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Abstract
Purpose Two-dimensional (2D) analyses of intervertebral disc (IVD) height and foramen measurements following lateral 
lumbar interbody fusion (LLIF) have been reported. However, three-dimensional (3D) morphometric analysis of interverte-
bral structure using 3D computed tomography (3D CT) provides increased precision for measuring morphological changes. 
The purpose of this study was to evaluate 3D changes of lumbar IVD height and foramen diameter in degenerative lumbar 
disease patients following LLIF.
Methods Subject-based 3D CT lumbar models were created for 26 patients before and following LLIF. IVD height (whole 
and five anatomical zones) and foramen diameter (minimum and maximum) were measured based on the model using custom 
software. The sagittal placement of cages (SPC) and cross-sectional area of the thecal sac (CSA) were measured. Changes 
in these parameters by LLIF were quantified and statistically analysed.
Results Following LLIF, disc height increased by an average of 2.9 mm (P < 0.01). Post-operative measurements of both min-
imum and maximum diameters of the foramen were significantly increased by 1.0 mm and 1.9 mm, respectively (P < 0.01). 
Change in maximum foramen diameter was significantly correlated with change in disc height (P < 0.05). The SPC was sig-
nificantly correlated with the changes in disc height and foraminal diameters (P < 0.05, respectively). No significant change 
between the change in disc height and CSA was found.
Conclusion This preliminary study quantifies disc height and foramen diameter changes in 3D following LLIF. The presented 
data provide baseline intervertebral changes for future comparisons with follow-up studies and clinical outcomes.
Level of evidence I Diagnostic: individual cross-sectional studies with the consistently applied reference standard and 
blinding.
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Introduction

Lumbar diseases associated with intervertebral disc (IVD) 
degeneration, such as lumbar canal stenosis, lumbar spon-
dylolisthesis and degenerative scoliosis, can be successfully 
treated with lumbar interbody fusion surgeries [1].

Lateral lumbar interbody fusion (LLIF) is a minimally 
invasive spinal fusion surgical approach for lumbar inter-
body fusion for degenerative lumbar diseases. Traditionally, 
posterior lumbar interbody fusion (PLIF) or transforaminal 
lumbar interbody fusion (TLIF) is performed. The goal of 
LLIF is to provide minimally invasive lumbar fusion while 
increasing IVD height and foramen size to improve canal 
and foraminal stenosis by indirect decompression [2, 3]. 
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Two-dimensional (2D) analyses of increases in disc height 
[2–17] and foraminal height [2–4, 7, 9, 10, 12–15] from radi-
ographs and/or computed tomography (CT) scans following 
LLIF have also been reported. However, it is known that the 
quantification of the vertebral dimension differs depending 
on the three-dimensional (3D) nature of the area measured 
[18, 19]. Therefore, 3D quantification of LLIF surgical out-
comes would be ideal and superior to 2D analyses by CT or 
radiographs. To date, 3D analyses of resulting disc height 
and foramen size following LLIF have not been reported.

The purposes of this preliminary study were to evalu-
ate (1) morphometric changes of intervertebral structures, 
including IVD height and lumbar foramen diameter, fol-
lowing LLIF surgery using 3D CT analysis, and (2) the 
correlation between changes of these 3D intervertebral 
structures and LLIF cage placement and indirect thecal sac 
decompression.

Methods

Patients

Institutional review board approval was obtained for this 
study. CT scans were obtained from 26 consecutive patients 
(13 males, 13 females; age range 52–82 years, average age: 
67.2 ± 8.9 years old) who had undergone extreme lateral 
interbody fusion (XLIF®, San Diego, CA, USA) surgery 
from August 2014 to November 2015 and were the sub-
jects of this study (summarized in Table 1). The surger-
ies were performed for patients with degenerative lumbar 
spondylolisthesis (n = 17), degenerative disc diseases (n = 4), 
degenerative lumbar scoliosis (n = 3) and lumbar canal ste-
nosis with segmental instability (n = 2). Among 26 patients, 
12 patients received single-level fusions, 12 patients 
received two-level fusions, and two patients received three-
level fusions. All patients received the LLIF surgery by a 

