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Abstract: There are a wide variety of interbody devices available for use in transforaminal lumbar
interbody fusion (TLIF). While traditionally these interbodies are bullet-shaped, crescent-shaped
cages have become increasingly common. There is a paucity of literature comparing the effect of cage
geometry with substratification for surgical approach (minimally invasive (MIS) vs. open). The aim
of this study was to determine the effect of implant geometry, positioning, and surgical approach on
the correction of different spinal alignment parameters in patients undergoing TLIF. A retrospective
chart and imaging review was performed on 103 patients with a total of 131 instrumented segments
performed by a single surgeon. Preoperative, initial postoperative, and final postoperative standing
lateral lumbar radiographs were evaluated for lumbar lordosis (LL), segmental lordosis (SL), anterior
disc height (ADH), and posterior disc height (PDH). Anterior-posterior implant positioning was
recorded for initial and final postoperative radiographs. These measurements were compared among
four groups: open bullet (OB), MIS bullet (MB), open crescent (OC), and MIS crescent (MC). SL
increased in all groups by a mean of 2.9° at initial imaging and 2.2° at final imaging. The OC group
had greater initial improvement in SL compared to the MB group (p = 0.02), though this effect was
lost at final follow-up (p = 0.11). The OB and OC groups conferred greater initial improvement in
ADH (p = 0.02; p = 0.04), while the OC group had greater final improvement in ADH compared to
the MB and MC groups (p = 0.01; p = 0.01). The OC group had less initial improvement in PDH
compared with the other groups (p = 0.03, p = 0.02, p < 0.01). The MB group provided greater final
improvement in PDH compared with the MC and OC groups (p = 0.04, p = 0.01). Cage geometry,
surgical approach, and implant position all demonstrated a statistically significant but clinically
minor impact on segmental alignment for TLIF procedures.
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1. Introduction

Transforaminal lumbar interbody fusion (TLIF) is a commonly used procedure for
the management of degenerative spine pathologies such as broad-based disc prolapses,
degenerative disc diseases, recurrent disc herniations, pseudoarthrosis, instability, and
symptomatic spondylosis [1]. The TLIF procedure offers an improved fusion surface
area, extensive fusion blood supply through cancellous vertebral body bone, and greater
access for medial and lateral decompression [2]. One of the key advantages of a TLIF as
compared to a posterolateral fusion is the ability to restore the intervertebral disc height
and segmental lordosis [3]. Disc height restoration provides the indirect decompression of
the neuroforamen by increasing the space for the exiting nerve root [4,5]. Additionally, an
interbody device can be used to restore segmental lordosis with the goal of maintaining
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or improving the overall sagittal alignment of the lumbar spine. Ultimately, sagittal spine
malalignment has been associated with a decreased quality of life [6-8].

TLIFs can be performed via a conventional open posterior approach or minimally
invasive (MIS) techniques. The traditional open approach requires greater soft tissue dissec-
tion to obtain suitable disc space access [1]. This is associated with long-term complications
like persistent pathologic changes in the paraspinous muscles and decreased trunk muscle
strength [1,3]. MIS TLIF utilizes a smaller incision than the open approach and aims to
reduce muscular dissection, minimize bleeding, and improve postoperative outcomes [1].
Some surgeons are hesitant to use MIS techniques for fear of inadequate segmental lordosis
restoration (i.e., inducing kyphosis), the risk of anatomic disorientation due to limited expo-
sure, unfamiliarity with specialized instruments and equipment, and increased dependence
on fluoroscopy [3,9]. There has been ample research comparing MIS versus open TLIFs,
showing similar outcomes [10-12].

