbar lordosis 26.4(12.3~39.9) 36.2(27.8~44.6) 2.4(−4.0~8.9) 0.35
sacral slope 30.9(21.7~40.1) 39.1(31.0~47.2) −0.7(−4.3~3.0) 0.64
pelvic tilt 16.5(9.6~23.4) 20.1(−2.7~42.9) −0.9(−13.6~11.8) 0.85

pelvic incidence 41.6 (23.8~50.5) 55.6(35.4~75.7) −4.1(−18.9~10.7) 0.49

CI, confidence interval; ROM, range of motion * Statistical significance (p < 0.05).
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3.1.5. Comparison of Pre-Operative vs. Post-Operative Radiological Parameters in the Reducible
Non-Lordosis Group

In the reducible non-lordosis group, the significant changes in parameters before and after surgery
were observed in C2-7 ROM (p < 0.01), C0-7 ROM (p < 0.01), and pelvic tilt (p = 0.02) (Table 7). However,
no statistically significant difference was observed in the C0-2 ROM. These results suggest that the
overall ROM decreases after the surgery, but not to an extent that requires compensation at the C0-2
site for maintaining the horizontal gaze or the ROM of cervical spine. No statistically significant
differences were observed in the other cervical and spinopelvic parameters (Table 7). Comparison
of pre-operative vs. post-operative radiological parameters in the reducible non-lordosis group is
represented on Figures 8 and 9

Table 7. Comparison of pre-operative vs. post-operative radiological parameters of the reducible
non-lordosis group.

Parameter

Reducible Non-Lordosis

Pre-op Post-op Between-Group
Difference Mean (Degrees)

(95% CI)

p-Value
Mean (Degrees) Mean (Degrees)

C2-7angle 2.0(−2.3~6.2) 2.5(−2.9~7.9) −0.5(−4.8~3.8) 0.81
C0-2angle 29.9(25.5~34.4) 31.5(27.6~35.5) −1.6(−5.6~2.4) 0.42
C0-7angle 32.2(27.7~36.6) 33.3(29.2~37.4) −1.1(−6.1~3.8) 0.64
C0-2ROM 23.7(−14.8~32.5) 23.6(19.4~27.9) 0.03(−10.0~10.0) 0.99
C2-7ROM 30.3(24.2~36.4) 18.7(12.3~25.2) 11.6(5.2~18.0) <0.01 *
C0-7ROM 51.5(45.1~57.9) 37.9(32.0~43.8) 13.6(6.7~20.5) <0.01 *
C0-2/C0-7 0.5(0.2~0.7) 0.6(0.5~0.8) −0.2(−0.4~0.1) 0.20
C2-7/C0-7 0.6(0.5~0.7) 0.5(0.3~0.7) −0.2(−0.4~0.1) 0.27
T1slope 26.3(22.1~30.5) 25.6(22.6~28.6) 0.7(2.5~3.9) 0.67

Lumbar lordosis 37.0(35.0~39.0) 32.4(25.4~39.4) 4.7(76.0~85.3) 0.60
sacral slope 40.9(36.5~47.3) 40.8(38.7~42.9) 0.1(−39.3~39.5) 0.98
pelvic tilt 13.3(8.1~18.5) 15.3(10.1~20.5) −2.0(−2.6~-1.3) 0.02 *

pelvic incidence 54.8(44.5~65.1) 50.9(49.9~51.9) 3.9(−79.4~87.1) 0.66

CI, confidence interval; ROM, range of motion * Statistical significance (p < 0.05).

3.1.6. Comparison of Pre-Operative vs. Post-Operative Radiological Parameters in the Non-Reducible
Non-Lordosis Group

In the non-reducible non-lordosis group, no significant change in the c-spine parameters was
observed before and after the surgery, and only the T1 slope decreased significantly (Table 8). These
results suggest that no compensation for alignment or ROM before the surgery occurred at any sites
after the surgery, and that the kyphosis of cervical spine was maintained after the surgery as the T1
slope related to the lordosis of cervical spine continues to significantly decrease. Thus, this group may
not be a good indication for laminoplasty in comparison to the other groups because the application of
laminoplasty does not change the kyphosis, hardly effective, in terms of all the credits from surgery
including the decompression of neural tubes through posterior migration of spinal cord as well as the
recovery of blood flow along the spinal cord. No statistically significant differences were observed in the
other cervical and spinopelvic parameters (Table 8). Comparison of Pre-Operative vs. Post-Operative
Radiological Parameters in the Non-Reducible Non-Lordosis Group (Figures 10 and 11).
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Figure 8. Pre-operative radiological parameters in the reducible non-lordosis group. Cervical spine
lateral X-ray of neutral (A), flexion (B), extension (C) and whole-spine lateral X-ray (D).

Figure 9. Post-operative radiological parameters in reducible non-lordosis group. Cervical spine lateral
X-ray of neutral (A), flexion (B), extension (C) and whole-spine lateral X-ray (D).
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Table 8. Comparison of pre-operative vs. post-operative radiological parameters of the non-reducible
non-lordosis group.

Parameter

Nonreducible Non-Lordosis

Pre-op Post-op Between-Group
Difference Mean (Degrees)

(95% CI)

p-Value
Mean (Degrees) Mean (Degrees)

C2-7angle −1.8(−12.5~8.8) −9.0(−19.5~−1.6) 7.1(−1.8~16.0) 0.10
C0-2angle 38.7(29.7~47.8) 41.5(30.0~53.0) −2.8(−10.1~4.6) 0.37
C0-7angle 37.9(28.9~47.0) 31.5(24.3~38.6) 6.5(1.5~14.4) 0.09
C0-2ROM 21.4(12.2~30.5) 28.9(16.6~41.3) −7.6(−16.4~1.3) 0.08
C2-7ROM 27.5(20.6~34.5) 23.3(15.2~31.4) 4.2(−8.5~16.9) 0.43
C0-7ROM 45.1(36.0~54.2) 51.4(34.7~68.1) −6.3(−19.7~7.1) 0.28
C0-2/C0-7 0.5 (0.3~0.7) 0.5(0.4~0.7) −0.1(−0.2~0.1) 0.24
C2-7/C0-7 0.6(0.4~0.8) 0.5(0.4~0.5) 0.2(0.0~0.4) 0.09
T1slope 28.8(22.9~34.7) 15.2(9.7~20.6) 13.7(7.1~20.2) <0.01 *

Lumbar lordosis 31.3(16.2~46.4) 28.0(18.1~37.9) 3.0(−4.1~10.1) 0.28
sacral slope 33.4(22.2~44.6) 35.0(26.9~43.1) −0.4(−4.5~3.8) 0.79
pelvic tilt 12.8(5.0~20.6) 15.0(9.2~20.8) −2.8(−23.4~17.7) 0.69

pelvic incidence 46.1(33.1~59.1) 41.7(20.7~62.7) −3.2(−25.1~18.7) 0.67

CI, confidence interval; ROM, range of motion. * Statistical significance (p < 0.05).

 

Figure 10. Pre-operative radiological parameters in the non-reducible non-lordosis group. Cervical
spine lateral X-ray of neutral (A), flexion (B), extension (C) and whole-spine lateral X-ray (D).

98



J. Clin. Med. 2020, 9, 713

 

Figure 11. Post-operative radiological parameters in the non-reducible non-lordosis group. Cervical
spine lateral X-ray of neutral (A), flexion (B), extension (C) and whole-spine lateral X-ray (D).

4. Discussion

Laminoplasty is an effective surgical method commonly applied in patients with myelopathy due
to multiple-segment ossification of the posterior longitudinal ligament (OPLL) and spinal stenosis
of cervical spine. In comparison to laminectomy and fusion surgery, laminoplasty is advantageous
for DCM patients due to multiple OPLL or C-spine Herniated Nucleus Pulposus (HNP). The cervical
motion can be maintained by preserving the posterior neck structure, such as the facet joint because
neural tubes are extended on the laminofacet junction, where complications related to the use of
instruments and direct adhesion between dura and overlying neck muscles can be reduced, and the
recovery after surgery can be relatively prompt [1,4,5].

In general, it has been reported that laminoplasty is not effective for multiple-segment ossification
of the posterior longitudinal ligament if kyphosis is present because indications for laminoplasty can
benefit from decompression due to posterior migration of spinal cord only by maintaining the cervical
lordosis [2,3,6,7,12].

However, studies have shown that kyphosis within 10◦ of cervical kyphosis has no different
postoperative outcome from the cervical lordosis after laminoplasty [8]. Furthermore, a recent study
has examined the cervical alignment of 958 normal asymptomatic individuals, finding that the ratio
of the subjects with kyphotic alignment of cervical spine comprises 26.3%. The group with kyphotic
alignment can be subdivided into reducible kyphosis, in which the kyphotic curvature recovers to
lordotic alignment in the lateral radiograph upon extension, and non-reducible kyphosis, in which the
kyphotic alignment is sustained upon extension. Although no distinctive cervical kyphosis features
were observed between the two groups (reducible and nonreducible) in the resting neutral position,
the feature of the motion between the two groups showed a difference in the flexion–extension ROM,
depending on whether the upper cervical spine (C0–C2) or the lower cervical spine (C2–C7) ROM was
compensated for the entire cervical motion. When the motion segments were divided into the upper
cervical spine (C0–C2) and the lower cervical spine (C2–C7), each segment showed a distinctive ROM
that served to preserve spinal functioning, especially horizontal gazing of the cervical spine. Also, this
study identified that the correlation between the cervical spine and the global spine parameters (i.e.,
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TK, LL, SS, PT, and PI) was not statistically significant, explaining the proper cervical spine alignment
or ROM that moves the spine according to its relations with the head as the center is more necessary
than focusing on the correlation between the cervical spine and the spinopelvic parameters [9].

In this regard, the authors conducted this study on the assumption that even if laminoplasty is
performed in patients with cervical kyphosis, no kyphotic change is made, or the kyphotic change is
minimized due to compensation of upper cervical motion (C0-2ROM) around the head center, and that
the kyphosis where this upper cervical motion remains cannot be a contraindication for laminoplasty.

This study classified the curvature of the preoperative cervical spine into lordosis, reducible
non-lordosis (kyphosis), and non-reducible non-lordosis (kyphosis) groups for the cases operated
with cervical laminoplasty, respectively. Subsequently, this study examined the relationship between
the cervical parameters and other spinopelvic parameters, and it further analyzed whether the
characteristics of the curves changed after the surgery, and into which type the change would
lead if it changed. Furthermore, this study analyzed whether the cervical parameter affected other
spinopelvic parameters because these changes could determine whether cervical kyphosis would be a
contraindication for laminoplasty in terms of radiological analysis.

The results of this study showed no difference in spinopelvic parameters between the lordotic
group and the non-lordotic group before the surgery (Table 3). The results further indicated that the
cervical curvature was independent of spinopelvic parameters regardless of curve characteristics of
cervical spine. The results were consistent with those of other studies [8,13–15]. Moreover, the C2-7
angle before and after the surgery showed no statistically significant changes in both lordosis and
non-lordosis groups (lordosis group p = 0.13, non-lordosis group p = 0.53).

There is one issue to discuss in this context. Many studies have typically measured the C2-7 angle
in determining the overall ROM of the cervical spine. However, according to a recent study [9], in
addition to the motion of C2-7, which is typically emphasized, the motion of C0-2 (upper cervical
motion) plays an important role in the mobility of cervical spine. Thus, the authors have additionally
measured C0-2 angle and ROM, C0-7 angle and ROM, as well as C2-7 angle and ROM to consider the
upper cervical spine motion (C0-2) around the head center in this study.

The change before and after the surgery was examined by considering the above parameters in
each group. The patients belonging to the lordosis group before the surgery showed no significant
change in C2-7 angle after the surgery (p = 0.13), while exhibiting C0-7 angle changed to be more
lordotic (between group difference mean=3.1, 95%CI: 1.3–5.4, p=0.03). C0-7ROM (between group
difference mean= 9.2, 95%CI: 13.7 to 4.7, p < 0.01), and C2-7ROM (between group difference mean
= 13.1, 95%CI: 16.4 to 9.8, p < 0.01) decreased while C0-2ROM increased (between group difference
mean = 4.0, 95%CI: 0.8–7.2, p < 0.01). These results suggest that the ROM of cervical spine, which was
reduced after the surgery, was compensated through the upper cervical spine motion (C0-2) around
the head center. For this reason, the C0-2/C0-7 values also increased (between-group difference mean =
−0.2, 95%CI: −0.2 to −0.1, p < 0.01) (Table 5).

Furthermore, according to the change in the postoperative curvature, only one of the patients
belonging to the lordosis group before the surgery changed to the non-reducible non-lordosis group
after the surgery, and the remaining patients maintained lordosis after surgery or its recovery upon
extension even after the loss of lordosis (Figure 5).

Thus, in the patients with the lordotic curve of cervical spine before the surgery, the lordosis was
mostly maintained or compensated after the surgery, and the overall ROM of the cervical spine (C2-7,
C0-7 ROM) was inevitably reduced due to posterior approach surgery, while the upper cervical spine
motion (C0-2 ROM, C0-2/0-7 ROM) acted in a compensatory way around the head center, resulting in
maintenance of horizontal gaze and daily activities after the surgery. Accordingly, the results suggest
that lordosis can be a good indication for the surgery because the effective decompression and posterior
migration of the spinal cord after the surgery would recover the blood flow.

On the other hand, the patients belonging to the non-lordosis (kyphosis) group before the surgery
showed a decrease in C2-7ROM and C0-7ROM after the surgery, as in the lordosis group, while
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exhibiting no increase in C0-2ROM unlike the lordosis group (Table 6). This suggests that there
was a limit or inability to compensate for the additional decrease of ROM with the upper cervical
motion (C0-2 ROM) because the C0-2ROM was already much used before the surgery. Unlike the
lordosis group, the T1 slope, which indicates the lordosis of cervical spine, also tended to decrease
after the surgery.

The non-lordosis (kyphosis) group was divided into reducible and non-reducible groups according
to the recovery of lordosis upon extension of cervical spine to analyze the change in parameters before
and after the surgery: in the reducible non-lordosis group, C2-7ROM (p < 0.01) and C0-7ROM (p <
0.01) significantly decreased, while C0-2 ROM remained unchanged. However, in the non-reducible
non-lordosis group, only the T1 slope showed a significant decrease, indicating that the kyphotic
state proceeded after the surgery; no changes in other parameters were observed. The change in
cervical parameters, whether it was increase or decrease, was observed in all the groups other than the
non-reducible non-lordosis group, while all the values including cervical spine angle and ROM were
maintained after the surgery only in the non-reducible non-lordosis group. The results suggest no
variability in cervical motion and angle after the surgery unlike other groups. In other words, in the
non-reducible non-lordosis group, the spine move in the state C0-2, C2-7, C0-7, angle and ROM are
already fixed around the head center before surgery, and the ROM of cervical spine remains unchanged
without any improvement after surgery, which is not compensated by the upper cervical motion (C0-2)
after the surgery.

Furthermore, the curvature changes after surgery in the non-lordosis (or kyphosis) group
showed that 8 (38%) of 21 patients who belonged to the reducible non-lordosis group changed to the
lordosis group, 7 (33%) remained in the reducible non-lordosis group, and 6 (29%) changed into the
non-reducible non-lordosis group. On the other hand, all six patients in the non-reducible non-lordosis
group remained in the same group after the surgery.

Based on the above results, non-reducible characteristics remain unchanged after the surgery in
the non-reducible non-lordosis group (that is, the characteristics in which lordosis does not recover
during extension), showing no variability in the cervical angle and ROM, and no compensation through
the upper cervical motion (C0-2 ROM). Thus, no effect of laminoplasty (improvement effect of blood
flow in the spinal cord due to the posterior migration of the spinal cord) would be observable, while
the preoperative characteristics remain unchanged after the surgery. On the other hand, the reducible
non-lordosis group and the lordosis group mostly show variability, and the upper cervical motion (C0-2
ROM) around the head center acts in a compensatory way. Accordingly, patients who have lordosis or
reducible non-lordosis can be a good indication for laminoplasty by considering these quantitative and
qualitative changes in curve, angle, and ROM of cervical spine before and after the surgery, which are
independent of other spinopelvic parameters. However, selective surgery is required because some
limited cases among them show characteristics that are not reducible after the surgery, and further
studies are necessary to determine the selection method.

Limitations

This study has the following limitations. Firstly, this study is a retrospective study of prospectively
collecting data, and despite a relatively long-term observation (36.8 months on average), 28 of 111
patients were lost during the follow-up period (25%). Furthermore, the number of the entire patient
group was 83, which was not small, while the entire group was divided into subgroups, and the number
of each group was relatively small to show statistical significance (non-reducible non-lordosis: 6
patients). This limitation, including a small number of patients in this study, arose because laminoplasty
typically involves the lordosis of the cervical spine, and laminoplasty is rarely performed for patients
with kyphosis, except in special cases. Secondly, all patients included in this study underwent
midline splitting double-door laminoplasty (French door type laminoplasty). For this reason, these
postoperative results could differ from those of laminoplasty applying different surgical methods (e.g.,
unilateral expansive open door type laminoplasty). Finally, this study has radiologically analyzed how
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the preoperative curve of cervical spine would change after surgery, and whether the changed curve
would affect cervical parameters and other spinopelvic parameters, which could be independent of
clinical results of patients before and after the surgery.

5. Conclusions

Considering radiographic changes in curve, angle, and ROM of cervical spine and its relationship
with other spinopelvic parameters before and after the surgery, only patients with cervical lordosis or
reducible kyphosis should be considered for laminoplasty surgery.
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Abstract: Background: The effect on functional and quality of life (QOL) outcomes of surgery in
elderly degenerative cervical myelopathy (DCM) patients has not been definitively established.
Objective: To evaluate the effect of older age on the functional and QOL outcomes after surgery in an
international, multi-center cohort of patients with DCM. Methods: 107 patients aged over 70 years old
(mean 75.6 ± 4.4 years) were enrolled in the AOSpine CSM-North America and International studies.
A propensity-matched cohort of 107 patients was generated from the remaining 650 adults aged
<70 years old (mean 56.3 ± 9.6 years), matched to gender, complexity of surgery, co-morbidities, and
baseline functional impairment (modified Japanese Orthopedic Association scale (mJOA). Functional,
disability, and QOL outcomes were compared at baseline and at two years post-operatively, along
with peri-operative adverse events. Results: Both cohorts were equivalently matched. At two years,
both cohorts showed significant functional improvement from the baseline but the magnitude was
greater in the younger cohort (mJOA 3.8 (3.2–4.4) vs. 2.6 (2.0–3.3); p = 0.007). This difference between
groups was also observed in the SF-36 physical component summary (PCS) and mental component
summary (MCS) outcomes (p = <0.001, p = 0.007), but not present in the neck disability index (NDI)
scores (p = 0.094). Adverse events were non-significantly higher in the elderly cohort (22.4% vs. 15%;
p = 0.161). Conclusions: Elderly patients showed an improvement in functional and QOL outcomes
after surgery for DCM, but the magnitude of improvement was less when compared to the matched
younger adult cohort. An age over 70 was not associated with an increased risk of adverse events.

Keywords: degenerative cervical myelopathy; elderly; old age; outcomes; complications; mJOA;
SF-36
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1. Introduction

Degenerative cervical myelopathy (DCM) is a family of non-traumatic spinal cord injuries
that contribute to spinal cord compression and the progressive onset of neurological deficits [1,2].
DCM encompasses a number of related conditions such as cervical spondylotic myelopathy (CSM),
ossification of the posterior longitudinal ligament (OPLL), ossification of the ligamentum flavum,
degenerative disc disease, and various congenital malformations that cause stenosis or instability
leading to eventual spinal cord dysfunction [2]. It is now the commonest form of spinal cord dysfunction
in adults [3], and has become an increasingly important area of focus for spine surgeons and clinician
scientists in recent years [4–9]. This renewed focus has primarily been driven by a greater understanding
of the benefit of timely intervention [5,7,10,11], and international clinical practice guidelines for the
management of DCM were published in 2017 [7].