Table 1  Patient characteristics

M male; F female; DS degenerative lumbar spondylolisthesis; DDD degenerative disc disease; DSc degen-
erative lumbar scoliosis; LCS lumbar canal stenosis. The number in parentheses shows cage length

Case ID Age Gender Diseases Number of 
fusion levels

Cage size (mm)

L2-L3 L3-L4 L4-L5 L5-L6

#01 52 M DS 1 10 (60)
#02 79 F DS 1 9 (45)
#03 71 F DS 2 8 (45) 9 (55)
#04 75 F DS 2 9 (50) 10 (55)
#05 80 M DS 2 9 (55) 10 (55)
#06 75 M LCS 2 11 (55) 11 (55)
#07 75 M DS 1 10 (55)
#08 65 M DS 1 9 (55)
#09 62 M DS 2 9 (50) 9 (55)
#10 70 M DS 2 10 (60) 11 (60)
#11 66 M DDD 1 10 (55)
#12 60 M LCS 3 8 (55) 9 (55) 10 (55)
#13 76 F DSc 2 12 (55) 12 (55)
#14 56 F DS 1 10 (50)
#15 64 F DS 1 11 (50)
#16 66 M DDD 1 8 (50)
#17 56 M DDD 1 14 (50)
#18 71 F DSc 3 8 (45) 8 (50) 9 (50)
#19 70 F DS 2 9 (50) 9 (50)
#20 54 M DS 2 10 (55) 10 (55)
#21 49 F DDD 1 11 (50)
#22 82 M DS 2 11 (60) 10 (60)
#23 68 F DS 2 10 (50) 10 (50)
#24 74 F DSc 1 10 (50)
#25 67 F DS 2 8 (55) 9 (50)
#26 64 F DS 1 9 (50)



1357European Spine Journal (2021) 30:1355–1364 

1 3

left-side approach. A total of 42 IVDs and 84 foramina were 
analysed.

The sizes of XLIF cages implanted were determined by 
the surgeon during the procedure, with cage heights rang-
ing from 8 to 14 mm and cage length at 50 mm, 55 mm and 
60 mm (summarized in Table 1). The width of all cages 
used was 18 mm, and the lordosis of all cages used was 10°. 
The number of cages of each height was as follow: 8 mm 
(n = 6), 9 mm (n = 13), 10 mm (n = 14), 11 mm (n = 6), 
12 mm (n = 2) and 14 mm (n = 1).

Creation of a 3D–CT reconstruction model

Patients were CT-scanned pre-operatively and post-oper-
atively within seven days of receiving LLIF surgery in a 
SOMATOM Definition Flash CT scanner (Siemens, Munich, 
Germany) with a 1.0 mm slice thickness and scan resolu-
tions ranging from 260–310 μm. DICOM files from the CT 
scans were then imported into a commercially available 3D 
reconstruction software package (Mimics, Materialise Inc., 
Leuven, Belgium) for 3D reconstruction of the vertebrae. A 
threshold value was determined for each scan to visualize 
the cortical bone and was applied to segment each operated 
vertebra [20, 21] (Fig. 1). Segmentation of the CT data was 
then converted to point cloud data sets of each vertebra from 
which disc height distribution (DHD) and foramen dimen-
sion measurements could be made (Fig. 1). The average date 
from the surgery to the post-operative CT was 5.7 ± 0.9 (day 
4–day 7).

Measurement of 3D disc height

Disc height distribution was calculated using 3D geometric 
point cloud data of superior and inferior endplates adjacent 

to the IVDs selected from the 3D CT model, as previously 
reported [18, 22]. Briefly, each endplate (superior and infe-
rior) was individually selected and isolated from the 3D 
model of each vertebra; then, a point cloud model of targeted 
IVD spaces was created using Mimics (Fig. 1).

For measuring the 3D disc height, the least distances from 
one point in the point cloud model of the inferior endplate 
to the points in the superior endplate were calculated using 
a custom-written Visual C +  + program [18, 22]. The aver-
age of the least distance was calculated by repeating this 
procedure for all points in the inferior endplate, and then, 
the averaged distance was defined as the 3D disc height of 
the whole disc.

Additionally, the IVD was separated into five anatomi-
cal areas (posterior, left-lateral [L-lateral], right-lateral 
[R-lateral], anterior, nucleus pulposus [NP]) that represent 
the annulus fibrosus and nucleus pulposus footprints ideally 
(Fig. 2). Then, the 3D disc height of each area was measured 
as described above.

3D foramen diameter analysis

Foramen diameters (maximum and minimum diameters) 
were measured for each IVD level before and following sur-
gery. Segmented 3D CT models of the vertebrae adjacent 
to a targeted IVD were exported as point cloud data files 
using Mimics, allowing for foramen dimension measure-
ment using a custom-written C +  + program as previously 
reported [19]. In short, foramen dimensions were measured 
by a virtual cone rotating about an origin within the fora-
men area to select the boundary points of the foramen in the 
cross section. The location of the origin was defined as the 
centre of the pedicle bridge in the axial view, the centre of 
the pedicle in the coronal view and the centre of the foramen 

Fig. 1  Creation of a three-
dimensional computed tomog-
raphy (3D CT) reconstruction 
model

DICOM files Segmentation 3D Reconstruction

Select endplates

Isolate endplates

Foramen 
analysis

Disc height 
analysis
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in the sagittal view. The minimum and maximum lengths of 
the foramen are measured from the boundary points (Fig. 3).

Sagittal placement of LLIF cage

A sagittal CT–multiplanar reconstruction (MPR) was per-
formed using post-operative CT images. According to the 
method as previously reported [23], the sagittal placement 
of the cages at superior and inferior endplates was differ-
entially determined. The superior endplate measurement 
is distance A and the inferior endplate measurement is 
distance A’. The distance from the anterior edge of the ver-
tebra to the centre of the cage on the superior endplate is B 
and the distance on the inferior endplate is B’ as shown in 

Fig. 4. All measurements are taken using a clinical image 
processing software (EV Insite, PSP Corporation, Tokyo, 
Japan). Sagittal placement of the cages at the superior end-
plate was calculated as follows: B/A × 100 (%) and those at 
the inferior endplate as follows: B’/A’ × 100 (%).

Measurement of the cross‑sectional area 
of the thecal sac (CSA)

T2-weighted images from the axial MRI were used for 
the analysis of CSA as previously reported [24]. Among 
26 subjects, both pre- and post-operative MRI data were 
obtained from 20 subjects and processed for the CSA 
analysis. Briefly, the CSA  (mm2) was measured by trac-
ing the outline of the thecal sac at the mid-axial slice of 
corresponding discs using the clinical image processing 
software (EV Insite) (Fig. 5). The change in CSA was 
calculated as follows: post-operative CSA—pre-operative 
CSA  (mm2). The average date from the surgery to the post-
operative MRI was 8.0 ± 4.7 (day 4–day 21).

Fig. 2  Zonal disc height analysis. Endplates were separated into five 
anatomical areas (posterior, left-lateral [L-lateral], right-lateral [R-lat-
eral], anterior, nucleus pulposus [NP]) that represent the annulus 
fibrosus and nucleus pulposus footprints ideally

Fig. 3  Three-dimensional (3D) foramen diameter analysis. Location 
of the minimum diameter (blue line) and maximum diameter (white 
line) in a 3D computed tomography (CT) reconstruction model of the 
foramen boundary (red contour)

Superior endplate

Inferior endplate

A

B

A’
B’

Sagittal placement of cage (SPC): 
B/A x100 (%) at superior endplate
B’/A’ x100 (%) at inferior endplate

Fig. 4  Sagittal placement of the lateral lumbar interbody fusion 
(LLIF) cage. The sagittal placement of the cage (SPC) at the supe-
rior and inferior endplates was differentially determined by measuring 
the anteroposterior distance of the endplate (A or A’) and the distance 
from the anterior edge of the vertebra to the centre of the cage (B or 
B’) [23]. The SPC was calculated as follows: B/A (or B’/A’) × 100 
(%)
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Statistical analysis