The aging population, juxtaposed with developments in medical technologies, has led to the
“epidemiological transition”; the shift away from traditional causes of disease and mortality (infectious,
nutritional deficiency, parasitic) toward chronic and degenerative diseases [3]. The incidence of DCM
increases with age [3]; cervical spondylosis affects half of individuals aged 50–59 years, and nearly
all individuals over the age of 70 [12]. The natural history of DCM is one of progressive neurological
deficit, with the potential irreversible loss of dexterity, quadriplegia, and sphincter dysfunction [3,12,13].
DCM is set to become a major cause of chronic disability and global disease burden, if the current
demographic expansion continues [14].

Decompressive surgery has been shown to not only halt neurological deterioration in DCM, but
can produce a significant recovery in the neurological impairment that individuals experience [7,15].
The extent of functional and quality of life (QOL) improvement after surgery is influenced by the
duration of symptoms, severity of functional impairment at presentation, the presence of co-morbidities,
tobacco smoking status as well as age at presentation [8,11,16–20]. Elderly patients often present with
a longer duration of symptoms, and more severe functional deficit compared to younger adults with
DCM [11,12,18,19]. In addition, elderly patients have a higher prevalence of degenerative conditions,
co-morbidities, an increased risk of osteoporosis, and higher peri-operative morbidity and mortality
when compared to younger patients [3,12,21].

Age is a common surrogate for frailty or physiological reserve. The effect that frailty alone
has on the effect of spine surgery has been studied through various means, and seems most
relevant in the practice of spinal deformity where the procedures are often invasive and of long
duration [22–28]. However, the significance of age on the effect of surgical outcomes for DCM is unclear.
Available evidence would suggest that increasing age is associated with a worse functional outcome
after surgical decompression [29–32]. However, many articles based on retrospective case series have
also presented evidence demonstrating no significant differences in outcomes in terms of the modified
Japanese Orthopedic Association score (mJOA), Nurick, and SF-36 scores when directly compared to
standardized, younger patient cohorts [33–35]. Older patients are also more likely to undergo posterior
surgery with a higher number of operated cervical levels when compared to younger adults [15,16,19].

The objectives of the current study were to (1) explore the functional and QOL impairment of
adults over 70 years old with DCM compared to younger adults; (2) define how the variable of age
over 70 alone can contribute to functional outcomes after DCM surgery, when accounting for other
common age-related variables; and (3) define how elderly age can affect the QOL outcomes when
compared to an equivalent adult cohort. We hypothesized that (1) adults over 70 (when compared to a
matched cohort of younger adults with the same functional impairment) would exhibit less quality of
life improvement; (2) when the effects of age-related co-morbidities and surgical factors were adjusted
for, age over 70 would remain a significant risk factor for worse functional improvement after surgery;
and (3) younger adults would have a more sustained improvement in QOL outcomes when compared
to the elderly cohort.

106



J. Clin. Med. 2019, 8, 1708

2. Methods

2.1. Subjects

The AOSpine CSM-NA study recruited 278 patients with symptomatic DCM and correlating
magnetic resonance imaging findings over a duration of two years from 12 North American centers [15].
The AOSpine CSM-International study recruited 479 symptomatic DCM patients from six Asian, five
European, three Latin American, and two North American sites over a duration of four years [17].
Both studies were prospective observational studies, and patients were eligible for enrolment if
they met the following inclusion criteria: (1) symptomatic DCM with one or more clinical signs of
myelopathy; (2) imaging evidence compatible with spinal cord compression; (3) aged 18 years or
older; and (4) no previous history of cervical spine procedures. Exclusion criteria included patients
with malignancy or metastatic disease, active systemic infection, trauma, rheumatoid arthritis (or
other inflammatory disease such as ankylosing spondylitis), symptomatic tandem lumbar stenosis, or
asymptomatic DCM patients. All centers obtained approval from their respective local ethical boards
prior to commencement of the study.

2.2. Baseline Characteristics

All patients enrolled in both studies had demographic data recorded prior to surgery (age, race,
socioeconomic status, tobacco smoking status, body mass index (BMI), presence of co-morbidities)
together with a focused myelopathy history including duration of symptoms, clinical signs, and
etiology of DCM. All patients underwent surgical treatment, with the surgical approach and number of
spinal levels operated left to the discretion of the treating surgeon. Peri-operative demographics were
recorded including the surgical procedure of choice (anterior discectomy, corpectomy, laminoplasty,
laminectomy with or without instrumented fusion). Post-operative complications up to 24 months
after surgery were recorded.

2.3. Outcomes

Functional and QOL assessments were performed prior to surgery at baseline, then six, 12, and
24 months after surgery. Functional status was assessed by the mJOA scale; a standardized assessment of
neurological and functional impairment that was administered by investigators [4,5,36]. Disability and
QOL assessments were self-reported outcome measures in the form of the Neck Disability Index
(NDI—specific to cervical degenerative pathologies) and the Short Form-36 version 2 (SF-36—a generic
health-related QOL measurement). The SF-36 was further separated into the SF-36 Physical Component
Summary (PCS) and Mental Component Summary (MCS) in an effort to distinguish between the
patient-reported perception of physical health compared to mental and emotional well-being.

2.4. Statistical Analysis

All statistical analyses were performed using Stata 15 (Stata Corp, College Station, TX, USA) and
R version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria) with an a priori specified
significance level of p = 0.05 (two-tailed). Descriptive statistics are listed as mean and standard
deviation (SD) for continuous variables and count and percentage for categorical variables.

2.4.1. Propensity Score Matching

The propensity score matching algorithm was developed and executed using the ‘MatchIt’ package
for R statistical software by one of the coauthors (J.H.B.). Variables to be included as covariates in the
generation of propensity scores were defined a priori by author consensus of clinical relevance.

Propensity scores were calculated as the probability of age ≥ 70 years versus age < 70 years
using the logit method with the baseline mJOA score, duration of DCM symptoms, cardiac disease,
diabetes, smoking (current), psychiatric disease, surgical approach, and number of operated levels as
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covariates (independent variables). Propensity score matching was performed in a one-to-one ratio
using the ‘optimal matching’ technique to minimize the average absolute distance across all matched
pairs. This resulted in two study groups (age < 70 vs. age ≥ 70) adjusted for the baseline covariates
specified above. The baseline characteristics were compared between the study groups by the t-test for
continuous variables and chi-square test for categorical variables.

2.4.2. Analysis of Outcomes

Two year outcomes for functional status (mJOA score), disability (NDI), and health-related quality
of life (HRQOL; SF-36 PCS, and MCS) were compared between the study groups using an analysis
of covariance (ANCOVA) adjusting for baseline score. Effect sizes for each outcome measure were
summarized by β coefficients (mean difference) and associated 95% confidence intervals (CIs).

3. Results

Both young and older cohorts were matched sufficiently in terms of sex, duration of symptoms,
smoking history, co-morbidities, number of levels, surgical approach, and baseline functional
impairment (Table 1). The mean age of the younger cohort was 56.3 ± 9.6 when compared to
75.6 ± 4.4 in the older cohort (p < 0.001). The younger cohort demonstrated a significantly worse
baseline SF-36 Physical Component Score (PCS, 30.7 ± 8.2 vs. 33.5 ± 8.8 (p = 0.019)) and Mental
Component Score (MCS, 38.4 ± 12.8 vs. 43.0 ± 13.1, (p = 0.011)) when compared to the older cohort.

Table 1. Baseline demographics of the elderly cohort and younger cohort after propensity matching
for gender, duration of symptoms, smoking status, co-morbidities, surgical factors, and baseline
functional impairment.

Variable Age < 70, N = 107 Age ≥ 70, N = 107 p Value

Demographics
Age (years)—mean ± SD 56.3 ± 9.6 75.6 ± 4.4 <0.001 *
Female gender—No. (%) 68 (63.6) 68 (63.6) 1.000

Duration of symptoms—No. (%) 32.1 ± 49.7 26.9 ± 37.1 0.388
Smoker—No. (%) 6 (5.6) 10 (9.3) 0.299
Diabetes—No. (%) 14 (13.1) 15 (14.0) 0.842

Cardiovascular disease—No. (%) 70 (65.4) 74 (69.2) 0.560
Pulmonary disease—No. (%) 10 (9.3) 10 (9.3) 1.000
Psychiatric disease—No. (%) 8 (7.5) 8 (7.5) 1.000

Surgical factors
Number of levels 3.2 ± 1.3 3.3 ± 1.3 0.591

Approach 0.889
Anterior 36 (33.6) 34 (31.8)
Posterior 66 (61.7) 69 (64.5)

Combined 5 (4.7) 4 (3.7)
Functional status, disability, and QOL

mJOA score 10.9 ± 2.8 11.0 ± 2.7 0.902
NDI 43.4 ± 20.5 39.5 ± 19.5 0.164

SF-36 PCS 30.7 ± 8.2 33.5 ± 8.8 0.019 *
SF-36 MCS 38.4 ± 12.8 43.0 ± 13.1 0.011 *

mJOA =modified Japanese Orthopedic Association scale, NDI = Neck Disability Index, SF-36 PCS = SF-36 Physical
Component Score, SF-36 MCS = SF-36 Mental Component Score. * p value < 0.05.

Both cohorts demonstrated an improvement in functional impairment at two years, as defined
by the mJOA scale (p = 0.001, see Table 2). Significant improvements were also seen in the NDI,
PCS, and MCS scores, with the exception of the elderly MCS score (p = 0.077). The functional
outcomes in the younger cohort were of a greater magnitude when compared to the older group (mean
difference 3.8 ± 3.0 versus 2.6 ± 3.3; p = 0.007; see Table 3). This difference was also present in the QOL
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measurements (PCS and MCS, p < 0.001, p = 0.007). The change in NDI scores between the groups at
two years showed no significant difference (p = 0.094).

Table 2. Functional, disability, and quality of life assessment scores of both cohorts at the two-year interval.

Baseline 2 Years MD (95% CI) p Value

Age < 70 years
mJOA 10.9 ± 2.8 14.8 ± 2.5 3.8 (3.2 to 4.4) <0.001
NDI 43.4 ± 20.5 27.4 ± 18.6 −16.1 (−19.7 to −12.5) <0.001

SF36-PCS 30.7 ± 8.2 38.9 ± 10.8 8.3 (6.5 to 10.2) <0.001
SF-36 MCS 38.4 ± 12.8 46.8 ± 13.0 8.0 (5.3 to 10.8) <0.001

Age ≥ 70 years
mJOA 11.0 ± 2.7 13.6 ± 2.9 2.6 (2.0 to 3.3) <0.001
NDI 39.5 ± 19.5 28.2 ± 17.8 −11.4 (−15.6 to −7.2) <0.001

SF36-PCS 33.5 ± 8.8 36.9 ± 10.0 3.4 (1.4 to 5.5) 0.001
SF-36 MCS 43.0 ± 13.1 45.7 ± 13.7 2.6 (−0.3 to 5.5) 0.077

mJOA =modified Japanese Orthopedic Association scale, NDI = Neck Disability Index, SF-36 PCS = SF-36 Physical
Component Score, SF-36 MCS = SF-36 Mental Component Score, MD =Mean Difference.

Table 3. Delta values (change in the scores from baseline) at two years for younger and older cohorts
for all outcomes.

Outcome Age < 70 Years Age ≥ 70 Years MD (95% CI) p Value

ΔmJOA 3.8 ± 3.0 2.6 ± 3.3 1.2 (0.3 to 2.1) 0.007
ΔNDI −16.1 ± 18.4 −11.4 ± 20.9 −4.7 (−10.2 to 0.8) 0.094
ΔPCS 8.3 ± 9.5 3.4 ± 10.6 4.9 (2.2 to 7.7) <0.001
ΔMCS 8.0 ± 14.2 2.6 ± 14.9 5.5 (1.5 to 9.4) 0.007

mJOA =modified Japanese Orthopedic Association scale, NDI = Neck Disability Index, SF-36 PCS = SF-36 Physical
Component Score, SF-36 MCS = SF-36 Mental Component Score, MD =Mean Difference.

The total number of all-cause adverse events over two years, including peri-operative complications
and worsening functional impairment, was lower in the younger cohort (n = 16; 15%) when compared
to the older cohort (n = 24; 22.4%; p = 0.161), but this was not statistically significant (see Table 4).
Post-operative infection and hardware failure were equivalent between the younger and older cohorts
(p = 0.701 and p = 0.313, respectively). The incidence of post-operative dysphagia was significantly
higher in the older cohort when compared to the younger cohort (n = 6 compared to n = 0; p = 0.013).
The incidence of the worsening of myelopathy symptoms was higher in the older cohort when
compared to the younger cohort, which was just shy of statistical significance (n = 17 (15.9%) vs. n = 8
(7.5%); p = 0.055).

Table 4. List of complications of elderly and younger adult cohorts over the two-year follow up.

Complication Age < 70, N = 107 Age ≥ 70, N = 107 p Value

Infection 4 (3.7) 3 (2.8) 0.701
Deficit 2 (1.9) 0 (0) 0.155

CSF leak 2 (1.9) 1 (0.9) 0.561
Deformity 0 (0) 0 (0) 1.000
Hardware 3 (2.8) 1 (0.9) 0.313
Dysphagia 0 (0) 6 (5.6) 0.013 *
Dysphonia 0 (0) 1 (0.9) 0.316

Revision 0 (0) 1 (0.9) 0.316
Hematoma 0 (0) 1 (0.9) 0.316

Adjacent segment disease 1 (0.9) 0 (0) 0.316
Vascular injury 0 (0) 0 (0) 1.000

Worsening of myelopathy 8 (7.5) 17 (15.9) 0.055
Any complication 16 (15.0) 24 (22.4) 0.161

* p value < 0.05.
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4. Discussion

Renewed focus on functional and quality of life outcomes after surgery for DCM in adults has come
from rigorous scrutiny of the results of several large-scale studies in the last decade [2,4,5,7,10,17,37–42].
The traditional doctrine of the use of surgery to ‘arrest clinical progression’ has been replaced with a
more modern approach with decompressive surgery used as a means to provide both functional and
quality of life improvement [5,7]. The assessment of quality of life metrics has become particularly
important in the examination of patients with mild functional impairment (or asymptomatic cord
compression), and is the focus of a number of studies [5,7,43]. Careful evaluation has discovered
a number of predictors of clinical outcomes from surgery for DCM, including baseline severity of
impairment, duration of symptoms, presence of systemic or psychological co-morbidities, obesity,
and of course age [11,18,21]. With simple univariate analysis of outcome measures, many studies
have reported worse functional and QOL outcomes with increasing age after surgery for DCM [29–32].
However, elderly patients often present with increased duration and worse severity of symptoms,
with an increased incidence of co-morbidities [11,18,29]. Many elderly patients also present a high,
sometimes unacceptable, surgical risk profile that makes decisions regarding surgical management
less appropriate. DCM is a disease that can cause a significant amount of potentially reversible or
preventable neurological disability in the elderly population, and therefore concerted efforts should be
made to improve decision-making strategies for this patient group.

The results of the current study demonstrate a number of important conclusions, some of which
have not been described in previous literature. Firstly, even when matched for co-morbidities, duration
of symptoms, sex, smoking status and severity of functional impairment, younger adults report
significantly worse effects on their baseline physical and mental quality of life scores compared to the
older aged cohort. This could be explained through 2 potential mechanisms. Firstly, as the younger
cohort were of working age, the psychological impact of DCM may be greater if employment security
is perceived to be threatened. Secondly, the elderly patients demonstrate psychological resilience or
adaptations/support that mean the symptoms of DCM have a less pronounced effect on their quality of
life. This is an interesting concept, and is an important consideration for clinicians managing elderly
DCM patients.

All patients showed improved functional impairment scores after 2 years (see Table 2). Taking the
older cohort in isolation, this is good evidence that surgery is an effective modality to produce functional
improvements in elderly DCM patients. This is an important stand-alone conclusion from this study.
When the change from baseline scores at 2 years is calculated, it becomes evident that the functional
improvement seen after surgery is of a greater magnitude in younger patients compared to the
older cohort. This conclusion is similar to those described from previous univariate analyses in prior
studies [11,18,29,32,44]. Suggested mechanisms for this discrepancy include the fact that elderly patients
often present with increased duration of symptoms at diagnosis, often have difficulty accessing specialist
assessment and imaging, and also have less neurological plasticity or reserve compared to younger
adults [11,12,18,45,46]. The level of disability as measured by the NDI was improved significantly by
surgery for all patients, but the order of magnitude was similar for both age groups (p = 0.094).

All patients demonstrated improved SF-36 PCS and MCS from baseline at the 2-year interval,
with the exception of the MCS scores in the elderly group. Both PCS and MCS metrics echoed the
functional improvement in that the younger cohort had a significantly greater degree of improvement
from baseline compared to the older cohort (p < 0.001, p = 0.007). This provides good evidence that
surgery leads to increased physical and mental perception of quality of life outcomes in all patients
undergoing surgery for DCM. It appears that older patients’ mental perception of quality of life remains
stable throughout the treatment period, despite having a worse functional improvement, and less
magnitude of quality of life improvement overall. This study is the first to report this difference in
quality of life measures between younger and older aged cohorts and has potentially large implications
on pre-surgical assessment and counselling in older patients with DCM. However, age-related effects
on health perception have been found to influence the SF-36 score, and the contribution from the
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perception of physical effects often misses a number of important determinants of overall quality
of life in older persons [47,48]. For these reasons, it has been suggested that the focus of quality
of life determinants in the elderly should be weighted toward mental components rather than the
physical [48]. This also raises certain questions about the efficacy of functional assessment measures
for DCM in the elderly, but this was beyond the scope of the current study.

All forms of adverse events over two years were higher in the elderly cohort when compared to
the younger adults, but not significantly so (p = 0.161, see Table 4). The risk of infection, hardware
failure, CSF leak, and need for revision surgery were all equivalent between groups. The incidence of
dysphagia after the anterior approach was significantly greater in the elderly cohort, which has been well
described [49]. The incidence of worsening functional impairment after surgery was non-significantly
higher in the elderly cohort, which is also consistent with previously described studies and may
be a reflection of the disease process in DCM, rather than directly related to complications from
surgery [11,40,50]. These findings suggest that, contrary to popular opinion, surgery for DCM in the
elderly does not carry a significantly higher risk of adverse events when compared to younger adults
that are matched for co-morbidities and complexity of surgery. This is good evidence to demonstrate
that age alone does not necessarily confer an increased risk of adverse events in DCM surgery,
but that the other risk factors associated with older age (increased number of levels of pathology,
posterior surgery, increased co-morbidities, etc.) ostensibly play more of a role in the determinant of
peri-operative risk. This concept of frailty, and its association with the assessment of surgical risk, is
emerging as an important tool for surgical decision making and has been a recent focus of interest in
pathologies such as spinal cord injury and adult deformity surgery [51–53]. However, the impact of
frailty on the outcomes from DCM appears to be less well defined.

There are limitations of the current study. The results were from the pooled analysis of two
harmonized datasets, and although the data came from prospective, multi-center sources, the original
studies were not designed or powered to measure the effect of old age on the outcomes after surgery for
DCM. Although both cohorts were well matched (Table 1), there could exist significant heterogeneity
between the groups or hidden confounders such as drug histories that may have affected the results.
The use of propensity-matching methodology helps to reduce the over-fitting seen in mixed effects or
regression models, but does have obvious effects in the sample size. Therefore, some aspects of the
results that show trends and not significant differences may indicate that the results are underpowered
in some areas.

5. Conclusions

To consider our previous hypotheses, elderly patients, when compared to younger adults (matched
to functional impairment and age-related risk factors), exhibited better SF-36 PCS and MCS prior to
surgery for DCM. All patients in this study demonstrated improved functional impairment two years
after surgery, but the magnitude of improvement seen was greater in the younger cohort, even when
baseline functional impairment and age-related risk factors were adjusted for. Elderly patients also
showed improved QOL physical and mental component scores after surgery, but the extent of the
increase in the physical component was reduced when compared to younger adults. Aside from the
incidence of post-operative dysphagia, older age alone was not associated with a higher incidence of
adverse events.