The paired Student’s t-test was used for two-group compari-
sons between pre- and post-operation data of 3D disc height 
and 3D foraminal diameter. One-way analysis of variance 
(ANOVA) was used for the area comparisons of 3D disc 
height with Bonferroni post hoc tests (p < 0.05). Pearson’s 
product–moment correlation coefficient was used to test for 
correlations between measurements. The data are expressed 
as mean ± standard deviation (SD). A P-value of less than 
0.05 was regarded as statistically significant.

Results

3D disc height

Pre- and post-operative measurements of 3D disc height 
are summarized in Table 2. The averaged whole 3D disc 
height was significantly increased following LLIF surgery 
by an average of 2.9 ± 1.2 mm (P < 0.01). The percent 

change ([Post-OP data–Pre-OP data]/Pre-OP data] × 100) 
was 65.8 ± 9.2%.

Pre-operative data of 3D disc height evaluated for each 
disc area showed that the anterior area was highest fol-
lowed by the NP area, L-lateral area, R-lateral area and 
posterior area. Following LLIF surgery, the 3D disc height 
of all disc areas was significantly increased compared to 
that before surgery (P < 0.01 vs. Pre-op). However, there 
were no significant differences in the changes (Post-op 
data–Pre-op data) in 3D disc height among the five differ-
ent disc areas. When the changes in 3D disc height were 
evaluated by the percentage of increase, no significant dif-
ferences were also found among the five different areas.

3D disc height analysis with different cage heights

The change of 3D disc height with cage heights (from 8 to 
11 mm) documented in Table 1 was separately evaluated 
and statistically analysed. Pre-operative 3D disc height 
showed no significant trend to be higher with the height 
of the cage inserted into the fusion levels (Fig. 6a). After 
insertion of cages, 3D disc height showed a trend to be 
higher by cage height (Fig. 6a). A post-hoc test showed 
that the post-operative 3D disc height of 11 mm cages 
was significantly higher than that of 8 mm (P < 0.01) and 
9 mm (P < 0.05) cages. The post-operative 3D disc height 
of 10 mm cages was significantly higher than that of 8 mm 
cages (P < 0.05) (Fig. 6a).

However, no significant differences were identified on 
changes of 3D disc height among the four different cage 
heights (8 mm: 2.5 ± 0.9 [mm]; 9 mm: 3.1 ± 0.4; 10 mm: 
3.0 ± 0.3; 11 mm: 2.9 ± 0.4, P = 0.47, one-way ANOVA, 
Fig. 6b). When the data were separately analysed by disc 
area, there were also no significant changes in 3D disc height 
among the five areas with the four different cage heights.

Fig. 5  Cross-sectional area of 
the thecal sac (CSA). Pre-
operative and post-operative 
T2-weighted images from 
the axial magnetic resonance 
imaging (MRI) closest to the 
date of surgery were used for 
the analysis of the CSA [26]. 
The CSA  (mm2) was measured 
by tracing the outline of the 
thecal sac (pink-coloured dotted 
line) at the mid-axial slice of 
the corresponding discs. The 
representative pre-operative (A: 
Pre-OP) and post-operative (B: 
Post-OP) measurements of CSA 
are indicated

Pre-OP: 46.1 mm2 Post-OP: 79.3 mm2A B

Table 2  Three-dimensional (3D) disc height

Pre-OP: pre-operative; Post-OP: post-operative; L-lateral: left-lateral; 
R-lateral: right-lateral; NP: nucleus pulposus. *P < 0.01 vs. Pre-OP. 
The number in parentheses shows the standard deviation (SD)

Disc area Pre-OP 
(mm)

Post-OP 
(mm)

Change 
(mm)

% Change

Whole disc 5.76 (1.85) 8.66 (1.39)* 2.89 (1.16) 65.8 (59.6)
Posterior 4.29 (1.79) 6.69 (1.82)* 2.40 (1.63) 90.7 (118.2)
L-Lateral 5.58 (1.97) 8.47 (1.49)* 2.89 (1.40) 70.2 (62.6)
Anterior 7.14 (2.48) 10.28 

(1.83)*
3.13 (1.49) 70.5 (112.8)

R-lateral 5.27 (1.76) 8.22 (1.27)* 2.95 (1.29) 87.3 (130.6)
NP 6.48 (2.29) 9.40 (1.79)* 2.91 (1.45) 60.4 (56.4)
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Foramen diameter measurement

Pre- and post-operative measurements of foramen diameter 
are summarized in Table 3. Post-operative measurements 
of both minimum and maximum diameters of the foramen 
were significantly higher than pre-operative measurements 
(P < 0.01, respectively). On average, the minimum diameter 
and maximum diameter significantly increased by 1.0 mm 
and 1.9 mm, respectively. The change of maximum diam-
eter was significantly greater than that of minimum diam-
eter (P < 0.01). On the other hand, the percent change of 
the minimum diameter was greater (19.8%) than that of 
the maximum diameter (13.3%); however, no significant 

difference was found between the minimum and maximum 
diameter (P = 0.1). The Pearson’s correlation test showed 
that there was a weak correlation between the changes in 
minimum and maximum foramen diameters (r [correlation 
coefficient] = 0.27, P < 0.01).

Correlation between changes in 3D disc height 
and 3D foramen diameter

Pearson’s correlation test showed that there was no sig-
nificant correlation between changes in minimum foramen 
diameters and whole 3D disc height (P = 0.48). When the 
data were analysed in each disc area, a weak but significant 
correlation was identified between changes in minimum 
foramen diameters and the change in 3D disc height at the 
posterior area (r = 0.28, P < 0.01).

Change in maximum foramen diameter following LLIF 
surgery was significantly, but weakly correlated with change 
in whole 3D disc height (r = 0.24, P < 0.05). When the data 
were analysed in each disc area, a weak correlation was iden-
tified with change in 3D disc height at the posterior (r = 0.38, 
P < 0.0001), L-lateral (r = 0.24, P < 0.05) and R-lateral areas 
(r = 0.28, P < 0.01).

Correlations between sagittal placement of cage 
and changes in 3D disc height and foramen 
diameter

The averaged sagittal placement of cage (SPC) at the supe-
rior endplate was 50.8 ± 10.1% and at the inferior endplate 
was 48.4 ± 10.0%.

There was no significant correlation between the SPC and 
changes in whole 3D disc height at both the superior and 
inferior endplates (Fig. 7a). However, when the data were 
analysed in each disc area, a significant but weak correlation 
was identified in the posterior area at both superior (r = 0.35, 
P < 0.05) and inferior (r = 0.42, P < 0.01) endplates (Fig. 7b) 
and in the right-lateral area at the inferior endplate (r = 0.33, 
P < 0.05) (Fig. 7e).

There was a significant but weak correlation between 
the SPC at the superior endplate and the changes in both 
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Fig. 6  Three-dimensional (3D) disc height analysis with different 
cage heights. A: Pre- and post-operative 3D disc height with different 
cage heights (from 8 to 11 mm). *P < 0.05, **P < 0.01. B: Change in 
3D disc height following lateral lumbar interbody fusion (LLIF)

Table 3  Three-dimensional 
(3D) foramen diameter

Pre-OP: pre-operative; Post-OP: post-operative. *P < 0.01 vs. Pre-OP. The number in parentheses shows 
standard deviation (SD)

Pre-OP (mm) Post-OP (mm) Change (mm) % Change

Minimum (total) 6.64 (1.50) 7.68 (1.84)* 1.04 (1.82) 19.8 (32.0)
Minimum (Rt foramen) 6.75 (1.47) 7.70 (1.92)* 0.96 (1.88) 17.0 (29.0)
Minimum (Lt foramen) 6.53 (1.55) 7.66 (1.79)* 1.13 (1.79) 22.6 (13.9)
Maximum (total) 16.25 (2.12) 18.16 (1.93)* 1.92 (2.30) 13.3 (16.6)
Maximum (Rt foramen) 16.23 (2.26) 17.92 (1.50)* 1.69 (2.54) 12.7 (19.6)
Maximum (Lt foramen) 16.26 (2.00) 18.41 (2.26)* 2.15 (2.03) 13.9 (13.2)
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minimum (r = 0.23, P < 0.05) and maximum (r = 0.30, 
P < 0.01) diameter. On the other hand, the SPC at the inferior 
endplate was only correlated with the changes in maximum 
foramen diameter (r = 0.35, P < 0.01).