The authors believe that the results of this study provide good evidence that surgery for DCM
in the elderly is effective in terms of both functional and QOL outcomes. Perhaps most importantly,
these results demonstrate that the elderly DCM age group should have different expectations with
regard to the extent of functional and QOL outcomes after surgery. Patients over the age of 70
with a diagnosis of DCM are likely to require specialist considerations and should be counseled
appropriately with adjusted expectations. The exact degree to which each modifiable risk factor
contributes to perioperative risk, and the components that affect functional and QOL outcomes, remain
to be determined and should be an important focus of further research into the effects of aging on
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surgery for DCM. Developing a prediction model using age (or measures of frailty) and related
covariate adjustment would significantly improve the calculation of the risk profile in DCM patients
undergoing assessment for decompressive surgery.
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Abstract: Background: Degenerative cervical myelopathy (DCM) is the most common reason for
spinal cord disease in elderly patients. This study analyzes the preoperative status and postoperative
outcome of higher-aged patients in comparison to young and elderly patients in order to determine
the benefit to those patients from DCM surgery. Methods: A retrospective analysis of the clinical
data, radiological findings, and operative reports of 411 patients treated surgically between 2007
and 2016 suffering from DCM was performed. The preoperative and postoperative neurological
functions were evaluated using the modified Japanese Orthopedic Association Score (mJOA Score),
the postoperative mJOA Score improvement, the neurological recovery rate (NRR) of the mJOA
Score, and the minimum clinically important difference (MCID). The Charlson Comorbidity Index
(CCI) was used to evaluate the impact of comorbidities on the preoperative and postoperative mJOA
Score. The comparisons were performed between the following age groups: G1: ≤50 years, G2: 51–70
years, and G3: >70 years. Results: The preoperative and postoperative mJOA Score was significantly
lower in G3 than in G2 and G1 (p < 0.0001). However, the mean mJOA Score’s improvement did
not differ significantly (p = 0.81) between those groups six months after surgery (G1: 1.99 ± 1.04,
G2: 2.01 ± 1.04, G: 2.00 ± 0.91). Furthermore, the MCID showed a significant improvement in every
age-group. The CCI was evaluated for each age-group, showing a statistically significant group effect
(p < 0.0001). Analysis of variance revealed a significant group effect on the delay (weeks) between
symptom onset and surgery (p = 0.003). The duration of the stay at the hospital did differ significantly
between the age groups (p < 0.0001). Conclusion: Preoperative and postoperative mJOA Scores, but
not the extent of postoperative improvement, are affected by the patients’ age. Therefore, patients
should be considered for DCM surgery regardless of their age.

Keywords: degenerative cervical myelopathy; cervical canal stenosis; cervical spine surgery;
higher-aged patients; neurological outcome; mJOA Score; MCID

1. Introduction

Degenerative cervical myelopathy (DCM) is a slowly ongoing degenerative disease of the cervical
spine caused by progressive narrowing of the cervical canal and compression of the spinal cord.
The DCM is age-dependent and is the most common degenerative disease of the cervical spine in
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elderly patients with a progressive degeneration of the intervertebral discs, joints, and ligaments. In the
4th decade of life, 30% of the population shows cervical spine degeneration and in the 6th decade
about 90% suffer from cervical spine degeneration [1]. The United Nations analyzed demographic
changes in the global population and showed that in 2015, 12.6% of the population worldwide was
aged ≥60 years. By 2030, those people will represent 16.5% of the worldwide population and in 2050,
21.5% will be aged ≥60 years [2]. The German Census Bureau data indicates that persons above the age
of 60 years are the fastest growing of all of the age groups. By 2030, 34.6% of the German population
will be more than 60 years old and 37.6% of the German population will be more than 60 years old
by 2050 [3]. Therefore, the frequency of patients presenting with DCM will increase. The question of
surgical treatment of higher-aged patients suffering from DCM is becoming more and more important.

Previous systematic reviews have shown that non-surgical treatment in moderate to severe DCM
is not recommended because of the inferior outcomes compared to surgery [4–6]. Fehlings et al.
presented clinical practice guidelines for the management of DCM [6,7]. The cost-effectiveness of
surgical treatment has also been proven in industrialized countries [8].

Surgery remains the gold standard for the treatment of DCM, but there is still no consensus
among experts about therapy for higher-aged patients with DCM. There is a reluctance from surgeons
to perform surgery in old patients because age is an independent factor increasing morbidity and is
associated with additional comorbid medical conditions [9].

However, surgical outcomes in elderly patients with DCM are controversial. A lower surgical
outcome (based on the Japanese Orthopedic Association Score (JOA Score), the neurological recovery
rate (NRR), and the JOA Score improvement) in old patients has been reported in several studies [10–12],
while other authors described no significant differences in neurological improvement between old and
young patients [13–15].

Nevertheless, the analysis of the surgical benefit of higher-aged patients with DCM remains
underrepresented in literature with respect to demographic changes.

The aim of this study was to analyze the preoperative function and the postoperative functional
outcome in patients undergoing DCM surgery using the modified JOA Score (mJOA Score), the mean
mJOA Score improvement, NRR, and the minimum clinically important difference (MCID) based on
different age groups, with a particular focus on elderly patients.

2. Materials and Methods

2.1. Study Population

A retrospective analysis of the clinical and radiological data and operative reports of patients
suffering from DCM was performed.

Data from 968 patients suffering from cervical degenerative disorders who were treated surgically
in our hospital between 2007 and 2016 were analyzed applying the following exclusion criteria:
1. cervical degenerative disorders others than DCM; 2. congenital abnormalities of the cervical spine;
3. metastatic or rheumatoid diseases; 4. fractures of unknown age; 5. instability of the cervical spine;
or 6. traumatic spinal cord injury.

Posterior fixation was only used in four DCM patients. Those patients were excluded from the
study cohort due to the limited amount of cases. Subgroup analysis was not possible, and exclusion of
those patients did not influence statistical analysis.

Therefore, 411 patients (263 males, 148 females; mean age: 62.6 ± 12.1 years; range: 31–96 years)
with a spinal stenosis (249 patients, 60.6%) or a herniated disk (162 patients, 39.4%) were studied.

Patients were operated on with a ventral or posterior approach using anterior cervical discectomy
and fusion (ACDF), laminoplasty, or decompressive laminectomy. Posterior fusion was not performed
in DCM surgery.

The patients were divided into three groups depending on their age: G1: ≤50 years of age,
74 patients; G2: 51–70 years of age, 204 patients; and G3: >70 years of age, 133 patients (Figure 1).
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The following data were collected for all patients: age, sex, comorbidities (using the Charlson
Comorbidity Index (CCI) [16], symptom presentation until surgery, preoperative status (mJOA Score)
(Table 1), and the neurological outcome (mJOA Score, mean mJOA Score improvement, NRR and the
MCID) (Table 2).

 
Figure 1. Cervical Myelopathy in a patient of G1 (A), G2 (B) and G3 (C).

Table 1. Clinical parameters of the treated patients; m: male; f: female.

G1 G2 G3 p-Value

Median Age 44.45 ± 4.57 60.34 ± 5.61 75.66 ± 5.06 -
Male 42 144 77 -

Female 32 60 56 -
Charlson Comorbidity Index (%) 95.7 ± 11.6 86.5 ± 13.5 50.8 ± 26.2 p < 0.001

Symptom duration (weeks) 22.19 ± 22.08 33.3 ± 43.62 45.88 ± 66.02 p = 0.003
Stay at the hospital (days) 8.6 ± 3.8 9.6 ± 4.0 10.5 ± 4.7 p < 0.001

Table 2. Modified Japanese Orthopedic Association Score (mJOA Score), neurological recovery rate
(NRR) and the mean mJOA Score improvement according to the age groups (G1–G3) postoperative,
three and six months after surgery.

Neurological Outcome G1 G2 G3 p-Value

mJOA Score preoperative 14.99 ± 2.17 14.57 ± 2.27 13.57 ± 2.51 p < 0.001
mJOA Score postoperative 15.78 ± 2.22 15.32 ± 2.47 14.23 ± 2.56 p < 0.001
mJOA Score 3 months postoperative 16.58 ± 1.90 16.30 ± 1.92 15.45 ± 2.02 p < 0.001
mJOA Score 6 months postoperative 17.25 ± 1.36 16.99 ± 1.39 16.32 ± 1.69 p < 0.001
NRR (%) postoperative 37.6 32.9 19.5 p < 0.001
NRR (%) 3 months postoperative 65.2 60.3 46.2 p < 0.001
NRR (%) 6 months postoperative 83.4 75.8 61.9 p < 0.001
Mean mJOA Score improvement
postoperative 0.76 ± 0.79 0.74 ± 0.97 0.66 ± 1.02 p = 0.186

Mean mJOA Score improvement 3
months postoperative 1.58 ± 0.90 1.60 ± 0.89 1.58 ± 1.13 p = 0.948

Mean mJOA Score improvement 6
months postoperative 1.95 ± 1.04 2.01 ± 1.04 2.00 ± 0.91 p = 0.835

MCID postoperative 39/74 (52.7%) 100/204 (49.0%) 46/133 (34.6%) p = 0.011
MCID 3 months postoperative 64/72 (88.9%) 155/192 (80.7%) 86/120 (71.7%) p = 0.014
MCID 6 months postoperative 60/61 (98.4%) 153/164 (93.3%) 78/91 (85.7%) p = 0.012

2.2. Assessment of Clinical Outcome

The severity of the DCM was evaluated before and after surgery according to mJOA Score proposed
by the Japanese Orthopedic Association for cervical myelopathy [17]. The postoperative mJOA Score
was assessed during the stay at the hospital, as well as three and six months after surgery. The NRR
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was calculated using the formula suggested by Hirabayashi and Satomi [NRR (%) = (postoperative
mJOA Score−preoperative mJOA Score)/(full score (18)−preoperative mJOA Score) × 100] [18].

The mJOA Score improvement was also evaluated (postoperative mJOA Score–preoperative
mJOA Score) to analyze the postoperative outcome. Comorbidities were analyzed using the CCI.
A total of 27 patients (6.6%) did not attend the three-month follow-up examination and 95 patients
(23.1%) were lost to follow-up six months after surgery.

Additionally, the MCID was evaluated after the operation. It is defined as the minimum change
in a measurement that a patient would identify as being beneficial [19]. For DCM, the MCID is defined
as follows: 1 point for patients with mild DCM (mJOA Score ≥ 15), 2 points for patients with moderate
DCM (mJOA Score of 12–14), and 3 points for patients with severe DCM (mJOA Score < 12). A “poor”
outcome was therefore defined as a postoperative change of mJOA Score less than the MICD.

2.3. Statistical Analysis

Data were analyzed using SPSS 23.0 (Statistical Package for the Social Sciences, SPSS Inc., Chicago,
IL, USA). Metric data were described by mean and standard deviation and nominal data by frequency
and valid percent. Data were checked for possible deviations from the assumption of normal distribution
using the Shapiro-Wilk test. The mJOA Scores were assessed preoperatively, postoperatively,
three months after surgery, and six months after surgery and were compared by Friedman-Tests for
non-normally distributed data. The Man-Whitney-U-Test and the Kruskal-Wallis-Test were used
to evaluate significant differences between the groups. The Wilcoxon signed-rank test was used
to test between pairs of repeated measurement. Analysis of variance (ANOVA) was also used to
detect statistical differences between the age groups. Pearson Chi2 statistics were applied to compute
two-sided asymptotic statistical significance. In addition, a contingency coefficient served as a measure
for the symmetry of the association. McNemar-Test was used within the age groups to determine
significant changes in MCID improvement within a period of six months after surgery.

2.4. Ethics

The study has been carried out in accordance with The Code of Ethics of the World Medical
Association (The Declaration of Helsinki) and was approved by the Institutional Review Board (Medical
Faculty, University of Duisburg-Essen, Registration number: 16-6270-BO).

3. Results

3.1. Symptom Presentation

First symptoms in group G1 were cervicobrachial neuralgia (48.6%), followed by sensory deficits
(24.3%). These results were similar to those of group G2 (43.1% and 18.6%, respectively). However,
the number of patients with ataxia was higher with increasing age, particularly in G3. Here, only 30.1%
of the patients suffered from cervicobrachial neuralgia as the first symptom, but 40.6% complained
about ataxia (Table 3).

Table 3. Analyzing the first presenting symptom in relation to the age groups.

First Symptom G1 G2 G3

Cervicobrachial neuralgia 36 (48.6%) 88 (43.1%) 40 (30.1%)
Sensory deficit 18 (24.3%) 38 (18.6%) 23 (17.3%)

Paresis 5 (6.8%) 17 (8.4%) 16 (12.0%)
Ataxia 15 (20.3%) 61 (29.9%) 54 (40.6%)
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3.2. Surgical Treatment

Surgical treatment included ACDF (243 patients, 59.22%; G1: 64; G2: 130; G3: 49), laminoplasty
(117 patients, 28.40%: G1: 9; G2: 61; G3: 47), and decompressive laminectomy without posterior fusion
(51 patients, 17.92%; G1: 1; G2: 13; G3: 37) (Table 4).

Table 4. Surgical treatment and complications according to the age groups; ACDF: Anterior cervical
discectomy and fusion.

G1 G2 G3

Surgical Treatment
ACDF 64 130 49

Laminoplasty 9 61 47
Laminectomy 1 13 37

Complications
Surgical 1/74 (1.4%) 5/204 (2.5%) 9/133 (6.8%)

Non-surgical 1/74 (1.4%) 3/204 (1.5%) 8/133 (6.0%)

ACDF was chosen for patients with a ventral one or two-level narrowness caused by a spinal
canal stenosis or a herniated disk. In patients with multilevel spinal canal stenosis, posterior
decompression was favored, while laminoplasty was performed in patients with a predominantly
dorsal multilevel narrowness.

However, according to the surgical approach, the number of operated levels and the surgical
treatment showed no significant MCIDs six months after the operation (Table 5).

Table 5. The minimum clinically important difference (MCID) six months after surgery according to
the surgical approach, the number of operated levels, and the surgical treatment; anterior cervical
discectomy and fusion: ACDF.

MCID Achievement 6 Months Postoperative p-Value

Yes No

Approach
ventral 181 14 p = 0.669
dorsal 110 11

Number of operated levels
monosegmental 162 11

p = 0.521bisegmental 69 7
multisegmental 60 7

Surgical treatment
ACDF 178 14

p = 0.282Laminoplasty 84 6
Laminectomy 29 5

3.3. Preoperative and Postoperative mJOA Score

The mean preoperative mJOA Score in G1 was 14.99 ± 2.17, the mean postoperative mJOA Score
was 15.78 ± 2.22, while the mean mJOA Score three months after surgery was 16.58 ± 1.90 and the
score six months after surgery was 17.25 ± 1.36.

The mean preoperative mJOA score in G2 was 14.57 ± 2.27, the mean postoperative mJOA score
was 15.32 ± 2.47, while the mean mJOA score three months after surgery was 16.30 ± 1.92 and the score
six months after surgery was 16.99 ± 1.39.

The mean preoperative mJOA Score in G3 was 13.57 ± 2.51, the mean postoperative mJOA Score
was 14.23 ± 2.56, while mean the mJOA Score three months after surgery was 15.45 ± 2.02 and the
mJOA Score six months after surgery was 16.32 ± 1.70.

The postoperative mJOA Score improved significantly (p < 0.001, respectively) in every age group,
but higher-aged patients showed a lower postoperative mJOA Score compared to younger and elderly
patients (Table 2 and Figure 2).
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Figure 2. Modified Japanese Orthopedic Association Score (mJOA Score) according to the age-dependent
groups (G1–G3).

Additionally, postoperative mJOA Scores increased significantly independently of the surgical
procedure (Table 6).

Table 6. Modified Japanese Orthopedic Association Score (mJOA Score), neurological recovery rate
(NRR) and the mean mJOA Score improvement according to the surgical treatment; anterior cervical
discectomy and fusion: ACDF.

Surgical Treatment Preoperative Postoperative
3 Months

Postoperative
6 Months

Postoperative
p-Value

mJOA Score

ACDF 14.8 ± 2.3 15.6 ± 2.4 16.6 ± 1.7 17.2 ± 1.3 <0.001

Laminoplasty 13.9 ± 2.4 14.7 ± 2.4 15.7 ± 2.2 16.6 ± 1.6 <0.001

Laminectomy 12.9 ± 2.3 13.8 ± 2.2 14.9 ± 1.8 15.7 ± 1.7 <0.001

mJOA Score
improvement

ACDF 0.8 ± 06 1.5 ± 0.8 1.9 ± 1.0 <0.001

Laminoplasty 0.8 ± 0.7 1.8 ± 0.9 2.3 ± 0.9 <0.001

Laminectomy 0.8 ± 0.8 1.8 ± 1.0 2.1 ± 0.8 <0.001

NRR

ACDF 33.8 ± 33.6 61.9 ± 33.4 76.9 ± 30.2 <0.001

Laminoplasty 25.0 ± 26.9 53.6 ± 31.4 71.6 ± 27.0 <0.001

Laminectomy 21.4 ± 24.6 41.6 ± 23.5 54.1 ± 24.5 <0.001

3.4. Neurological Recovery Rate

The median NRR in patients according to G1 was 37.6% postoperative, 65.2% three months after
surgery, and 83.4% six months after surgery in patients G1.

The median NRR in patients according to G2 was 32.9% postoperative, 60.3% three months after
surgery, and 75.8% six months after surgery in patients G2.

The median NRR in patients according to G3 was 19.5% postoperative, 46.2% three months after
surgery, and 61.9% six months after surgery.
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NRR improved significantly in every age group at the postoperative, three and six months
post-surgery follow-up examinations (p < 0.001, respectively). Additionally, patients belonging to G1
or G2 presented a significantly better recovery rate than patients representing G3, due to the higher
preoperative mJOA Scores (p < 0.001) (Table 2 and Figure 3).

 

Figure 3. The neurological recovery rate (NRR) based on the age-dependent groups.

Additionally, postoperative NRR increased significantly independently of the surgical procedure
used (Table 6).

3.5. Mean mJOA Score Improvement

The mean mJOA Score improvement in G1 was 0.76 ± 0.79 postoperative, 1.58 ± 0.90 three months
after surgery, and 1.95 ± 1.04 six months after surgery.

The mean mJOA Score improvement in G2 was 0.74 ± 0.97 postoperative, 1.60 ± 0.89 three months
after surgery, and 2.01 ± 1.04 six months after surgery.

The mean mJOA Score improvement in G3 was 0.66 ± 1.02, 1.58 ± 1.13 three months after surgery,
and 2.00 ± 0.91 six months after surgery.

The mean mJOA Score improvement was significantly better in every age group at the
postoperative, three and six months post-surgery follow-up examinations (p < 0.001, respectively).
However, the mean mJOA Score improvement did not differ significantly between the age groups
(p = 0.81) (Table 2 and Figure 4).
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Figure 4. mJOA Score improvement based on the age-dependent groups.

Additionally, postoperative mJOA Score improvement increased significantly independently of
the surgical procedure used (Table 6).

3.6. Minimum Clinically Important Difference

In our study, we were able to show favorable MCID immediately postoperatively in 52.7% of the
patients of G1, in 49.0% of the patients of G2, and in 34.6% of the patients of G3. Furthermore, 98.4%
(G1), 93.3% (G2), and 85.7% (G3) of the patients achieved favorable MCID six months after surgery.
MCID was significantly within the different age groups. Unfortunately, the MCID achievements were
significantly reduced in elderly patients compared to younger patients (Table 2).

Furthermore, the MCID six months postoperative revealed no significant differences regarding
the different surgical approaches (ventral vs. dorsal), the number of operated levels (monosegmental,
bisegemental, and multisegmental), and the different surgical treatment (ACDF, laminoplasty and
laminectomy) (Table 5).

3.7. Comorbidities and the Charlson Comorbidity Index

Comorbidities of the patients were collected and grouped as 1. cardiovascular (e.g., arterial
hypertension, coronary heart disease myocardial infarction), 2. pulmonal (e.g., chronic obstructive
lung disease, pneumonia, asthma bronchiale), 3. neurological (e.g., transitory ischemic attack, stroke,
polyneuropathia), 4. oncological (e.g., lung cancer, breast cancer or prostate cancer), 5. endocrine disease
(e.g., thyreoditis, diabetes mellitus), and 6. surgical (abdominal, cardial, pulmonal or orthopedic).