Correlation between change in 3D disc height 
and cross‑sectional area of the thecal sac (CSA)

The averaged CSA increased from 75.8 ± 33.5  mm2 pre-oper-
atively to 100.2 ± 34.9  mm2 post-operatively (P < 0.001). 
The averaged change in CSA was 21.6 ± 21.2  mm2, and the 
averaged % change was 36.1 ± 41.4%. No significant correla-
tion was found between the change in whole 3D disc height 
and the CSA (r = 0.21, P = 0.24). There were also significant 
changes between the change of disc height in each zonal disc 
area and the CSA.

Discussion

Lateral lumbar interbody fusion, including XLIF, has been 
successfully used to treat degenerative lumbar diseases such 
as stenosis, degenerative spondylolisthesis and scoliosis [1]. 
It has been reported that LLIF provides safe and successful 
clinical outcomes and radiographic improvement, including 
the restoration of disc height and foraminal height. However, 
because the clinical images and measurement methods were 

not consistent, the radiographic changes following LLIF var-
ied depending on the study.

Among the previous papers that quantified 2D radio-
graphic disc height changes following XLIF (LLIF) surgery, 
16 manuscripts that presented numerical data are summa-
rized in Table 4. In most previous studies, disc height was 
measured on lateral plain radiographs using image analysis 
software commonly used in clinical practice. Although the 
indicator of disc height varied depending on the study, the 
average of anterior and posterior disc height has been most 
frequently used. The averaged change of disc height follow-
ing XLIF was reported to range from 2.7 to 6.1 mm.

Previous studies showed that 3D measurement of disc 
height is independent of the 3D orientation of the vertebra 
and provides disc height distribution throughout the entire 
surface of the individual endplate using in vivo clinical CT 
images [18, 22, 24]. We utilized this 3D CT method in this 
study to measure 3D changes in disc height following LLIF 
surgery. The data from 3D CT measurements in our study 
showed that disc height changes were 2.9 mm. Our data were 
close to those of Malham’s [14] study in which disc height 
was measured by sagittal CT between the posterior borders 
of vertebrae.

Among the previous papers that quantified radiographic 
changes of foraminal height following XLIF (LLIF) surgery, 
ten manuscripts that presented numerical data are summa-
rized in Table 5. The distance from the "inferior pedicle wall 
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to the superior pedicle wall of the level below" was defined 
and measured as the highest foraminal height in many of the 
studies. A lateral plain radiograph was used in most studies 
for the measurement of foraminal height. A wide range of 
the averaged changes in foraminal height following XLIF 
was reported, ranging from 1.97 to 9.1 mm.

In 2014, Senoo et al. measured foraminal height and 
width in vivo using 3D CT models of asymptomatic subjects 
to analyse the complex 3D structure of the lumbar foramen 

[19]. Furthermore, to validate the accuracy of 3D CT-based 
measurement, data using 3D CT of cadaveric lumbar spines 
were compared to those of direct measurement [19]. They 
concluded that a strong correlation was identified between 
both measurements, suggesting that this 3D CT model accu-
rately reflects the 3D morphometry of the true lumbar fora-
men of the subjects. Our study showed that the change in 
3D measured maximum foraminal diameter was 1.9 mm. 
This result was close to the data from Tessitore’s study [9] 

Table 4  Two-dimensional measurements of disc height change following extreme lateral interbody fusion (XLIF)