The CCI was evaluated for each age group, showing a statistically significant group effect (p< 0.001)
according to ANOVA. Additionally, CCI showed a significant association with the preoperative and
postoperative mJOA Score (p < 0.001) (Table 1).

3.8. Duration of Myelopathic Symptoms Prior to Surgery

In our study, the duration lasting from the first symptom presentation until DCM surgery was
much longer in G3 (45.9 ± 66.0 weeks; range: 1–350) than in G1 (22.2 ± 22.08 weeks; range: 1–122) and
G2 (33.3 ± 43.6 weeks; range: 1–300). ANOVA revealed a significant group effect on the delay (weeks)
between symptom onset and surgery (p = 0.003) (Table 1).
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3.9. Duration of Hospitalization

Stay at the hospital in G1 was around 8.6 ± 3.8 days, 9.6 ± 4.0 days in G2, and 10.5 ± 4.7 days in
G3. The duration of the stay at the hospital did differ significantly (p < 0.001) between the age-groups
according to the ANOVA results (Table 1).

3.10. Surgical and Non-Surgical Complications

Complications were analyzed according to the age groups. Surgical and non-surgical complications
were evaluated. Surgical complications were defined as 1. postoperative bleeding, 2. poor wound
healing, 3. cerebrospinal fluid leakage, and 4. acute myelon compression. Non-surgical complications
were defined as 1. pneumonia, 2. heart attack, and 3. stroke.

Non-surgical complications were highest in G3 with 6.0%, whereas those complications were
similar within G1 and G2 (1.4% vs. 1.5%).

Surgical complications were reported to increase with age, affecting 1.4% (G1), 2.5% (G2), and 6.8%
(G3) of the patients (Table 4).

4. Discussion

The demographic changes of the population especially in western countries [3] have led to an
increase of age-dependent diseases. Therefore, understanding the treatment of elderly patients has
become more relevant. At present, there are no guidelines for management of degenerative spine
diseases in elderly individuals. Moreover, only a few articles have addressed this topic so far, returning
partially discrepant results in functional outcomes [10–15].

Tetreault et al. showed in their systematic review that patients with a more severe DCM expressed
by a lower mJOA Score and patients with a longer duration of the symptoms are more likely to have a
worse surgical result. They concluded that both severe and chronic compression of the spinal cord may
lead to irreversible damage due to demyelination and necrosis of the grey matter. They were also able
to show that age is a potential predictor when analyzing the postoperative outcome [20]. Holly et al.
also analyzed age, the duration of symptoms, and preoperative neurological function as predictors
of the neurological outcome and they could show similar results in their review [21]. In our study,
the time between the first symptom presentation and DCM surgery was much longer in G3 than in
G1 or G2. This effect might be caused by the fact that patients in G3 suffer from more comorbidities
than younger patients and that an age-dependent decrease in the daily condition might be seen as
normal or might not be recognized early in older patients and therefore, the time until diagnosis is
prolonged. The reduced physical condition is also expressed by the prolonged hospitalization in G3
compared to G1 and G2 and the significantly lower CCI. The CCI also showed a strong correlation
with the preoperative and postoperative mJOA Scores. Additionally, the first symptom of G1 patients
was cervicobrachial neuralgia, whereas the first symptom of G3 patients was ataxia followed by
cervicobrachial neuralgia. This could highlight the difficulties of distinguishing DCM from other
age-related diseases.

The evaluation of the preoperative mJOA Score showed significantly lower scores in G3 compared
to the preoperative mJOA scores of G1 and G2. The postoperative mJOA Score and the mJOA Score
three and six months after surgery showed similar results.

In our study, the significantly lower preoperative and postoperative mJOA Scores of G3 patients
as compared to G2 and G1 patients was strongly associated with the lower CCI of those patients.
Mean preoperative and postoperative mJOA Scores may be lower in G2 and especially in G3 due to
physical weakness caused by age and known comorbidities such as cerebral vascular disorders, hip and
knee osteoarthritis, entrapment of peripheral neuropathy (carpal or cubital tunnel syndrome), diabetic
neuropathy, benign prostatic hypertrophy, or urinary stress incontinence [22]. Machino et al. [23] also
concluded that the preoperative JOA Score might be influenced by those comorbidities.
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Nagashima et al. evaluated the neurological outcomes of 37 patients over 80 years of age and
compared them with that of a younger population. The NRR was lower in the elderly population,
but JOA Scoring improved in a way that life style was positively influenced [10].

In the present study, there was a significant improvement according to the NNR after surgery
in all age groups. Interestingly, NRR was significantly lower in G3 compared to G1 and G2 despite
similar mean mJOA Score improvements.

Nevertheless, there are limitations concerning the validity of the NRR despite its popularity.
The results of the NRR are strongly influenced by the preoperative mJOA Scores. For example,
if patients have a low preoperative mJOA Score, then NRR is lower than in patients with a higher
preoperative mJOA Score even though the mean mJOA Score improvements are the same [23].

Due to the limitations of the NRR evaluating the neurological outcome in patients with a lower
preoperative mJOA Score, the mean mJOA Score improvement or the MCID might be more valuable
for comparing the neurological improvements between those patients.

In our study, the mean mJOA Score improvements were similar in every age-dependent group
(Table 3), although the preoperative mJOA Score was significantly lower in G3 than in G1 or G2.

The results of the mean mJOA Score improvement are in line with the findings of Machino et al. [23].
They analyzed 520 patients with CSM treated by laminoplasty and divided their patients into
nonelderly (<65 years), young-old (65–75 years) and old-old (>75 years). Elderly group patients
showed significantly lower recovery rates of JOA Scores compared with the nonelderly group, but mean
JOA Score improvements showed no difference among these groups. Preoperative JOA Scores were
also significantly lowered similarly to our patients.

Madhavan et al. also performed a meta-analysis of old DCM patients evaluating the postoperative
outcome and the operative risks. They found, like in our evaluation, a significantly lower preoperative
JOA Score and a lower postoperative JOA Score associated with a lower NRR. But postoperative and
long-term improvements in old patients have been remarkable in terms of improvements in mobility
and independence, leading to reduced nursing care being required. The incidence of postoperative
complications did not show a significant difference [24].

Additionally, MCID was favorable in the majority of elderly patients (85.7%) six months after
surgery. This means that those patients showed acceptable clinical improvement after surgery despite
their age.

In summary, mean mJOA Score improvements did not differ significantly among the age-dependent
groups, but clinical improvement after surgery according to the mJOA Score was much better in old
patients compared to younger patients. This improvement led to an improvement in mobility and
independence, hence requiring reduced nursing care. This was shown by Yoshida et al., who were
able to show in a study with 76 patients older than 75 years of age that the nursing care requirements
based on JOA Score and functional independence measure scoring was reduced [11]. Furthermore,
a different surgical approach, number of operated levels, and surgical treatment revealed no significant
MCID differences six months post-surgery.

Limitations

The present study has several limitations. First, this is a retrospective, non-randomized study with
the associated inherent bias. The analyzed data were collected from documented electronic records,
operative reports, radiological data, and reports of the patients. Secondly, the mJOA Scoring system
might be influenced in the elderly group by several comorbidities such as hip and knee osteoarthritis,
cerebrovascular diseases, diabetic neuropathy, or prostate hypertrophy. Additionally, the NRR system
also has some limitations. Lower preoperative scores indicate lower NRR, although the mean mJOA
Score improvement was the same. Furthermore, the follow-up period of six months is relatively short,
caused by the retrospective nature of the study and the resulting losses in follow-up. The evaluation of
the postoperative outcome might be too early directly after surgery, but we were still able to show an
improvement of the neurological status over that short period.
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However, future prospective studies with a longer follow-up are needed to evaluate the
neurological long-term outcome in elderly patients. Nevertheless, we could show in a large population
of elderly patients that surgery is still useful due to clinical improvements of the symptoms and the
resulting lower need for daily care.

5. Conclusions

The preoperative and postoperative mJOA Scores are significant lower in older patients compared
to younger individuals, but the mean mJOA Score improvement is similar. The lower mJOA Score in
those patients correlates with a lower CCI. With respect to the postoperative mJOA Score improvement
and MCID, older patients still benefit from surgery. Therefore, surgical treatment of DCM is a valuable
option for those patients.
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Abstract: Cervical myelopathy occurs in approximately 2.5% of patients suffering from rheumatoid
arthritis (RA) and is associated with notable morbidity and mortality. However, the surgical
management of patients affected by cervical involvement in the setting of RA remains challenging
and not well studied. To address this, we conducted a retrospective analysis of our clinical database
between May 2007 and April 2017, and report on nine patients suffering from cervical myelopathy
due to RA. We included patients treated surgically for cervical myelopathy on the basis of diagnosed
RA. Clinical findings, treatment and outcome were assessed and reported. In addition, we conducted
a narrative review of the literature. Four patients were male. Mean age was 64.8 ± 20.5 years.
Underlying cervical pathology was anterior atlantoaxial instability (AAI) associated with retrodental
pannus in four cases, anterior atlantoaxial subluxation (AAS) in two cases and basilar invagination in
three cases. All patients received surgical treatment via posterior fixation, and in addition two of
these cases were combined with a transnasal approach. Preoperative modified Japanese orthopaedic
association scale (mJOA) improved from 12 ± 2.4 to 14.6 ± 1.89 at a mean follow-up at 18.8 ± 23.3
months (range 3–60 months) in five patients. In four patients, no follow up was available, and the
mJOA of these patients at time of discharge was stable compared to the preoperative score. One patient
died two days after surgery, where a pulmonary embolism was assumed to be the cause of mortality,
and one patient sustained a temporary worsening of his neurological deficit postoperatively. Surgery is
generally an effective treatment method in patients with inflammatory arthropathies of the cervical
spine. Given the nature of the RA and potential instability, fixation in addition to cord decompression
is generally required.

Keywords: cervical myelopathy; spinal cord compression; cervical spine surgery; rheumatoid arthritis
(RA); cranial settling (CS); atlantoaxial subluxation (AAS); atlantoaxial instability (AAI)

1. Introduction

Cervical myelopathy occurs in approximately 2.5% of patients suffering from rheumatoid arthritis
(RA) for more than 14 years and is associated with notable morbidity and mortality [1]. In these cases,
compression of the spinal cord and brain stem is typically caused by atlantoaxial instability (AAI) or
atlantoaxial subluxation (AAS) with associated vertical migration of the dens of C2 and accompanying
retrodental pannus formation [2].

Rheumatoid arthritis is a chronic inflammatory systemic disease and affects about 1–2% of
adults [3]. Besides peripheral joints, the upper cervical spine is preferentially afflicted in patients with
RA due to the anatomic vulnerably of numerous synovial and apophyseal joints to dynamic forces [4,5].
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This is especially true for the cranio-cervical junction and the atlantoaxial joints. In these patients,
an inflammatory synovial proliferation results in deterioration of ligamentous tendinous tissues and
bone erosion, thereby increasing sliding motion between the atlas and axis, and as a consequence,
atlantoaxial instability (AAI) [5]. In the advanced stage, an atlantoaxial subluxation (AAS) can develop
and manifest in the vertical migration of the dens, known as cranial settling (CS), basilar impression,
basilar invagination or vertical translocation (VT) [4,6]. Most common is an anterior atlantoaxial
subluxation due to an affected anterior median atlanto-axial joint between ventral arch of C1 and the
dens of the axis (circa 75% of all AAS). Subluxation in the posterior median atlanto-axial joint, located
between posterior arch of C1 and the dens of the axis, as well as asymmetrical or unilateral changes of
the lateral atlanto-axial joint leading to impairment in rotation are rare (7% and 20%) [7]. For diagnosis
of cervical involvement in RA various diagnostic imaging options are available, each playing a different
role depending on the stage of involvement (see discussion, Figures 1 and 2, Table 1).

R R
R

Figure 1. Ranawat criteria: Line from the center of the anterior C1 arch to the center of the posterior
C1 arch. A second line goes through the axis from the odontoid to the center of the base of the
C2. The smaller the distance (R) to the crossing of the lines, the more pronounced the invagination.
A distance > 13 mm for women and > 15 mm for men is normal [8].

Table 1. Definition and diagnostics of cervical instabilities.

Type of Instability
Definition and Diagnostics of Cervical Instabilities

Definition
Diagnostic in Radiograph/Scan

in Lateral/Sagittal Projection

AAS
(atlantoaxial subluxation)

weakening or rupture of ligaments
and subchondral bone erosion in
the atlantoaxial joints

anterior atlantodental Interval
(AADI) > 3 mm
posterior atlantodental interval
(PADI) < 14 mm

SAS
(subaxial subluxation)

subluxation in the joints C3-7 due
to destruction of the joint surface
and the ligaments between the
processes spinosis

horizontal displacement of
vertebrae with irreducible
translation > 3.5 mm

CS
(Cranial Settling)

vertical translocation of dens into
the foramen magnum see Figures 1 and 2

After the introduction of early and consistent therapy with biologicals, the prevalence of cervical
involvement in RA has been declining and is estimated to be between 20–44%, whereas prevalence
rates in historical data present estimates between 42–80% [9]. Symptomatic involvement of the cervical
spine in terms of instability manifests itself on average about 7–10 years after initial diagnosis of
RA [3,10]. Atlantoaxial subluxation with myelopathy is seen in approximately 2.5% of patients with
RA for more than 14 years [5]. For prevalence and symptoms, see Table 2. Medical therapy of RA at
the early stages is feasible to prevent cervical involvement in RA. Early diagnosis and thus an early
start of a sufficient drug therapy is regarded as a prognostically positive factor with regard to a risk
reduction for a manifestation of cervical involvement [11]. Thanks to drug therapies, the instabilities
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requiring surgery are statistically decreasing, however, the cases needing treatment are becoming more
complex [12].

Chamberlain 

McGregor

Redlund-Johnell

Station I

Station II

Station III

A B

C

Figure 2. Various diagnostic criteria of cranial settling. Chamberlaine: Line from the dorsal end of
the hard palate to the posterior border of the foramen magnum. If the dens is 3 mm above the line, a
basilar invagination is present by definition (A). McGregor: Line from the hard palate to the deepest
point of the occiput. A basilar invagination is present if the tip of the dens is more than 4.5 mm above
the line (A). Clark-Station: Here the dens is divided into three equally sized stations. If the front arch of
the atlas reaches into station II or III the criteria of a cranial settling is fulfilled (B). Redlund-Johnell:
describes the distance between the center of the lower cover plate C2 and the McGregor line. Normal is
34 mm for men and 29 mm for women (C).

Table 2. Prevalence and symptoms of pat with clinical involvement [6].

Prevalence of Cervical Involvement in RA %

Pain in the cranio-cervical junction 69% of patients with cervical instability
Muscular atrophy, paresis, bladder rectal disorders,
pathological reflexes and spasticity present in up to 58% of all cases

Involvement of the cranial nerves reported in about 20%
Initially asymptomatic 33–50%
Atlantoaxial subluxation with myelopathy circa 2.5% of patients with RA for more than 14 years

Locked-in syndrome or sudden death rare but reported up to 10% in a postmortem study
[13]

Vertebrobasilar insufficiency with tinnitus and
dizziness due to Mechanical compression/
vertebrobasilar thromboembolic events due to
kinking of vertebral arteries

rare

Aseptic discitis and atraumatic dens fractures rare

While conservative therapy can effectively palliate pain, operative treatment is indicated in
medically therapy resistant pain with radiographic instability, and is necessary after the development
of neurological deficit, myelopathy, cranial nerve and bulbar dysfunction [8].
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The objective of the present paper is to display the variety of disorders that present and discuss
this in the management of such cases in the context of current literature.

2. Methods

A retrospective analysis of the clinical database of the department of neurosurgery in Munich was
performed between May 2007 and April 2017, with research ethics board approval (Ethics committee
of Technical University of Munich, No.238/17 S).

We searched the database for patients which had received surgery for craniocervical and subaxial
instabilities. Patients with traumatic or neoplastic retro-odontoid pannus or craniocervical junction
abnormalities like chiari malformation were not included in this series. Out of this cohort, we
investigated patients treated surgically for cervical myelopathy on the basis of diagnosed or suspected
rheumatoid arthritis or chronic inflammatory systemic disease. We excluded patients with pure
degenerative instabilities. Clinical findings, treatment and outcome were assessed. In addition, we
conducted a review of the literature. The aim of the study was to evaluate variations in patient
characteristics, surgical treatment and patient outcomes. To assess the cervical involvement and
severity of myelopathy, the Ranawat classification (Table 3) and criteria and the modified Japanese
orthopaedic association scale (mJOA); modified by Keller, 1993) were used to assess degree of
neurological function [7,14]. Post-operative mJOA was obtained at the last follow-up, at least 3 months
following operation.

Table 3. Ranawat classification [15].

Class Description

I Pain, no neurological deficit
II Subjective weakness, hyperreflexia, dysesthesia

III Objective weakness, long-tract signs
III A—Ambulatory, III B—Non-ambulatory

3. Results

In the defined period of time, 39 patients received surgery for rheumatic and degenerative cervical
instabilities. Six patients were known for RA and under medical treatment. In five patients a chronic
inflammatory systemic disease was suspected but not diagnosed at time of neurosurgical treatment.
Out of 39 patients, myelopathy was present in 16 patients (47.1%).

Out of eleven patients known for rheumatoid arthritis (RA) or suspected chronic inflammatory
systemic disease, 9 patients were suffering from myelopathy. Four patients were male, five females.
Mean age was 64.8 ± 20.5 years (range 22–82 years). All patients presented with clinical myelopathy,
and additionally some patients presented with further neurological deficits (see Tables 4 and 5).
Surgeries were performed by seven surgeons. The underlying cervical pathology was AAI of the
median atlanto-axial joint combined with retrodental pannus in four, anterior AAS in two and basilar
invagination in three cases. Four patients were already known for RA and under medical treatment.
In five patients a chronic inflammatory systemic disease was suspected but not diagnosed at time of
neurosurgical treatment. The diagnosis for RA was confirmed later by a rheumatologist in each case.
Patients were classified according to the Ranawat criteria (see Tables 3 and 5).
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Table 5. Demographics.

Number of Patients/Sex n = 9 (Female n = 5; Male n = 4)

Mean age 64.8 ± 20.5 years (range 22–82 years)

Cervical pathology

AAI with retrodental pannus, n = 4
Anterior AAS, n = 2
Basilar invagination, n = 3
Associated subaxial spinal stenosis n = 2

Myelopathy n = 9

Additional neurological deficit

Tetraparesis (n = 2)
Hemi-or monoparesis (n = 4)
Incontinence (n = 1)
Pain (n = 4)
Dysphagia (n = 3)

Pre-operative mJOA- score (mean) 12.67 ± 2.83 (range 8–16)

Ranawat classification
Class II n = 2
Class IIIA n = 5
Class IIIB n = 2

Surgery

posterior fixation, n = 9
C1-2, n = 4; C1-6, n = 1
C1-3, n = 1; C0-2, n = 1
C0-3, n = 1; C0-4, n = 1
posterior decompression, n = 6
transnasal endoscopic dens resection, n = 2

Follow up mean follow-up at 18.8 ± 23.3 months
(range 3–60 months)

Post-operative mJOA score (mean) * 14.6 ± 1.89 (range 12–17)

Mortality 11.1% (n = 1)

* evaluated in 5 patients.

Mean preoperative modified Japanese orthopaedic association scale (mJOA) at admission was
12.67 ± 2.83 (range 8-16). All patients were suffering from symptoms for several month and sustaining
a progressive worsening within few weeks before surgical treatment. Five patients were observed
with a mean follow-up at 18.8 ± 23.3 months (range 3–60 months), all of which showed improvement
of pain and neurological deficits. The mean preoperative mJOA score in these patients showed an
improvement from 12 ± 2.4 to 14.6 ± 1.89, but only one patient made a complete recovery (case 2).
In four patients, no follow up was available, and the mJOA of these patients at time of discharge was
stable compared to the preoperative score.

Surgical treatment via posterior fixation was conducted in all cases. In the presence of AAI
(n = 2) and AAS (n = 2) associated with retrodental pannus, patients underwent a posterior C1-C2
stabilization using the Goel-Harm’s technique. Due to an associated subaxial spinal stenosis two
patients underwent a cervical fixation from C1 to C3 and C1 to C6. In patients of underlying basilar
invagination, stabilization including C0 was performed (n = 3). Posterior decompression was necessary
in six cases.

In two cases, a ventral decompression in terms of a transnasal endoscopic dens resection was
performed, whereas in one case the operation took place two years after the first intervention (case
9). A 50- year old patient first showed an improvement of myelopathy after posterior fixation C0-2
and suboccipital de-compression for basilar invagination, but she again sustained a worsening of
symptoms after two years. The other patient was diagnosed for AAI with retrodental pannus.

One patient suffering from basilar invagination resulting in tetraparesis (Ranawat class IIIB) died
on the second postoperative day. The cause of death remained unclear, but was suspected to be due a
pulmonary embolism. In one patient (Ranawat class IIIA) a temporary worsening of the neurological
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deficit after posterior fixation for AAI and retrodental pannus occurred. He received a second surgery
for transnasal ventral decompression and mainly recovered from his hemiparesis. Among the other
patients, there was no complication, and none showed a new neurological deficit (Tables 4 and 5).

Illustrative Case (2)

A 22-year-old female patient presented at emergency with rapidly progressive fine motor disorders
and paresis of the right arm. On clinical examination, mild urinary retention as well as ataxia was
also observed, and she scored 12 on the mJOA scale. The patient was known for RA for several years
and was treated with Adalimumab every two weeks. Imaging showed an atlantodental instability
with retrodental pannus formation and basilar invagination. Basilar invagination was confirmed by a
Ranawat criteria of 10.7 mm and an anterior atlantodental interval of 9.7 mm, indicating a Ranawat
IIIA classification. The first step was a closed reduction under X-ray control and the application of a
rigid neck brace on the day of admission in order to treat the symptoms immediately. In the second
step, open reduction and fixation via implantation of an internal fixator took place two days later.

The nerve root C2 was exposed and rhizotomized on both sides, the facet joint between C1/2
distracted and autologous bone chips inserted. After three months, residual sensory deficit of the
fingertips on both sides remained, a motor deficit, urinary retention and ataxia were no longer present.
There was no relevant pain symptomatology. After 12 months, she had made a complete recovery,
and scored 17 on the mJOA scale—see Figure 3.

B CA

B

E FD G

Figure 3. (A) Preoperative MRI imaging of the cervical spine atlantodental instability with retrodental
pannus formation and basilar impression due to dorsal displacement of the dens resulting in absolute
spinal constriction and myelopathy. (B,C) Enlarged anterior atlantodental interval in the preoperative
scan (AADI). (D–G) Postoperative imaging after initially closed and then open reduction and
fixation C1-2.

4. Discussion

Our results show that surgical treatment is a very effective treatment method in patients with
inflammatory arthropathies of the cervical spine. The patients available for follow up showed an
improvement of preoperative mJOA from 12 ± 2.4 to 14.6 ± 1.89, the others showed a stable score
at time of discharge without a new neurological deficit. However, in our case series two patients
sustained a relevant complication, with one patient dying the second postoperative day (likely due
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to a pulmonary embolism) and the other experiencing a temporary worsening of a hemiparesis after
posterior fixation for AAI and retrodental pannus was achieved. The latter patient received a second
surgery via transnasal ventral decompression and mainly recovered from his hemiparesis in the
following months. Both of these patients presented with a severe neurological deficit (preoperative
mJOA 8 and 9, Ranawat class IIIA and B) which confirms the assumption that perioperative morbidity
and mortality increases significantly in rheumatoid non ambulatory (Ranawat Class IIIB) patients with
loss of the ability to walk [8,16].

In case of isolated AAI without subluxation C1-C2 fixation associated with (n = 5) and without
(n = 4) C1 laminectomy was performed. In one case disappearance of the pseudotumor failed,
and a ventral approach was necessary after two years, which was conducted endoscopically via a
transnasal approach.

Pain in the craniocervical junction is a typical symptom that is seen in 69% of patients with cervical
instability [3]. Occipital neuralgia, facial hypoesthesia, facial pain as well as pain in the mastoid
area and ear pain may also manifest as they are caused by irritation of the occipital nerve between
C1 and C2 or by irritation of the trigeminal nucleus in the medulla oblongata [3]. Patients can also
suffer from radiculopathy of the upper extremities. Neural deficits like myelopathy, muscular atrophy,
paresis, bladder rectal disorders, pathological reflexes and spasticity are present in up to 58% of all
cases [6,17,18]. Compression of the medulla oblongata can also lead to disorders of the caudal cranial
nerves such as dysphagia and dysarthria resulting from compression of the vagus, glossopharyngeal
and hypoglossal nerve. Involvement of the cranial nerves is reported in about 20% of cases [3]. Beyond
the development of severe neurological symptoms, locked-in syndrome or sudden death can also
occur [17,19]. Mechanical compression can cause the development of a vertebrobasilar insufficiency
with tinnitus and dizziness. Similarly, instability can cause a kinking of vertebral arteries, which can
lead to vertebrobasilar thromboembolic events. Another, but less common consequence of RA, is the
destruction and instability of the subaxial spine resulting in subaxial dislocation (SAS) [3,6,17]. Aseptic
discitis and atraumatic dens fractures have also been reported and can also be the consequence of the
RA inflammatory process [3]. For prevalence and symptoms, see also Table 1.

Traditional imaging is conducted using conventional x-ray of the cervical spine, which gives
information about spinal alignment. As it is related to lower cost, it is widely available and has a
low radiation dose, it is especially suitable for screening of asymptomatic patients with RA in the
outpatient setting [5,6]. Additionally, flexion- extension images allow for easy visualization of occult
instabilities [6]. However, the gold standard for bone evaluation and evaluation of ankylosis and
pseudarthrosis is the cervical CT scan, which is also often acquired for surgical planning. For the
assessment of soft tissue, spinal cord, or nerve compression and myelopathy, cervical MRI is the
imaging modality of choice. It is always indicated for the evaluation of patients with neurology
deficit [6].

The conventional x-ray of the cervical spine is conducted in anterior-posterior and lateral projection,
supplemented by flexion-extension images as well as radiographs through the open mouth aimed at
the odontoid process [5,6]. In case of abnormalities in conventional images, clinical suspicion or neural
deficits, cervical CT and MRI are added. By definition, an atlantoaxial subluxation is present if the
atlantodental interval (AADI) measured on lateral radiographs is >3 mm. Evidence of AAS is also
shown by a distance between the dens and C1 posterior arch (posterior atlantodental interval (PADI)
<14 mm [7].

For the assessment of vertical subluxation (VS) a number of methods have been developed to
describe the degree of dens displacement with regard to foramen magnum. One popular diagnostic
method is the Ranawat criteria, which is based on a line which connects the center of the anterior
arch with the center of the posterior arch of C1 vertebra and a second line which is drawn along the
axis of the odontoid process, from the center of the base of C2 vertebra to the intersection with the
first line (Figure 1). The distance is used to assess the presence of the basilar invagination and based
on the criterion are defined to be present when < 13 mm in women and < 15 mm in men [7]. Other
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diagnostic criteria of cranial settling are described in Figure 2. SAS is diagnosed when the radiograph in
lateral projection shows horizontal displacement of vertebrae with irreducible translation by >3.5 mm
(Table 1) [7].

Besides the grade of AAS, the localization and the extend of neurological impairment, atlanto-axial
instability can be classified as reducible, partially reducible or fixed, according to the response to
traction [4]. RA with cervical involvement is a progressive and serious condition with reduced lifetime
expectancy. Matsunaga et al. noted that all of the irreducible AAS patients who did not undergo
surgical treatment were bedridden within 3 years after the onset of myelopathy, and the survival rate
was 0% in the first eight years [15,20]. Atlantodental involvement is typically a late manifestation of
RA [3]. However, patients with a worse disease activity score, high disease activity and erosive disease
at baseline have a high risk of atlantoaxial involvement in early rheumatoid arthritis (ERA) (disease
duration < 12 months) [1]. Affection of the small joints of the hand and foot, failure of antirheumatic
therapies, intake of glucocorticoids, young age at diagnosis, level of CRP, female sex, and low BMI
were identified as risk factors for cervical involvement [21,22].

In the early stage, clinical involvement is initially asymptomatic in 33–50% of patients, which makes
early drug intervention before the development of instability more difficult. Symptoms of cervical
myelopathy are often misinterpreted due to the rheumatic affection of the finger and ankle joints,
which may mask myelopathy as the cause of fine motor disorders and gait insecurity.

In case of isolated AAS without vertical instability or relevant destruction of the C0-C1 joints,
atlantoaxial fusion via C1-C2 fixation is the means of choice [17]. The stabilization should only
be extended to C0 if not otherwise possible, as this means an important limitation of flexion and
extension [23]. The atlanto-axial transarticular screw fixation introduced by Magerl has been the gold
standard for treatment of atlanto- axial instability for long time [24]. At present, due to reduced risk for
neurovascular complications, the surgical technique of choice is the technique described by Harms and
Goel, containing C1 lateral mass and C2 pedicle screws which has proven its efficacy and safety [25].
In comparison to transarticular screw fixation, the Harms technique also includes reduction of C1-C2
and the protection of the C1-C2 joint [15].

Direct removal of intracanalar tissue compressing the spinal cord is not obligatory [17].
After fixation of an instability by posterior stabilization, the retrodental pannus usually recedes [2].

Anterior decompression may be indicated for cases that are irreducible or in cases in which a
pannus fails to regress after posterior fixation. By distraction of facet C1-C2 an improvement of the
cranial setting is possible [17].

The transoral dens resection is known as the classical method for a ventral decompression, but it is
associated with considerable risks. In 33.6% of cases the splitting of the soft palate is necessary, resulting
complications include hypernasal speech, nasal regurgitation, tracheal edema and fistula formation in
the pharynx. As a result, 14.8% of patients require a PEG and 3.8% a tracheotomy. A velopharyngeal
insufficiency results in 4% of cases, and the mortality rate is 2.3% [26,27]. In a case series by Gempt et al.
the transnasal endoscopic approach could be shown as an alternative to transoral decompression [28].
If a ventral dens resection is necessary, the endoscopic transnasal approach is preferred. Compared to
the transoral approach, the patients can be extubated after 0.3 days instead of 3.5 days after transnasal
endoscopic access, and oral nutrition can be started after one day instead of 5.2 days [26,27].

Given the fact that a relevant number of patients are asymptomatic in the stage of cervical
involvement, the objective beside the optimal surgical management should be the early detection of
cervical involvement. In a study by Neva et al., a previously undiagnosed cervical subluxation could
be detected in 44% of a total of 194 patients included who underwent an orthopaedic surgery of the
peripheral joints due to RA (Mean age was 65 years, mean duration of RA was 24 years). Compared to
those without subluxation, the affected patients did not show a more frequent presence of symptoms
such as neck pain, occipital, temporal, retro-orbital pain or radiculopathy of the upper extremities.
Thus, by clinical appearance alone, patients with subluxation are not distinguishable from those
without [29]. Therefore, a radiological screening of patients with RA should be considered.
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5. Conclusions

Surgical treatment is an effective treatment method in patients with inflammatory arthropathies
of the cervical spine, whereas the risk of perioperative morbidity and mortality increases significantly
with the severity of neurological impairment. Due to the advent of disease modifying medication,
the prevalence of cervical involvement in RA seems to be diminishing. However, when present,
these cases can be challenging to treat. Given the dynamic nature of RA myelopathy, surgical treatment
generally requires fixation and was performed in all patients in the presented cohort.
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Abstract: It is challenging to discriminate the early presentation of Degenerative Cervical Myelopathy
(DCM) as well as sensitively and accurately distinguishing between mild, moderate, and severe
levels of impairment. As gait dysfunction is one of the cardinal symptoms of DCM, we hypothesized
that spatiotemporal gait parameters, including the enhanced gait variability index (eGVI), could
be used to sensitively discriminate between different severities of DCM. A total of 153 patients
recently diagnosed with DCM were recruited and stratified on the basis of DCM severity grades,
as measured using the modified Japanese Orthopedic Association (mJOA) scale. Demographic
information and neurological status were collected. Gait assessments were performed using an 8 m
walkway. Spearman rank correlation was used to identify relationships between gait parameters
and mJOA values as well as the mJOA lower extremity (LE) subscore. Kruskal–Wallis H test was
performed to evaluate differences between severity groups, as defined by mJOA classification. A
significant and relatively strong correlation was found between the mJOA score and eGVI, as well as
between the LE subscore of the mJOA and eGVI. Significant differences in the eGVI (X2(2, N = 153) =
55.04, p < 0.0001, ε2 = 0.36) were found between all groups of DCM severity, with a significant increase
in the eGVI as DCM progressed from mild to moderate. The eGVI was the most discriminative gait
parameter, which facilitated objective differentiation between varying severities of DCM. Quantitative
gait assessments show promise as an accurate and objective tool to diagnose and classify DCM, as
well as to potentially evaluate the impact of therapeutic interventions.

Keywords: degenerative cervical myelopathy; physical impairment; gait; locomotion; gait assessment;
enhanced gait variability index

1. Introduction

Degenerative Cervical Myelopathy (DCM) is a disorder involving chronic compression of the
cervical spinal cord and is the most common form of spinal cord impairment in adults [1]. DCM
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can result from a wide range of pathologies, including degenerative disc disease, spondylosis, and
hypertrophy or ossification of the spinal ligaments [2–6]. Cervical cord compression leads to nerve
damage over time, resulting in loss of function and reduced quality of life [3,4,7,8]. Patients diagnosed
with DCM usually present with at least one of the following symptoms: weakness and/or numbness
of the upper extremities, reduced manual dexterity, gait and balance impairment, lower extremity
spasticity, neuropathic pain, and bowel/bladder dysfunction. Although DCM is common, its detection
can be challenging, as impairment can be quite subtle during the mild stage of the disease.

Early diagnosis and management of DCM are important to accord appropriate care for those
living with the condition. Current clinical methods for diagnosing DCM in the early stage or when the
patient presents with mild symptoms are limited to subjective history taking and clinical assessment.
Objective gait assessment can potentially detect early impairment. During gait, the center of mass
is propelled forward as the body alternates between periods of single and double support, which
produces challenges to the overall stability of the individual. While healthy adults can successfully
walk with little difficulty, one of the cardinal symptoms of DCM is impaired gait [9–11]. In DCM,
gait impairment is believed to be multifactorial, including upper motor neuron and proprioceptive
dysfunction. The exact mechanisms have yet to be elucidated. However, the rubrospinal, reticulospinal,
and vestibulospinal tracts are descending tracts that play a role in the stability of posture and gait and
are likely implicated in DCM [12–14]. Gait impairment, particularly in the early stages of DCM, often
presents as subtle instability in gait and balance, rather than gross and obvious impairments related to
weakness or spasticity.

Clinically, DCM is classified using the modified Japanese Orthopaedic Association scale
(mJOA) [15]; with the lower extremity subscore of the mJOA describing gait impairment. The parameters
that define these subtle deficits in gait are quite different from the spatiotemporal parameters that
typically uncover gait impairment related to stroke or musculoskeletal issues. Therefore, we aimed to
characterize the gait impairment of study participants with DCM to define and detect the specific changes
resulting from progressive cervical spinal cord compression. There is evidence that individuals with
moderate and severe DCM demonstrate slower gait speed, prolonged double support time, and reduced
cadence, as compared to individuals lacking any physical impairments [10,16]. These adaptations serve
to increase stability in DCM patients and to lower the risk of falling. Current literature has focused on
either kinematics and gait parameters in patients with DCM requiring surgical intervention [10,17] or
on postoperative walking speed [18]. It was shown that patients with DCM receiving conservative
treatment have a significantly slower walking speed over time when compared to a surgical treatment
group. Also, aberrant spinal alignment, including reduced cervical lordosis, head flexion, and increased
anterior pelvic tilt documented in DCM patients preoperatively, lead to altered biomechanics of the
lower extremities and therefore reduced walking speed, shorter stride length and stride time, as well
as increased double support time [17]. Those studies involved patients with symptoms of myelopathy
requiring surgical intervention. As delayed diagnosis and treatment might lead to greater disability [19],
it seems to be important to focus on the early stages of myelopathy and on diagnostic tools. To date,
there is no literature available which assesses gait parameters in patients with early or mild DCM and
compares them to those of patients with more advanced DCM.

The objective of this study was to assess the correlation between subjective gait impairment of
patients diagnosed with DCM, measured using the mJOA score and the lower extremity subscore, with
objective gait parameters. Furthermore, we wanted to characterize mild, moderate, and severe DCM,
as defined by the mJOA classification system, using quantitative spatiotemporal measurements of gait.

2. Materials and Methods

2.1. Study Design

We conducted a single-center, observational, cross-sectional study involving 153 patients recently
diagnosed with DCM between May 2013 and December 2017. Research ethics board approval was
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obtained, and all participants provided informed consent before participation. Inclusion criteria for
this study were the following: (1) one or more clinical signs of DCM (corticospinal motor deficits, hand
atrophy, hyperreflexia, a positive Hoffman sign, upgoing plantar reflexes, lower limb spasticity, and/or
gait ataxia), (2) one or more clinical symptoms of DCM (numb hands, clumsy hands, gait impairment,
bilateral hand paresthesia, L’Hermitte’s phenomenon, and/or weakness), and (3) MR imaging showing
flattening, indentation, or circumferential compression of the spinal cord. Patients with previous
cervical spine surgery, other documented neurological disease affecting gait assessment, disability
of the lower extremities, or symptomatic lumbar stenosis and a Berg Balance Scale (BBS) <40 were
excluded from the study. DCM severity was determined using the modified mJOA, and DCM was
classified as mild, moderate or severe [1,2]. Demographic information, neurological examination, and
BBS results to assess static and dynamic instability were documented. The control group comprised
13 healthy subjects without gait disorders, matched for age and gender, with a mean age of 56.8 ±
6.8 years. Gait data acquired from the healthy controls were used to calculate baseline values for
spatiotemporal gait parameters.

2.2. Scores

The mJOA consists of four categories with a maximum of 18 possible points: upper extremity
motor dysfunction (5 possible points), lower extremity motor dysfunction (7 points, see Table 1),
sensory impairment of the upper limbs (3 points), and bladder dysfunction (3 points). The study
participants were evaluated at initial diagnosis with a score of 18, representing no functional deficit [15].
Mild DCM was defined by mJOA values between 15 and 17, moderate DCM by mJOA values from 12
to 14, and severe DCM by a mJOA score <12. [20].

Table 1. Lower extremity subscore of modified Japanese Orthopaedic Association scale (mJOA).

Lower Extremity Subscore (/7)

0 Complete loss of movement and sensation

1 Complete loss of movement, some sensation present

2 Inability to walk, but some movement

3 Able to walk on flat ground with walking aid

4 Able to walk without walking aid but must hold a
handrail on stairs

5 Moderate to severe walking imbalance, but able to
perform stairs without handrail

6 Mild imbalance when standing OR walking

7 Normal walking

The BBS measures balance impairment through 14 items scored from 0 to 4 points each and
measures explicitly unsupported standing and sitting balance, as well as transfers [21]. A BBS of 40
has been used as a cut-off for independent ambulation [21].

2.3. Gait Assessment

Gait assessment was performed in a standardized way for all participants. After careful instruction
and a “warming-up” walk back and forth, patients were asked to walk across an 8-m walkway with an
integrated pressure mat four times, barefoot and at a self-selected pace. Walking aids were not allowed.
All gait assessments were conducted using either the GAITRite [22] (122 subjects, Franklin, NJ, USA)
or the ProtoKinetics Zeno Walkway [23] (32 subjects, 13 control group subjects, Havertown, PA, USA).
ProtoKinetics Movement Analysis (PKmas) software version 5.08C3i1 (Havertown, PA, USA) was used
to collect gait data from both walkway systems; this software has been previously validated against the
GAITRite walkway system [3]. Spatiotemporal gait parameters are presented in Table 2 and Figure 1.
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Table 2. Spatiotemporal gait parameters.