Pre-op: pre-operative measurement; Post-op: post-operative measurement; CT computed tomography; MRI magnetic resonance imaging; N/D: 
not determined; I: an average of anterior and posterior disc heights; II: midpoint of the disc space; III: posterior disc height; IV: anterior and pos-
terior DH, respectively; A anterior disc height; B posterior disc height; 3D: three-dimensional

Reference Number of 
cases

Imaging Method Pre-op (mm) Post-op (mm) Change (mm)

Jeremy Goh et al. 2019 [4] 45 Radiograph I 7 11.3 4.3
Louie et al. 2018 [5] 25 Radiograph I 4.1 9.1 5
Kono et al. 2018 [6] 20 Radiograph II 8.3 11.4 3.1
Alimi et al. 2018 [7] 84 CT I 4.1 7.5 3.4
Yen et al. 2017 [8] 125 Radiograph IV A: 5.53, P: 3.7 A: 11.17, P: 6.62 A: 5.64, P: 2.92
Tessitore et al. 2017 [9] 20 Radiograph N/D 7 10.9 3.9
Isaacs et al. 2016 [10] 29 Radiograph I 7.6 10.1 2.5
Sembrano et al. 2016 [11] 35 Radiograph IV A: 7.79, P: 3.7 A: 13.8, P: 6.5 A: 6.01, P: 2.8
Alimi et al. 2015 [12] 23 CT/MRI A 5.1 9.7 4.6
Tohmeh et al. 2014 [13] 140 Radiograph III 4.6 10.7 6.1
Malham et al. 2014 [14] 52 CT III 3 5.7 2.7
Alimi et al. 2014 [2] 90 Radiograph I 4.1 7.5 3.4
Caputo et al. 2012 [15] 30 Radiograph I 4.8 10.4 5.6
Le et al. 2012 [16] 35 Radiograph I 6.45 9.82 3.37
Kepler et al. 2012 [28] 29 CT IV A: 6.2, P: 3.7 A: 9.8, P: 6.3 A: 3.6, P: 2.6
Oliveria et al. 2010 [3] 21 Radiograph I 7.1 10.1 3
Current study 26 CT 3D CT 5.76 8.66 2.89

Table 5  Two-dimensional measurements of change in foraminal height following extreme lateral interbody fusion (XLIF)

Pre-op: pre-operative measurement; Post-op: post-operative measurement; CT computed tomography; MRI magnetic resonance imaging; I infe-
rior pedicle wall to superior pedicle wall of the level below (highest foraminal height); N/D: not determined; A approach side, C contralateral 
side, S symptom side; 3D: three-dimensional; Min: minimum diameter; Max: maximum diameter

Reference Number of 
cases

Image Method Pre-op (mm) Post-op (mm) Change (mm)

Jeremy Goh et al. 2019 [4] 45 Radiograph I 16.5 19.5 3
Alimi et al. 2018 [7] 84 CT I 15.4 18.5 3.1
Tessitore et al. 2017 [9] 20 Radiograph N/D 14.9 (Rt), 15.1 (Lt) 17.0 (Rt), 17.7 (Lt) 2.1 (Rt), 2.6 (Lt)
Isaacs et al. 2016 [10] 29 Radiograph N/D 14.68 (A), 15.16 (C) 17.66 (A), 17.13 (C) 2.98 (A), 1.97 (C)
Alimi et al. 2015 [12] 23 CT/MRI N/D 11.0 (S), 16.9 (C) 18.1 (S), 20.9 (C) 7.1 (S), 4 (C)
Tohmeh et al. 2014 [13] 140 Radiograph I 15.7 25.4 9.7
Malham et al. 2014 [14] 52 CT I 14 17 3
Alimi et al. 2014 [2] 90 CT/MRI I 15.4 18.5 3.1
Caputo et al. 2013 [15] 30 Radiograph N/D 11.1 20.2 9.1
Oliveria et al. 2010 [3] 21 Radiograph N/D 20.9 23.7 2.8
Current study 26 CT 3D CT 6.6 (Min), 16.3 (Max) 7.7 (Min), 18.2 (Max) 1.1 (Min), 1.9 (Max)
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in which the change of foraminal height was measured using 
plain radiographs.