Parameter Description Unit

Velocity Walking speed = distance per time cm/s

Cadence Steps per minute steps/min

Base of support Step width = perpendicular distance between two points on both feet
measured during two consecutive steps m

Step length Distance between ground contact of one foot and the next subsequent
ground contact of the opposite foot in the direction of progression m

Stride length Distance between ground contact of one foot and the next subsequent
ground contact of the same foot in the direction of progression m

Step time Time between ground contact of one foot and the next subsequent
ground contact of the opposite foot s

Single-stance time Time during gait cycle while one foot is on the ground s

Double-stance time Time during gait cycle while two feet are on the ground s

Total stance time Time that passes during single and double support of the stance phase
of one extremity during a gait cycle s

eGVI
enhanced gait variability index (includes 5 spatiotemporal gait

parameters: step time, step length, step velocity, total stance time,
single-stance time)

 

Figure 1. Visualization of spatial gait parameters (A). Visualization of gait variability in healthy subjects
and increased variability in degenerative cervical myelopathy patients (B). Visualization of temporal
gait parameters (C).
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2.4. Enhanced Gait Variability Index

The enhanced gait variability index (eGVI) is an improved version of the gait variability index,
including a composite of measures of gait variability based on measured spatiotemporal parameters [24].
It is used to assess the quality of gait. Gait variability is defined as the fluctuation of gait measures
between steps. This measure quantifies the amount of variability observed in an individual and
compares it to that of a reference group. Five spatiotemporal parameters are taken into account for the
calculation of eGVI: step length, step time, stance time, single-stance time, stride velocity. The weighted
variability is then transformed into a score, with 100 representing the mean gait variability, and 10
representing 1 standard deviation from the mean in a reference population [25]. The gait variability
index correlates well with clinical outcomes [26]. The eGVI is an advanced version of the GVI after
correction of the directional specificity and magnitude problems detected when using the GVI in
assessing GV [24]. The eGVI score was calculated as an average of the left and right variability index
using the ProtoKinetics Movement Analysis (PKmas) software version 5.08C3i1 (Havertown, PA, USA).

2.5. Statistics

Descriptive statistics were conducted for all parameters and are presented in mean ± SD.
Shapiro Wilk test was used to test for normality. Levene’s test was used to assess the homogeneity

of variance. To identify differences between DCM severity groups and acquired normative data,
a one-way Kruskal–Wallis H test was conducted. A post-hoc test with Bonferroni correction was
performed in the case of significance. Epsilon square was used as an effect size to indicate the magnitude
of the difference between the severity groups. Spearman’s rank correlation coefficient was used to
identify relationships between quantitative gait parameters and both the mJOA values as well as the
mJOA lower extremity subscore (see Figure 2). The significance level was set at p ≤ 0.05. Statistical
analysis was performed using R Version 3.6.1.

 

  

A B 

R = 0.426, p < 0.001 
R = 0.451, p < 0.001 

Figure 2. We observed a significant decrease in velocity with decreased mJOA score (A) and decreased
mJOA LE subscore (B).

3. Results

3.1. Patient Demographics

The sample of DCM patients consisted of 83 male and 70 female participants, with a mean age of
56.81 ± 10.92 years. The mean duration of symptoms was 44.19 ± 56.06 months prior to assessment.
Table 3 defines the sample stratified by mJOA into mild, moderate, and severe groups, also reporting
the mean values and standard deviations of spatiotemporal gait parameters and eGVI. We found that
48.7% of patients in the mild DCM group, 21.2% in the moderate DCM group, and 0% in the severe
DCM group presented within the range of eGVI of our control group. In addition, 35.9% of patients
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with mild DCM, 5.0% with moderate DCM, and 0% with severe DCM presented step length within the
range of the control group.

Table 3. Mean (± SD) of patient and gait specific parameters, stratified by the modified Japanese
Orthopaedic Association (mJOA) scale. mJOA LE: mJOA lower extremity.

Variable
Control Group

n = 13
Mild DCM

n = 82
Moderate

DCM n = 40
Severe DCM

n = 31
All DCM
n = 153

Age 56.75 (6.77) 55.3 (11.01) 55.73 (9.75) 62.19 (10.91) 56.81 (10.92)

mJOA Score 15.92 (0.73) 13.13 (0.82) 9.94(2.5) 13.98 (2.50)

mJOA LE Subscore 6.51 (0.55) 5.10 (1.12) 3.71 (1.35) 5.58 (1.35)

Berg Balance Score 53.52 (5.24) 49.63 (7.09) 42.59 (4.65) 47(6.1)

Velocity (cm/sec) 119.22 (11.61) 114.84 (23.71) 106.44 (23.72) 74.18 (29.51) 104.41 (29.51)

Cadence (steps/min) 114.74(9.49) 111.49 (12.67) 108.58 (12.46) 92.55(15.98) 106.89 (15.99)

Base of Support (cm) 8.16 (3.74) 9.13 (3.28) 8.21 (3.85) 9.24 (3.65) 8.91 (3.65)

Step Length (cm) 63.57 (4.87) 60.81 (9.66) 57.94 (8.83) 45.96 (11.44) 57.05 (11.44)

Total Stance Time (sec) 0.649 (0.12) 0.702 (0.10) 0.717 (0.09) 0.905 (0.25) 0.747 (0.163)

Single-Support Time (sec) 0.410 (0.03) 0.389 (0.04) 0.395 (0.04) 0.409 (0.07) 0.394 (0.046)

Double-Support Time (sec) 0.249 (0.029) 0.303 (0.08) 0.316 (0.06) 0.485 (0.22) 0.343 (0.138)

Single-Stance Ratio 1.56 (0.20) 1.35 (0.29) 1.29 (0.23) 0.99 (0.38) 1.26 (0.32)

Enhanced Gait Variability Index 103.36(4.54) 110.9 (9.73) 119.14 (10.14) 132.94 (12.78) 117.54 (13.5)

3.2. Quantitative Assessment of Gait Parameters

Table 4 shows the correlation between gait parameters and mJOA values as well as mJOA lower
extremity subscores. A significant relatively strong correlation was found between the subjective mJOA
lower extremity subscore and eGVI (|R| = 0.567, p < 0.05) as well as velocity (|R| = 0.456, p < 0.05). Also, a
significant relatively strong correlation was found between mJOA score and eGVI (|R| = 0.551, p < 0.05).
A significant but moderate correlation was found between mJOA score and velocity (|R| = 0.426,
p < 0.05), as shown in Table 4 and Figure 2.

Table 4. Spearman’s rank correlation coefficients between gait parameters compared with mJOA LE
subscore and mJOA score (total). Confidence interval was set to 95%.

Gait Parameters mJOA LE p−Value mJOA p−Value

Velocity (cm/sec) 0.456 <0.001 0.426 <0.001

Cadence (steps/min) 0.346 <0.001 0.286 <0.001

Base of Support (cm) 0.044 0.6 0.038 0.6

Step Length (cm) 0.434 <0.001 0.417 <0.001

Total Stance Time (sec) −0.352 <0.001 −0.303 <0.001

Single-Support Time (sec) −0.058 0.47 0.004 0.959

Double-Support Time (sec) −0.404 <0.001 −0.382 <0.001

Single-Stance Ratio 0.413 <0.001 0.417 <0.001

Enhanced Gait Variability Index −0.567 <0.001 −0.551 <0.001

The Kruskal–Wallis test showed a significant difference in gait variability (X2(2, N = 153) = 55.04,
p < 0.0001, ε2 = 0.36). A post-hoc test using Dunn’s test with Bonferroni correction showed a significant
increase in variability for more severe stages of DCM (p < 0.001) and a strong effect size (ε2 = 0.36). We
found a mean score of 111.18 ± 9.85 for mild DCM versus a mean score of 119.14 ± 10.14 for moderate
DCM (mild/moderate = p < 0.001) and a mean of 132.94 ± 12.78 for severe DCM (moderate/severe =
p < 0.001). We also detected a significant difference in velocity (X2(2, N = 153) = 35.59, p < 0.0001, ε2 =

0.23), stride velocity (X2(2, N = 153) =32.79, p < 0.0001, ε2 = 0.22), and step length (X2(2, N = 153) =
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30.23, p < 0.0001, ε2 = 0.19) between patients with moderate and severe DCM, as shown in Table 5 and
Figure 3.

Table 5. Kruskal–Wallis H-test, Bonferroni-adjusted p, and Epsilon squared effect sizes.

Gait Parameter H(df) p Padj
Mild/Moderate

Padj
Mild/Severe

Padj
Moderate/Severe

Epsilon2

Velocity 35.59(2) <0.0001 0.081 <0.0001 0.001 0.23 +

Cadence 22.92(2) <0.0001 0.59 <0.0001 0.004 0.15

Base of support 2.73(2) 0.26 - - - 0.02

Step Length 30.23(2) <0.0001 0.25 <0.0001 0.002 0.19 +

Stride Velocity 32.79(2) <0.0001 0.08 <0.0001 0.003 0.22 +

Total Stance Time 21.80(2) 0.0002 0.72 <0.0001 0.005 0.14

Single-Support Time 1.83(2) 0.4 - - - 0.01

Double-Support Time 25.54(2) <0.0001 0.34 <0.0001 0.0043 0.16

Single-Stance Ratio 25.96(2) <0.0001 0.59 <0.0001 0.002 0.17

eGVI 55.04(2) <0.0001 0.001* <0.0001 * 0.001 * 0.36 ++

Age 9.22(2) 0.01 1 0.012 0.023 0.06

* significant difference, ++ strong effect size, + relatively strong effect size.

 

Figure 3. A significant increase in gait variability as measured by the eGVI was observed between
severity groups in degenerative cervical myelopathy (DCM) patients.

4. Discussion

To our knowledge, this is the largest study to date characterizing specific differences in gait
parameters between severity subtypes of DCM. Additionally, this study assessed the correlation
between objective spatiotemporal gait parameters and subjective clinical gait impairment in patients
with DCM.
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We found significant differences between control subjects and patients with mild, moderate, and
severe DCM. Specifically, the enhanced gait variability index proved to be a useful tool to document
significant differences between all severity groups as defined by the mJOA. Mean eGVI increased
significantly from 103.36 ± 4.54 in the control group to 110.9 ± 9.73 in patients with mild DCM, 119.14
± 10.14 in patients with moderate DCM, and 132.94 ± 12.78 in patients with severe DCM. Based on
the literature [24], an eGVI of approximately 100 is within normative range, and a clinically relevant
difference occurs when there is a change of at least 10 points (one SD).

Gait deficits are commonly self-reported and, at times, objectively measured with timed walking
tests [18]. The primary screening tool used to evaluate individuals with DCM is the mJOA scale [15],
which is a subjective clinical score that also assesses walking difficulties. The mJOA score is used to
stratify DCM by severity, with mild DCM represented by a score of 15–17, moderate DCM by a score of
12–14, and severe DCM by a score <12 [20]. The lower extremity subscore is presented in Table 3 and
Figure 2. Patients with mild DCM commonly report only minimal gait impairment, and in these cases,
gait deficits are typically not detectable with routine clinical exams [20,27]. Timed walking tests can
detect changes in gait speed; however, for individuals with mild DCM, gait velocity typically falls
within a normative range, meaning that subtle impairments cannot be quantified. While the subtle
deficits do not have a definitive impact on function, identifying these changes can be essential for early
identification of the disease and monitoring disease progression.

In contrast to the large amount of literature surrounding gait analysis in other neurological
conditions [28], such as stroke [29], Parkinson’s disease, and other neurological conditions [26], little
is known about specific spatiotemporal gait parameters in DCM [9,28]. In a recent publication,
Zheng et al. [30] evaluated the correlation between the JOA score and specific gait parameters in
patients with DCM and lumbar disc herniation (LDH). They found only a weak correlation between
the JOA score and step duration, cycle duration, double-support time, gait speed, cadence, and stride
length and no correlation with single-support time. In a multiple regression analysis, they only found
the lower extremity motor function subscore as a significant but weakly correlated parameter, but no
significant factor was associated with the motor function of lower extremities. In contrast, our study
shows a significant and moderately strong correlation between the mJOA score and both velocity
and step length, as well as a relatively strong correlation between the mJOA score and the eGVI.
Zheng et al. [30] state that the JOA scoring system might not adequately reflect gait impairment and
that gait analysis might be more reliable in detecting walking impairment. Since they found a better
correlation between the JOA lumbar score and gait parameters, they suggested that the difference
might be due to the use of fewer questions regarding walking in the JOA cervical score. In contrast, we
were able to demonstrate a significant correlation between the mJOA score and various spatiotemporal
gait parameters. This might be due to the use of the mJOA scale in our study, where the emphasis on
walking was improved.

We also found significantly reduced velocity, stride velocity, and step length between moderate
and severe DCM groups. Singh et al. found a continuous decrease in walking speed with time after
the initial diagnosis of DCM and a significantly increased walking speed after cervical decompressive
surgery [18] using a 30-m walking test. In comparison, Haddas et al. [17] found significantly decreased
cadence, velocity, single-support time, step length, and step width in patients with DCM compared to
a healthy control group. They only assessed patients already scheduled for decompression surgery,
with more severe DCM, which explains the higher correlation in most gait parameters. Decreased
velocity, step velocity, and step length, are most likely related to decreased balance while walking as
DCM progresses. Reduced velocity and step length will help increase gait stability and, therefore, also
decrease gait variability. This might cover part of the variability in gait parameters, especially at mild
stages of DCM, and explains the different results in comparison to those of Haddas et al.

This study has several limitations. Patients in the severe DCM group were significantly older
than patients in the other two groups (mean age of 62 in severe DCM versus a mean age of 55 in
mild and moderate DCM). This age difference might contribute to further changes in gait assessment
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in comparison to younger subjects. Virmani et al. [31] were able to show a significantly increased
variability in stride length with age during steady-state gait using stepwise multiple regression analysis.
When using univariate analysis, an increase in stride velocity was also detected. Velocity and stride
velocity also significantly decreased with more severe DCM in our dataset. This was observed not
only when comparing patients with moderate and severe DCM, but also when comparing the control
group with patients with mild and moderate DCM, although the last three groups did not present a
significant age difference. Another drawback is that we used average data between the left and the
right leg, which might hide relevant information, especially in relation to variability assessments, but
at the advantage of eliminating lower extremity-related gait patterns.

Further research is necessary to evaluate and compare pre- and postoperative/post-treatment gait
parameters in patients diagnosed with DCM. This can provide further insight into subtle changes
associated with disease progression and treatments. The authors believe this work is only the initial
step in defining a sensitive assessment that can characterize gait impairment in DCM patients. We look
to continuing developing these findings into more validated and psychometrically sound parameters
as the measures continue to be used and implemented in clinical/research environments.
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Abstract: Degenerative cervical myelopathy (DCM) is the most common cause of spinal cord
impairment in adults, presenting most frequently in patients 50 years or older. Gastrointestinal
comorbidities (GICs) commonly occur in this group; however, their relationship with DCM has not been
thoroughly investigated. It is the objective of the present study to investigate the difference between
patients with or without GICs who are surgically treated for DCM. A cohort of 757 patients with
clinical data and 458 with magnetic resonance imaging (MRI) data from the AOSpine North America
and AOSpine International studies on DCM was evaluated. GICs were obtained at presentation and
included gastric, intestinal, hepatic, and pancreatic conditions. Patients were dichotomized into 2
groups: those with GICs and those without GICs. Both clinical and MRI presentation, as well as
baseline neurological and functional status, were compared. Neurological and functional outcomes at
2-year follow-up were also compared. GICs were present in 121 patients (16%). These patients were
less commonly male (48.76% vs. 65.4%, p = 0.001) and were slightly less neurologically impaired
based on the Nurick grade (3.05 ± 1.10 vs. 3.28 ± 1.16, p = 0.044) but not based on mJOA (12.74 ± 2.62
vs. 12.48 ± 2.76, p = 0.33). They also had a worse physical health score (32.80 ± 8.79 vs. 34.65 ± 9.38
p = 0.049), worse neck disability (46.31 ± 20.04 vs. 38.23 ± 20.44, p < 0.001), a lower prevalence of
upper motor neuron signs (hyperreflexia, 70.2% vs. 78.9%, p = 0.037; Babinski’s sign 24.8% vs. 37.3%,
p = 0.008), and a higher rate of psychiatric comorbidities (31.4% vs. 10.4%, p < 0.0001). On MRI,
GIC patients less commonly exhibited signal intensity changes (T2 hyperintensity, 49.2% vs. 75.6%,
p < 0.001; T1 hypointensity, 9.7% vs. 21.1%, p = 0.036), and had a lower number of T2 hyperintensity
levels (0.82 ± 0.98 vs. 1.3 ± 1.11, p = 0.001). There was no difference in surgical outcome between the
groups. DCM patients with GICs are more likely to be female and have significantly more general
health impairment and neck disability. However, these patients have less clinical and MRI features
typical of more severe neurological impairment. This constellation of symptoms is considerably
different than those typically observed in DCM, and it is therefore plausible that nutritional factors
may contribute to this unique observation.
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1. Introduction

Degenerative cervical myelopathy is the most common cause of spinal cord impairment in
industrialized countries and can lead to significant neurological and functional dysfunction, as well as
reduced quality of life [1]. The underlying pathology is heterogeneous and can include intervertebral
disc disease, arthritic changes, hypertrophy and/or ossification of the spinal canal ligaments,
and spondylolisthesis, ultimately leading to spinal cord injury through static and dynamic injury
mechanisms [1]. Depending on the number of cervical levels involved, the degree of cord compression,
and the natural history, patients present with a wide-ranging spectrum of clinical manifestations [2,3].
Symptoms include hyperreflexia, weakness, numbness, and loss of proprioception/balance, and clinical
signs, such as Hoffmann’s sign, Babinski reflex, Lhermitte’s phenomenon, ankle clonus, inverted
brachioradialis reflex, and Romberg’s sign, which may be elicited on clinical examination [2,4,5].
Neurophysiological examination may indicate changes in motor and sensory evoked potentials; MRI
signal intensity changes on T2 and T1 may highlight injury to the spinal cord. These various clinical
factors and examinations have been used to assess degree of neurological impairment and surgical
outcome. However, relatively little research has been undertaken to assess how comorbidities, such
as gastrointestinal disease, impact baseline neurological status, and recovery potential in patients
undergoing surgical treatment.

Gastrointestinal comorbidities (GICs) have the potential to influence the presentation and recovery
of patients with myelopathy in a number of ways. For example, GICs can result in malnutrition (such
as hypocupremia), anemia through blood loss, and vitamin B12 (B12) deficiency—all of which may
impact spinal cord function or surgical recovery [6,7]. With regard to B12 deficiency, it has been recently
suggested that vitamin B12 (B12) deficiency may be a common and under-recognized comorbidity
in patients with DCM [8], and is also a differential diagnosis [9,10]. It has also been shown that
anemia is related to higher surgical morbidity, worse neurological status at baseline and neurological
outcomes, higher rates of medical complications, and raises the risk of complications by increasing the
probability that a patient will require an allogeneic RBC infusion [11–13]. Other studies have shown
that malnutrition increases 90-day major medical complications, 1-year mortality, and is a predictor of
increased infection and wound dehiscence rates after lumbar spine surgery [14].

Given that identification of sequalae of GICs may have an important impact on the clinical
management of DCM patients, it is the objective of the present paper to evaluate the influence of GICs
on baseline neurological function and surgical outcomes for treatment of DCM.

2. Methods

2.1. Study Data

The combined AOSpine study cohort comprises 757 patients (AOSpine North American study,
n = 278; AOSpine International Study, n = 479) [15,16]. The North American study was conducted
between 2005 and 2007 and included 12 North American sites (11 USA, 1 Canada); the International
study was conducted between 2007 and 2011 and included 16 global sites comprising 4 regions (North
America, Latin America, Asia, and Europe). The primary study objective was to assess the safety and
efficacy of surgical treatment for DCM and was previously reported [15,16]. Adult patients (≥18 years
of age) were included if they had clinical signs and symptoms of myelopathy that were confirmed
via imaging. Patients were excluded if they had an active infection, neoplastic disease, rheumatoid
arthritis, ankylosing spondylitis, previous surgery, or concomitant signs of lumbar stenosis. Patient
clinical data, general health (SF-36) [17], Neck Disability Index (NDI) [18], and neurological function
(modified Japanese Association score [mJOA] [19] and Nurick grade [20] were assessed. The pain
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subscore of NDI, which ranges from 0 to 5, was assessed to specifically evaluate pain. GICs were
recorded non-specifically as present or absent and included potential gastric, hepatic, pancreatic,
and intestinal comorbidities. Research ethics board approval was given at each participating center,
and external monitors were used to visit the sites.

2.2. MRI Data

MRI (1.5T or 3T) acquisitions were performed according to local protocols (no standardized
protocols were used), and typically included axial and sagittal T2-weighted and sagittal T1-weighted
images. DICOM (Digital Imaging and Communications in Medicine) and conventional image formats
(JPEG, TIFF) were reviewed. DICOMs were reviewed using Osirix (www.osirix-viewer.com; Pixmeo,
Geneva, Switzerland). MRIs were available for 458 patients, and the prevalence and spectrum of
DCM pathology were previously published [21]. MRIs were assessed for the presence and absence
of specific pathologies (e.g., isolated disc pathology, spondylolisthesis), for the presence of T2 signal
hyperintensity, and T1 signal hypointensity changes. Signal intensity changes on T2 and T1 were
reviewed by 3 raters, and the relationship between these changes and clinical presentation, as well
as surgical outcome, were previously reported [2]. Therein, inter-rater reliability for signal changes
was reported as being in substantial agreement for T2 hyperintensity (Fleiss Kappa: 0.60), and in fair
agreement for T1 hypointensity (Fleiss Kappa: 0.31).

2.3. Statistical Analysis

Statistical analysis was performed with SPSS (version 25.0, IBM, Armonk, NY, USA). Patients
with DCM were separated into groups comprising those with or without GICs. Continuous variables
are presented as means and were compared using independent t-tests. Categorical variables are
presented as proportions and were assessed using Chi square. A last observation carry-forward
approach was used to impute missing data for follow-up at 2 years. Measures of neurological and
functional impairment between patients with and without GICs were compared at baseline and 2-year
follow-up (mean difference from baseline) using independent t-tests. The baseline pain subscore of
NDI was compared using an independent t-test. As a sensitivity analysis, between-group comparisons
of change in mJOA, Nurick grade, NDI, and SF-36 physical component summary (PCS) and mental
component summery (MCS) from baseline were made with the use of mixed-effects models for repeated
measures. Fixed effects for the presence of GICs (GICs vs. no GICs), time (1 year, 2 year), and time
x GIC interaction were included. Comparisons of least-squares means between groups at each time
point were performed using the appropriate contrasts within the mixed-effect models.

3. Results

There were 121 patients (16%) with GICs and 636 patients (84%) without GICs (Table 1). GIC
patients were less commonly male (48.76% vs. 65.4%, p = 0.001) and were on average 2 years older than
patients without GICs (57.98 ± 10.21 vs. 56.04 ± 12.10, p = 0.065); however, this did not reach statistical
significance. Neurologically, GIC patients were marginally less impaired than patients without GICs
(Nurick grade, 3.05 ± 1.10 vs. 3.28 ± 1.16, p = 0.044; mJOA, 12.74 ± 2.62 vs. 12.48 ± 2.76, p = 0.33)
but had a higher rate of psychiatric comorbidities (31.4% vs. 10.4%, p < 0.0001). Patients with GICs
also had worse physical disability (SF-36 PCS, 32.80 ± 8.79 vs. 34.65 ± 9.38, p = 0.049) and worse neck
disability (NDI, 46.31 ± 20.04 vs. 38.23 ± 20.44, p < 0.001), but a lower prevalence of upper motor
signs (hyperreflexia, 70.2% vs. 78.9%, p = 0.037; Babinski’s sign 24.8% vs. 37.3%, p = 0.008). Duration
of symptoms was similar for patients with and without GICs. The baseline NDI pain subscore was
significantly worse in patients with GICs than those without (2.27 ± 1.32 vs. 1.75 ± 1.31, p < 0.001).
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Table 1. Patient demographics and clinical and MRI presentation.

Clinical
Gastrointestinal

Comorbidity
Non-Gastrointestinal

Comorbidity
p-Value

Age 57.98 ± 10.21 (n = 121) 56.04 ± 12.10 (n = 636) 0.065

Sex (Male) 48.76% (n = 59/121) 65.4% (n = 220/636) 0.001

Duration of Symptoms 26.24 ± 38.22 (n = 121) 26.64 ± 39.14 (n = 636) 0.918

Psychiatric Comorbidities 31.4% (n = 38/121) 10.4% (n = 66/636) <0.0001

mJOA 12.74 ± 2.62 (n = 120) 12.48 ± 2.76 (n = 623) 0.33

Nurick 3.05 ± 1.10 (n = 121) 3.28 ± 1.16 (n = 636) 0.044

NDI 46.31 ± 20.04 (n = 100) 38.23 ± 20.44 (n = 560) 0.0003

SF-36 PCS 32.80 ± 8.79 (n = 116) 34.65 ± 9.38 (n = 618) 0.049

SF-36 MCS 38.47 ± 14.01 (n = 116) 40.57 ± 13.43 (n = 618) 0.124

Clinical Signs and Symptoms
(n = 756)

Numb Hands 92.6% (n = 112/121) 88.2% (n = 560/635) 0.16

Clumsy Hands 71.9% (n = 87/121) 74.6% (n = 474/635) 0.53

Impairment of Gait 74.4% (n = 90/121) 75.4% (n = 479/635) 0.81

Bilateral arm paresthesia 61.2% (n = 74/121) 55.7% (n = 354/635) 0.27

Lhermitte’s Phenomena 29.8% (n = 36/121) 26.0% (n = 165/635) 0.39

Weakness 83.5% (n = 101/121) 82.2% (n = 522/635) 0.74

Corticospinal motor deficits 62.0% (n = 75/121) 62.5% (n = 397/635) 0.91

Atrophy of hand intrinsic muscles 35.5% (n = 43/121) 35.9% (n = 228/635) 0.94

Hyperreflexia 70.2% (n = 85/121) 78.9% (n = 501/635) 0.037

Hoffmann’s Sign 58.7% (n = 71/121) 62.7% (n = 398/635) 0.41

Babinski’s sign 24.8% (n = 30/121) 37.3% (n = 237/635) 0.008

Lower limb spasticity 40.5% (n = 49/121) 47.9% (n = 304/635) 0.14

Broad-based, unstable gait 55.4% (n = 67/121) 59.1% (n = 375/635) 0.45

MRI

Anterior–Posterior Compression 53.7% (n = 36/67) 59.8% (n = 234/391) 0.35

Number of Levels Compressed 2.91 ± 1.25 (n = 67) 3.16 ± 1.24 (n = 391) 0.13

T2 Hyperintensity (n = 446) 49.2% (n = 32/65) 75.6% (n = 288/381) <0.0001

T1 Hypointensity (n = 422) 9.7% (n = 6/62) 21.1% (n = 76/360) 0.036

Levels of T2 Hyperintensity 0.82 ± 0.98 (n = 65) 1.3±1.11 (n = 381) 0.001

NDI, Neck Disability Index; MRI, magnetic resonance imaging; mJOA, modified Japanese Orthopaedic Association
scale; PCS, physical component summary; MCS, mental component summary.

On MRI, patients with GICs less commonly exhibited signal intensity changes (T2 hyperintensity,
49.2% vs. 75.6%, p < 0.001; T1 hypointensity, 9.7% vs. 21.1%, p = 0.036) and had a lower number
of T2 hyperintensity levels (0.82 ± 0.98 vs. 1.3 ± 1.11, p = 0.001) than patients without GICs.
However, there were no differences in the number of compressed levels or the prevalence of combined
anterior–posterior compression.

There were no differences in neurological or functional outcomes at 2-year follow-up between
patients with or without GICs (Tables 2 and 3).
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Table 2. Surgical outcome at 2-years follow-up.

Outcome at 2-years
(Mean Difference)

Gastrointestinal
Comorbidity

Non-Gastrointestinal
Comorbidity

p-Value

mJOA 2.96 ± 2.72 (n = 112) 2.66 ± 2.93 (n = 575) 0.30

Nurick −1.55 ± 1.39 (n = 113) −1.39 ± 1.47 (n = 586) 0.30

NDI −10.84 ± 20.78 (n = 93) −12.03 ± 19.04 (n = 512) 0.59

SF-36 PCS 5.95 ± 10.84 (n = 108) 5.64 ± 10.42 (n = 568) 0.78

SF-36 MCS 4.61 ± 15.66 (n = 108) 5.69 ± 13.74 (n = 568) 0.50

Table 3. Outcomes comparing GIC and non-GIC subgroups using linear mixed effects modeling.

Time
Change from Baseline * Difference in Change, GIC

vs. No GIC †
p-Value

No GIC GIC

mJOA

Baseline 12.48 12.74

1 year. 2.56 2.65 0.08 (-0.51 to 0.68) 0.787

2 year. 2.67 3.07 0.40 (-0.21 to 1.01) 0.201

Nurick

Baseline 3.28 3.05

1 year. −1.40 −1.47 −0.07 (−0.38 to 0.24) 0.661

2 year. −1.42 −1.65 −0.23 (−0.55 to 0.09) 0.164

NDI

Baseline 38.23 46.31

1 year. −11.76 −13.36 −1.60 (−6.11 to 2.91) 0.488

2 year. −12.36 −10.65 1.71 (−2.90 to 6.33) 0.468

SF-36 PCS

Baseline 34.65 32.80

1 year. 6.16 6.83 0.67 (−1.58 to 2.92) 0.561

2 year. 5.59 6.51 0.93 (−1.38 to 3.23) 0.432

SF-36 MCS

Baseline 40.57 38.47

1 year. 6.26 5.89 −0.37 (−3.35 to 2.61) 0.807

2 year. 5.94 4.52 −1.42 (−4.48 to 1.63) 0.361

* Values are reported as least-squares means of change in outcome scores from baseline at each follow-up time point.
Baseline scores are reported as mean values for each treatment group. † Values are reported as difference in means
(95% CI). Confidence intervals have not been adjusted for multiplicity.

4. Discussion

Gastrointestinal conditions are common in the elderly, and therefore, it is not surprising that
GICs were prevalent in 16% of patients with DCM. What is clear from this study is that patients with
GICs represent a unique cohort that is quite different from the typical DCM patient: (1) they are more
commonly female, despite the fact that prevalence of DCM among males is greater among reported
studies (1), (2) almost a third of patients have psychiatric comorbidities, a much higher prevalence than
otherwise expected, (3) patients had a large discrepancy between their general health measure score
and NDI vs. neurological measures, showing significantly increased general health and neck disability
but milder neurological impairment, and (4) GIC patients showed significantly lower MRI evidence of
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cord injury, despite having only subtle differences in neurological function. Given the large sample
of patients with GICs (n = 121) in the cohort and the substantial deviance of clinical presentation in
multiple dimensions (i.e., demographic, general health, neck pain, and objective findings of neurologic
injury), it is clear that the presence of GICs is influential, but due to its broad categorization, it is
challenging to account for specific factors.

Generally, GICs can result in a number of potential conditions, including anemia (due to blood loss),
as well as malnutrition and vitamin deficiencies (due to GI resections or inflammatory conditions) that
are essential to spinal cord function [6,7,22]. Anemia is usually easily identified through preoperative
screening, and its preoperative presence should be managed prior to surgery to avoid complications.
Indeed, it has been previously shown using the NSQIP database that preoperative anemia is an
independent risk factor for complications, the need for perioperative blood transfusion, return to the
operating room, and extended length of stay after cervical surgery [12,23]. From a different perspective,
it has also been proposed through animal studies that spinal cord compression may result in irregular
nervous stimulation of the stomach, a phenomenon termed neck-stomach syndrome [24]. However,
this connection remains largely unexplored.

The potential role of nutritional or vitamin deficiencies in DCM has not been adequately
investigated, and therefore, it is unclear how these patients would present. In general, it is known that
lack of nutritional factors is contributory to the health of intervertebral discs, as the avascular nature of
discs and reliance on diffusion renders them susceptible to injury due to undernutrition. In particular,
nutritional levels must exceed a critical threshold for the cells to remain viable and active [25].

Two nutritional factors that may be specifically relevant to neurological function include B12
deficiency and copper deficiency (hypocupremia). Deficiency of either of these can result in both
myelopathy and anemia [6,7]. Copper deficiency is rare, typically manifests due to high zinc intake,
gastric resection, and malabsorption, and in a majority of cases treatment does not reverse myelopathic
injury [6]. In contrast, B12 deficiency is much more common: It has been estimated that subclinical
or clinical deficiency exists in up to 20% of elderly patients [26]. Further, clinical manifestation of
B12 deficiency can mimic DCM and present with T2 cord hyperintensity. B12 deficiency has been
reported to occur concomitantly with DCM [27–29], as well as in patients with suspected DCM—but
underlying SACD—who experienced a resolution of symptoms after B12 administration [9,10,30].
B12 deficiency is most commonly due to pernicious anemia, bowel resection, inflammatory bowel
disorders, liver disease, or gastric atrophy [31,32]. Unfortunately, without lab work to corroborate this,
this remains speculative. However, B12 deficiency is also known to cause cognitive impairment and
neuropsychiatric disease [33] and could be responsible for the high level of psychiatric comorbidities
observed amongst patients with GICs in the present analysis. The relationship between psychiatric
and gastrointestinal comorbidities, as well as other somatic symptoms such as back pain, has been
previously reported [34,35]. For example, a recent study on irritable bowel syndrome concluded
that psychiatric factors could contribute to predisposition, precipitation, and perpetuation of IBS
symptoms [36]. Such findings suggest a potential explanation for the significantly different levels of
neck disability between the two groups, as it is plausible that a higher rate of psychiatric comorbidities
contributed to the higher rate of non-objectifiable symptoms. It also suggests that perhaps the high
level of psychiatric symptoms is the reason for this different population clinical phenotype.

Overall, the findings suggest that patients with GICs were less commonly severely neurologically
impaired. This is evidenced by the lower prevalence of objective upper motor signs (Babinski’s reflex,
hyperreflexia) and MRI evidence typical of more severely impaired patients (T1 hypointensity). Despite
these and a marginally lower Nurick grade, there was no statistically significant difference in surgical
outcomes between patients with or without GICs.

Limitations

A clear limitation to this study is the nonspecific nature of having classified patients into a single
group of gastrointestinal comorbidities. It would have been preferable to know specific diagnoses;
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however, these data were not available. Furthermore, given that the main study was not focused
on gastrointestinal disease, we may have not captured an accurate population prevalence. Due to
this, caution needs to be taken in interpreting the results, as false positive relationships are possible.
Further, we have hypothesized that the unique differences observed here are possibly due to nutritional
deficiencies; however, further work is needed to corroborate this. Lastly, because MRI data were
derived from multiple global sites, there was no standardized protocol used to obtain MRIs.

5. Conclusions

Patients with GICs represent a unique cohort that is different from typical DCM patients: (1) they
are more commonly female, (2) almost a third of patients have psychiatric comorbidities, and (3) they
have worse general health and NDI findings, but less severe neurological deficits and MRI evidence of
neurological impairment. This constellation of symptoms is considerably different than those typically
observed in DCM; it is therefore plausible that nutritional factors that frequently manifest in elderly
patients may contribute to this unique observation.
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Abstract: Spinal disorders and associated interventions are costly in the United States, putting them
in the limelight of economic analyses. The Patient-Reported Outcomes Measurement Information
System Global Health Survey (PROMIS-GHS) requires mapping to other surveys for economic
investigation. Previous studies have proposed transformations of PROMIS-GHS to EuroQol
5-Dimension (EQ-5D) health index scores. These models require validation in adult spine patients.
In our study, PROMIS-GHS and EQ-5D were randomly administered to 121 adult spine patients.
The actual health index scores were calculated from the EQ-5D instrument and estimated scores were
calculated from the PROMIS-GHS responses with six models. Goodness-of-fit for each model was
determined using the coefficient of determination (R2), mean squared error (MSE), and mean absolute
error (MAE). Among the models, the model treating the eight PROMIS-GHS items as categorical
variables (CATReg) was the optimal model with the highest R2 (0.59) and lowest MSE (0.02) and MAE
(0.11) in our spine sample population. Subgroup analysis showed good predictions of the mean
EQ-5D by gender, age groups, education levels, etc. The transformation from PROMIS-GHS to EQ-5D
had a high accuracy of mean estimate on a group level, but not at the individual level.

Keywords: EQ-5D; PROMIS; spine; transformation; quality of life; patient outcomes; validation

1. Introduction

High costs associated with surgical treatment of spine disorders demand a larger role for cost-utility
analyses of treatment options. Amidst socioeconomic limitations and finite resources, spinal disorders
occur at a high frequency, incur high costs for the healthcare system, and are treated with a heterogeneity
of interventions. According to the 2010 Global Burden of Disease Study, low back pain had the greatest
number of years lost to disability out of 291 conditions studied [1,2] and the annual direct costs of care
provided for patients with spine disorders has been estimated at $90 billion [3]. Low back pain in
particular presents a unique challenge, as there are numerous treatment modalities available whose
comparative efficacy and value have not been fully substantiated [2].

Measuring the value of an intervention necessitates the use of a health utility score that encapsulates
the health status, or patient-perceived overall health, at any given moment. Health status measures
(HSMs) generally fall into two categories: (1) profile-based measures, such as the Patient-Reported
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Outcomes Measurement Information System (PROMIS) [4]; and (2) preference-based measures, such
as EuroQol 5-Dimension (EQ-5D) [5]. Profile-based measures characterize health status by assigning a
score to each of multiple domains of health. Preference-based measures characterize health status by
providing a single utility score from multiple domains of health. The utility score, based on valuations
of different health states, is central to estimation of quality-adjusted life years (QALY), cost-utility
analysis, cost-effectiveness of interventions, and quantitation of health outcomes [2,6].

Many health status measures have been designed for generic or disease-specific use [7,8].
In 1990, EuroQol developed the EQ-5D three-level survey (EQ-5D-3L, abbreviated as EQ-5D below),
a preference-based HSM with two parts: (1) a descriptive survey with five questions assessing five
dimensions of health; and (2) a visual analog scale that permits a numeric self-assessment of general
health [5]. Responses to the descriptive survey yields a health utility index score.

In 2007, the National Institute of Health (NIH) developed PROMIS Global Health Survey
(PROMIS-GHS), a standardized, self-reported profile-based HSM with 10 self-reported global health
items that summarize general perceptions of health [4]. This survey is freely available for public use
and is increasingly adopted in clinical settings. However, economic analyses have been classically
performed using other preference-based measures, including EQ-5D.

With an increased desire to determine the value of health care and increase in HSMs, there is
a growing interest to correlate different HSMs. In 2009, Revicki et al. facilitated a conversion from
PROMIS-GHS to EQ-5D index scores using generic United States (US) population data [9]. Since then,
many clinical studies have used this model (REVReg) when evaluating health outcomes of surgical
and medical interventions [10–12]. While effective, such a conversion faces challenges and requires
validation for specific patient populations or diseases. Furthermore, design of the model itself and its
parameters can be optimized.

For instance, in 2017, Thompson et al. proposed new models to optimize REVReg using linear
and equipercentile equating [13]. Linear and equipercentile equating are linking techniques that,
after predicting scores, assign profile-based responses to preference-based scores by aligning score
distributions of the two scales. Using Revicki et al.’s original data set, they recreated Revicki et al.’s
regression model (REVReg), applied linear equating to REVReg (REVLE), and applied equipercentile
equating to REVReg (REVequip). In a similar fashion, they created three models by treating the score as
categorical variables (CATReg, CATLE, CATequip) for a total of six models. They performed external
validation of these models on a neurologic disease cohort from Cleveland Clinic.

In this study, we compared these six models in a cohort of adult spine patients to assess their
ability to map PROMIS-GHS to EQ-5D in the spinal population.

2. Experimental Section

2.1. Surveys

A short demographics form was used to obtain gender, age, race/ethnicity, education, medical
history, and spine diagnosis of participants.