Interestingly, the results of our study showed that no sig-
nificant changes in 3D disc height were identified among 
the different heights of LLIF cages that ranged from 8 to 
11 mm. The surgeon decided the appropriate size of the 
cage by inserting several sizes of trial cages during surgery; 
hence, the insertion of the appropriate size of the cage would 
produce a constant increase of disc height independent of 
cage height.

In this 3D measurement of foraminal diameter, the min-
imal foraminal diameter reflects foraminal width and the 
maximum foraminal diameter reflects foraminal height. 
Therefore, increasing disc height was significantly associ-
ated with foraminal height, but not foraminal width. On the 
other hand, the minimum foraminal diameter was only asso-
ciated with disc height changes in the posterior area. This 
suggests that the disc height increase in the posterior area is 
essential for increasing both the foraminal height and width 
that result in the effective decompression of the spinal nerve 
(root) within the foramen.

Park et al. evaluated the effect of cage position (anterior 
and middle groups) on the changes of disc height and foram-
inal area using sagittal CT or MRI following LLIF surgery; 
they reported that cage positioning had a significant effect on 
change in anterior disc height, but not posterior disc height 
and foraminal area [25]. Different from the results of Park’s 
study [25], the results of our 3D CT analysis revealed that 
sagittal placement of the LLIF cage at both the superior and 
inferior endplates was significantly, but weakly, correlated 
with changes in 3D disc height at the posterior disc area and 
maximum foraminal diameter. The disparity in results could 
be attributed to differences in radiographic analyses between 
2 and 3D and the definition of cage position.

In this study, the SPC was also significantly correlated 
with change in disc height in the R-lateral area, but not in the 
L-lateral area. The pre-operative disc height in the R-lateral 
area was less than that in the L-lateral area, and the change 
in disc height in the R-lateral area was greater than that in 
the L-lateral area following LLIF cage insertion (Table 2). 
The asymmetry in pre-operative disc height, but not the 
effect of the left-side approach for LLIF, would contribute 
to the bilateral differences in the change in disc height in 
sagittal cage placement. In the case of the anterior transla-
tion of a lumbar vertebra, the SPC at the superior endplate 
is larger than that at the inferior endplate (Fig. 4). This sug-
gests that the extent of anterior translation is more accurately 
associated with the SPC at the superior endplate than that at 
the inferior endplate. The authors speculated that these dif-
ferences in the relative relation of cage placement in superior 
and inferior endplates would contribute to subtle differences 
in the correlation coefficient in the changes in disc height 
and foramen diameter following LLIF surgery.

We next evaluated whether changes in 3D disc height 
have a significant effect on the indirect decompression of the 
thecal sac following LLIF surgery by measuring the post-
operative change of CSA. Our results showed that the change 
in 3D disc height had no significant correlation with the 
change in CSA. Ebata et al. [23] recently reported that the 
change in CSA following LLIF surgery showed a significant 
correlation with change in 2D disc height; however, the cor-
relation coefficient (r = 0.2) was very low. They concluded 
that a decrease in flavum buckling is important for obtaining 
indirect thecal sac decompression.

There were some limitations to this study. Radiological 
changes in 3D disc height and foraminal diameter were eval-
uated by comparing the pre-operative CT images and those 
immediately following surgery. Future studies to compare 
CT data from long-term follow-up, including the extent of 
cage subsidence, will be needed to evaluate the clinical out-
comes of the 3D CT analysis.

We have conducted a 3D morphometric analysis of the 
lumbar disc space and foramen using a 3D CT model in 
degenerative lumbar disease patients who underwent LLIF 
surgery. The presented data provide (1) the clinical reference 
for change in disc height and foraminal height by LLIF cage 
insertion, (2) the clinical evidence that the sagittal placement 
of a LLIF cage is associated with change in disc height and 
foraminal diameter, and (3) the foundation for future studies 
for comparison with long-term follow-up data including the 
extent of cage subsidence and clinical outcomes.
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