The PROMIS Global Health survey includes ten global health items to assess overall health:
(1) general health, (2) quality of life, (3) physical health, (4) mental health, (5) social satisfaction,
(6) physical activities, (7) pain, (8) fatigue, (9) social activities, and (10) emotional distress. Every item
except the pain item is rated on a numeric five-level scale (1 representing poor and 5 representing
excellent); the pain item is scored from 0 to 10, where 0 indicates no pain and 10 indicates the worst
imaginable pain. The pain item is then recoded to a five-level scale, and the fatigue and emotional
problem item is recoded such that a high score represents better health status. Individual global item
scores from completed PROMIS surveys were used to calculate estimates of EQ-5D index scores.

The EQ-5D is a preference-based instrument designed to measure generic health status across
five dimensions of health: (1) mobility, (2) self-care, (3) usual activities, (4) pain/discomfort, and (5)
anxiety/depression, with three response levels (no problems, some problems, extreme problems) [14].
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A unique EQ-5D health state is defined by combining one level from each of the five dimensions,
and each health state corresponds to a health index ranging from −0.109 to 1.0, with greater scores
correlating to better overall health [15]. This index was calculated for every completed EQ-5D survey
according to the valuations developed by Shaw et al. and derived from a large scale survey of the
US general population [15]. The single visual analogue scale component of EQ-5D (EQ-5D VAS) was
obtained but not evaluated in this study. Permission to use EQ-5D was granted by the EuroQol Group.

2.2. Study Design and Participants

This study was primarily conducted in the adult spine clinics of the three neurosurgeons (K.A.,
J.S.C, and L.K) at Yale University School of Medicine in New Haven, CT, with Institutional Review
Board approval. Figure 1 illustrates the design of the study. In these clinics, 146 adult (>18 years of age)
spine patients were recruited in 2017 as they entered the clinic with voluntary consent regardless of
their clinical status (pre-operative, post-operative, or non-operative). Three forms were administered
in paper to these patients: a demographics short form, PROMIS-GHS, and EQ-5D. PROMIS-GHS and
EQ-5D were administered in random order. Completion of these two survey components was essential
for obtaining an EQ-5D index and corresponding index estimates from PROMIS Global Health items.
Out of 146 patients, complete survey responses were obtained from 121 patients.

 

Figure 1. Sample Selection. PROMIS-GHS: Patient-Reported Outcomes Measurement Information
System Global Health Survey; 5Q-5D: EuroQol 5-Dimension; 5Q-5D-3L; EQ-5D three-level survey.

2.3. Models Tested in the Study

REVReg: This model was developed in 2009 by applying ordinary least squares (OLS) regression
on the PROMIS Wave 1 Sample (i.e., the sample used by Revicki et al.) [13,16] to predict EQ-5D
index scores from PROMIS-GHS items. This model uses eight out of 10 PROMIS-GHS items in its
algorithm (excluding responses to general health and social satisfaction) and treats these items as
continuous variables.

REVLE: This model is the result of applying linear equating, a method of linking, to REVReg.
While regression models aim to predict preference-based scores from profile-based responses, linking
models align score distributions of observed and predicted scores to establish a scale that provides an
equivalent preference-based score for each set of profile-based responses. Linear equating is applied to
REVReg with the following equation:

YLE = μY +
σY
σYR

(
YR − μYR

)
(1)
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where YLE is the estimated value from linear equating, μY and σY are the mean and standard deviation
of the observed EQ-5D scores from the PROMIS Wave 1 Sample, respectively, and μYR and σYR are the
mean and standard deviation of the predicted EQ-5D scores from REVReg, respectively.

REVequip: This model was developed by applying equipercentile equating to REVReg.
Equipercentile equating is a linking method that matches the cumulative distribution
functions of observed scores and predicted scores from REVReg using smoothing functions or
nonparametric techniques.

CATReg: This model was implemented in 2017 by Thompsons et al. Like REVReg, this model
utilizes OLS regression on the PROMIS Wave 1 sample to predict EQ-5D index scores from eight
PROMIS-GHS items. Unlike REVReg, CATReg treats these items as categorical variables.

CATLE: This model is the result of applying linear equating to CATReg.
CATequip: This model was developed by applying equipercentile equating to CATReg.

2.4. Statistical Analysis

Statistical analyses were conducted in R Studio [17]. Responses to each of the 121 completed
EQ-5D surveys were utilized to calculate an EQ-5D index score according to the valuations developed
by Shaw et al. [15]. Estimates of the EQ-5D index scores from PROMIS Global Health Item responses
were obtained by applying the six models developed by Revicki et al. and Thompson et al. (REVReg,
REVLE, REVequip, CATReg, CATLE, CATequip) [9,13].

The goodness of fit for each model in our sample of patients was measured with the Pearson
correlation coefficient (r), coefficient of Determination (R2), mean squared error (MSE), and mean
absolute error (MAE). Correlation r measures the strength of the linear relationship. Higher absolute
values indicate stronger linear correlations. R2 demonstrates how much variance could be explained by
the regression model. The mean squared error (MSE) and mean absolute error (MAE) were measured
to examine the scale of difference between each estimate and observed value. Models with lower MSE
or MAE have better predictions.

In addition, comparisons of actual EQ-5D scores and optimal estimates were performed by
subgroups, such as gender, age groups, ethnicity, education, and spine diagnosis. According to Luo
et al., 0.04 was recommended as the minimal clinically important difference of a EQ-5D utility score
with a scale from −0.109 to 1 [18]. If the mean difference is less than 0.04, we consider it is an accurate
estimate of the mean.

However, good linear correlation does not always imply good agreement. In order to evaluate the
transformation on an individual level, the Bland–Altman assessment of agreement was conducted.
It could visually show the difference between actual and estimated scores of each patient. Histograms
of the observed EQ-5D scores and estimates from each model were also plotted to show distributions
of scores.

3. Results

3.1. Demographic Characteristics

Table 1 contains the demographics of the experimental cohort of adult spine patients. Our cohort
of 121 patients had an average age of 59 years, was 59% female, and had a majority with Caucasian
race/ethnicity. Highest level of education in these patients ranged from less than high school (4%)
to advanced college degree (17%), with 33% completing high school, 31% having some college or
associate’s degree, and 14% having a bachelor’s degree. Patients had a variety of conditions in their
medical histories, including cancer, lung disease, psychiatric illness, heart disease, rheumatologic
disease, central nervous system (CNS) disorders, and liver/kidney disease.
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Table 1. Demographic and clinical characteristics of survey participants.

Characteristic Spine Patients (N = 121)

Age, mean ± SD 59 ± 13
Gender, n (%)

Female 71 (59)
Male 49 (40)

Race/Ethnicity, n (%)
Caucasian American 94 (77)

African American 13 (11)
Hispanic American 9 (7)

Caucasian American and Hispanic American 1 (1)
Asian American 1 (1)

Caucasian American and Native American 1 (1)
Highest Level of Education, n (%)

Advanced Degree 21 (17)
Bachelor’s Degree 17 (14)

Some College or Associate’s Degree 38 (31)
High School Completion 40 (33)

Less than High School 5 (4)
Medical History, n (%)

Psychiatric Illness 33 (27)
Lung Disease 30 (25)
Heart Disease 27 (22)
Cancer/Tumor 25 (21)
CNS disorders 18 (15)

Rheumatologic Disease 17 (14)
Liver/Kidney Disease 11 (9)
Spine Diagnosis, n (%)

Stenosis 35 (29)
Radiculopathy 14 (12)

Myelopathy 13 (11)
Deformity 12 (10)

Disc Herniation 5 (4)
Spondylolisthesis 5 (4)

Fracture 3 (2)
Tumor 3 (2)

Pseudoarthrosis 1 (1)

The cohort of this study had demographics comparable to the sample of the generic US population
studied by Revicki et al. [9] and the neurologic disease cohort studied by Thompson et al. [13]. Unlike
Revicki et al. and Thompson et al., however, all sample subjects had spine diagnoses, including
cervical and lumbar stenosis (most common), deformity, myelopathy, radiculopathy, spondylolisthesis,
fracture, tumor, and pseudoarthrosis. The specificity of spine diagnosis distinguishes the cohort of this
study from the general cohort of Revicki’s study.

3.2. Statistical Analysis

Table 2 presents the metrics used to assess the models applied to our sample. The estimated score
in the CATReg model (0.60) was closest to the observed EQ-5D index scores (0.62). The mean difference
was 0.012 (95% CI, –0.012–0.036, p = 0.3144), which indicated no significant difference between actual
EQ-5D score and CATReg estimates. All other estimates were significantly different using the paired
t-test. The R2 values for all six models ranged between 0.54 and 0.59. Pearson correlation coefficients
were all above 0.7, showing strong linear correlation. Of the six models, CATReg had the highest R2

(0.59) and lowest MSE (0.02) and MAE (0.11). Thus, CATReg is the optimal model among them.
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Table 2. Mean (standard deviation (SD)) of actual and estimated EQ-5D Index Scores, R2 values,
correlation coefficients, mean squared errors (MSE), and mean absolute errors (MAE) for models in the
spine patient sample (N = 121).

Mean (SD) R2 r MSE MAE

Actual 0.62 (0.21)
REVReg 0.57 (0.10) 0.57 0.76 0.02 0.13
REVLE 0.56 (0.17) 0.57 0.76 0.02 0.12

REVequip 0.54 (0.22) 0.57 0.76 0.03 0.12
CATReg 0.60 (0.18) 0.59 0.77 0.02 0.11
CATLE 0.56 (0.22) 0.59 0.77 0.02 0.12

CATequip 0.56 (0.23) 0.54 0.73 0.03 0.13

In order to investigate the accuracy of CATreg model predictions, subgroup analysis was also
performed, shown in Table 3. Within most subgroups, the mean difference was less than 0.04
(the minimal clinically important difference of EQ-5D score), which means the EQ-5D score could be
accurately predicted using PROMIS-GHS. For example, the female spine patients’ observed EQ-5D
score was 0.62 and the estimate of CATreg was 0.60 (95% CI, 0.56–0.64), while the males’ was 0.60
vs. 0.60 (95% CI, 0.55–0.66). Caucasian Americans had a higher average EQ-5D score (actual 0.64 vs.
estimates 0.64) than other ethnicities (actual 0.52 vs. estimates 0.50). The actual score for different
education level ranged from 0.53 to 0.70. Generally, the larger the group size, the better prediction was
achieved. All the subgroups with more than 17 patients had a mean difference less than 0.04, which
indicates this score transformation should be more appropriately used on a group level, instead of
individual level.

Table 3. Comparison of actual EQ-5D scores and estimates of the CATreg model by subgroups.

N Actual EQ-5D
Mean (SD)

CATreg Estimates
Mean (SD)

Mean Difference

Gender
Female 71 0.62 (0.20) 0.60 (0.16) 0.02
Male 49 0.60 (0.22) 0.60 (0.20) 0.00

Age groups, years
18–45 17 0.59 (0.22) 0.54 (0.21) 0.05
46–65 63 0.60 (0.23) 0.59 (0.18) 0.01
65+ 40 0.65 (0.16) 0.65 (0.15) 0.00

Ethnicity
Caucasian American 94 0.64 (0.20) 0.64 (0.16) 0.00

Others 27 0.52 (0.23) 0.50 (0.18) 0.02
Highest education level

Advanced degree 21 0.65 (0.16) 0.69 (0.18) −0.04
Bachelor’s degree 17 0.70 (0.16) 0.62 (0.16) 0.08

Some college or associate’s degree 38 0.61 (0.22) 0.61 (0.15) 0.00
High school completion 40 0.58 (0.23) 0.56 (0.19) 0.02

Less than high school 5 0.53 (0.27) 0.48 (0.19) 0.05
Spine Diagnosis

Stenosis 35 0.65 (0.20) 0.61 (0.17) 0.04
Other 22 0.59 (0.22) 0.58 (0.20) 0.01

Radiculopathy 14 0.65 (0.20) 0.63 (0.20) 0.03
Myelopathy 13 0.60 (0.24) 0.60 (0.21) 0.00
Deformity 12 0.62 (0.19) 0.61 (0.16) 0.01

Disc herniation 5 0.58 (0.27) 0.64 (0.25) −0.06
Spondylolisthesis 5 0.50 (0.29) 0.48 (0.20) 0.02

Unknown 4 0.60 (0.18) 0.63 (0.14) −0.03
Fracture 3 0.63 (0.06) 0.71 (0.02) −0.08
Tumor 3 0.63 (0.06) 0.56 (0.07) 0.07

Herniated disc 2 0.31 (0.00) 0.50 (0.05) −0.19
Pseudoarthrosis 1 0.44 0.72 −0.29
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In order to investigate the prediction performance at an individual level, Bland-Altman analysis
was conducted. Figure 2 demonstrated the mean residual was 0.01, with 95% limits of agreement
between actual and CATreg estimated EQ-5D scores ranged from −0.25 to 0.27. It revealed that for a
single patient, the variation from their actual score is huge and largely exceeded the minimal clinically
important difference 0.04.

Figure 2. Bland-Altman agreement plot. X axis is the average score of the actual and estimated EQ-5D
score of the CATreg model. Y axis is the difference between the two. Each dot represents a patient.
The three dashed lines are upper 95% limits of agreements (mean + 1.96 SD), mean difference, and lower
95% limits of agreements (mean − 1.96 SD).

Figure 3 depicts histograms of the observed EQ-5D-3L scores and estimates from REVReg, REVLE,
and REVequip in our sample. Figure 4 depicts histograms of the observed EQ-5D scores and estimates
from CATReg, CATLE, and CATequip. In both figures, the histograms of regression estimates and linear
equating estimates resemble a normal distribution, while the histograms of the observed 3L scores and
equipercentile equating estimates have a bimodal distribution. These histograms confirmed that the
estimates from the transformation models are not a good match on an individual level.

Figure 3. Histograms of observed EQ-5D index scores and estimates from REVReg, REVLE, and REVequip.
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Figure 4. Histograms of observed EQ-5D index scores and estimates from CATReg, CATLE, and CATequip.

4. Discussion

4.1. Validation and Technical Aspects

Our study assessed and compared six models that were developed in a generic sample to map
PROMIS-GHS to EQ-5D in a specific sample of patients with spinal disorders. In our sample of patients
with spinal disease, all six models achieved an R2 greater than 0.5. According to Brazier et al., models
that map to preference-based scores commonly achieve an R2 of greater than 0.5 within the sample
of model development [19]. R2 as a measure of goodness-of-fit can determine how well the model
explains the dataset it was estimated on. However, it did not show the scale of difference. In that
regard, MSE and MAE can better assess mapping functions by indicating size of prediction errors [19].
So, we compared the models with consideration of all the goodness-of-fit indicators.

First, we agreed that treating PROMIS-GHS item scores 1 to 5 as categorical variables (CATReg)
performed better than treating them as continues variables (REVReg), with closer mean estimate
(0.60 vs. 0.57, actual score = 0.62), higher R2 (0.59 vs. 0.57), and lower MAE (0.11 vs. 0.13). However,
unlike the recommendation of using equating technics used in the Thompson et al. article, in our spine
sample population, the linear and equipercentile equating models (REVLE, and REVequip, CATLE, and
CATequip) did not work well compared to the CATReg. Thus, although all six models demonstrated
adequate prediction ability, the CATReg model is the optimal one for patients with spine disease.

Second, we recommend using this transformation from PROMIS-GHS to EQ-5D utility score on
group-level mean estimates, not for individual prediction. From the subgroup analysis, it showed the
accurate prediction (mean difference less than 0.04) was achieved in groups with more than 17 patients.
To be more conservative, sample sizes of at least 30 patients are suggested for the good mean estimate
of a EQ-5D score from PROMIS-GHS using the CATReg model.

4.2. Utility of Health Care Measurement

HSMs have often been validated in patients with spinal disease before clinical application.
For instance, Guilfoyle et al. validated the Medical Outcomes Study Short Form (SF-6, -12, -36),
a general health outcome measure, in patients with lumbar disc prolapse, lumbar canal stenosis,
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and degenerative cervical myeloradiculopathy. This study found strong correlation between SF
surveys and disease-specific measures such as the Roland Morris Disability Score (RMDS), Myelopathy
Disability Index (MDI), and Hospital Anxiety and Depression Scales (HADS) [20,21]. Similarly, EQ-5D
was assessed for its validity for use in spine surgery by comparison with the Oswestry Disability Index
(ODI) in a study of patients who underwent lumbar spine surgery for degenerative disorders [21,22].
According to the study, EQ-5D and ODI were equal in assessment of health state, thus validating the
use of EQ-5D in patients with spinal disorders.

The validation of EQ-5D and other HSM questionnaires in patients with spinal disorders paved
the way for assessing the value of spinal interventions using health utility index scores. For instance,
Witiw. et al. assessed the lifetime incremental cost-utility of surgical treatment for degenerative
cervical myelopathy in a prospective observational cohort study by calculating health utility and
QALYs from SF-6D [23]. Tosteson et al. used data from the Spine Patient Outcomes Research Trial
(SPORT) to determine that lumbar discectomy was a clinically beneficial and cost-effective treatment of
intervertebral disc herniation [24]. They also determined that spinal stenosis surgery was cost-effective
but degenerative spondylolisthesis surgery was not cost-effective over a period of two years [25].
Conclusions from Tosteson et al. were based on the use of the EQ-5D index to obtain measures of
QALY and incremental cost-effectiveness ratio.

Cost-utility studies of spinal interventions have also used estimation models to obtain health
utility scores from other surveys. Qureshi et al. investigated the cost-effectiveness of anterior cervical
discectomy and fusion (ACDF) and cervical disc replacement (CDR) as therapies for single-level
cervical degenerative disc disease (DDD) [26]. To do this, the group used results of the 36-Item Short
Form Health Survey (SF-36) from the ProDisc-C investigational device exemption study along with a
model generated to estimate preference-based index scores from the Short Form-6 dimensions (SF-6D)
(derived from a subsection of SF-36 items) [27].

Mapping PROMIS to EQ-5D can prove to be a powerful method of calculating health utility in
economic cost-benefit studies. Along with its increased use by the NIH, PROMIS and its domain item
banks allow flexibility in administration using either targeted short forms or computerized adaptive
tests [4,9]. The importance of validating models such as those developed by Revicki et al. [9] and
Thompson et al. [13] lies in assessing the clinical and economic utility of applying generic models to
disease-specific populations, including those with spinal pathologies.

4.3. Clinical Implications

The findings in the paper indicate that PROMIS can act as a reasonable surrogate for EQ-5D.
For hospitals or medical centers that have already collected PROMIS-GHS and do not have EQ-5D,
they could use this transformation to estimate EQ-5D scores and then calculate the quality adjusted
life-year for cost-effectiveness analysis. Based on previous reports and our data, it appears that CATReg

is the choice with the lowest error for patients with spinal disorders.
Measurement of health status not only assesses general cost-effectiveness of interventions but

also provides the opportunity to assess individual patients longitudinally. Consequently, one can
assess changes in conservative management, and treatment modalities can be altered in accordance to
health status. Regular clinical usage of HSMs develops a general repository of health outcomes data
that would otherwise come solely from research studies, potentially alleviating substantial costs for
prospective research studies.

4.4. Limitations

One of the limitations of this study was the sample size of the cohort. Though the cohort in this
study had a variety of spine pathologies, our sample size was limited to clinics in a single institution.
The results may not represent the whole spine population. Second, we tried to create our own prediction
model. However, only three out of 10 PROMIS-GHS items (general health, social satisfaction, pain)
were significant predictors due to the limited sample size.
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5. Conclusions

This study assesses and compares six models that map PROMIS-GHS to EQ-5D index values in a
population of patients with spinal disorders. All six models demonstrate adequate and comparable
predictive performance in our sample, thus validating their economic utility. Among the six models,
the CATreg model is recommended for spine patients. That is, EQ-5D utility scores could be
most accurately estimated by the linear combination of eight significantly correlated items from
PROMIS-GHS, while scores 1 to 5 for each item is treated as a categorical variable. In addition, we
suggest using this transformation model for group-based estimates, instead of for individual patient’s
EQ-5D score estimates. Validation studies of HSMs can lead to their application in cost-utility analyses.
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