A variety of interbody devices are available for TLIF, varying in shape (bullet vs.
crescent), mechanism (static vs. expandable), and material (titanium vs. PEEK). Bullet
cages are straight and are the traditional shape of an interbody device (Figure 1). Crescent-
shaped cages better match the curvature of the anterior endplate, which is thought to
enhance surface contact. There have been many studies aiming to determining which
implant is more effective at restoring segmental lordosis and intervertebral height without
increasing the risk of complications such as subsidence [13-15]. Crescent-shaped cages
have become an increasingly popular choice given the notion that their geometry allows for
more anterior placement in the intervertebral space and thus aligns with the geometry of
the anterior vertebral body endplate. Given that the interbody rests on strong apophyseal
bone, it is thought that more anterior positioning may allow for greater cage stability and
the restoration of segmental lordosis.

Figure 1. (Left): Crescent-shaped cage sitting on an endplate of a vertebral body. (Right): Bullet-
shaped cage sitting on an endplate of a vertebral body.

There is a relative paucity of research comparing the effectiveness of various cage types
at restoring different radiographic parameters of sagittal alignment with substratification
for approach (MIS vs. conventional open). The primary goal of this study was to report
the impact of cage geometry through either the open or MIS approach on the restoration
of sagittal radiographic parameters including lumbar lordosis, segmental lordosis, and
disc height. The secondary goal was to determine the effects of implant positioning
on the restoration of segmental lordosis substratified by the four study groups. The
authors hypothesized that crescent-shaped expandable implants would result in the greater
restoration of sagittal radiographic parameters in comparison to the bullet-shaped implants
regardless of surgical approach due to the ability of crescent-shaped cages to be placed
more anteriorly on the apophyseal ring.
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2. Materials and Methods

The study was approved by our institutional review board prior to initiation. A
retrospective chart review was performed for patients undergoing 1- or 2-level TLIF with
titanium cages between June 2016 and June 2021 performed by a single surgeon with
concomitant posterior stabilization using rod and pedicle screw constructs. Patients with
prior fusions, TLIF instrumentation at >2 levels, unavailable pre- or postoperative lateral
lumbar radiographs, or patients undergoing treatment for cancer or trauma were excluded.
Additionally, patients treated with expandable cages or cages composed of PEEK were
excluded. Demographic information such as age and BMI at the time of surgery was
collected for each patient. The geometry of the TLIF cage and the approach (MIS versus
open) used for each procedure were recorded. Patients were divided into one of four
categories: open bullet (OB), open crescent (OC), MIS bullet (MB), and MIS crescent (MC).

2.1. Surgical Technique

All surgeries were performed with the patient in a supine position. For open pro-
cedures, the levels intended for instrumentation were identified via intraoperative fluo-
roscopy. A midline dissection was carried through skin and fascia; then, the paraspinal
musculature was dissected off the spinous processes, lamina, facet joints, and transverse
processes of the intended levels. A laminectomy and facetectomy were then performed to
decompress the neural elements and to allow access to the disc space. Pedicle screws were
placed into the levels above and below the intervertebral space before instrumentation and
a distractor was used to distract the disc space. The dura was gently retracted, and an
annulotomy was performed with a surgical blade. The disc space was then prepared using
a combination of curettes, shavers, and pituitaries without violating the endplates. An
implant size was then chosen via trial implants with the goal of using the largest implant
possible without compromising the integrity of the endplates. The implants and the disc
spaces were packed with autogenous bone graft. Bone allograft was additionally used if
the autograft available was deemed insufficient by the surgeon (Figure 2).

Figure 2. Anterior-posterior lumbar radiographs of a crescent-shaped interbody device placed at the
L5-51 level (left) and a bullet-shaped interbody device placed at the L4-L5 interbody level (right).

For MIS surgeries, the intended levels for instrumentation were similarly identified
using intraoperative fluoroscopy. Modular pedicle screws were placed percutaneously
using either fluoroscopic guidance or navigation technology. The initial dilator for a tubular
retractor system was docked under fluoroscopic guidance over the facet joint of the level
intended for instrumentation. Using a microscope, a lateral facetectomy was performed
to allow access to the disc space. An annulotomy was performed, and the disc space
was prepared in a similar fashion to the open procedure with care to avoid violating the
endplates. Similarly, trial implants were used to determine the largest possible implant that
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would not risk damaging the surrounding endplates. The implant was then inserted under
fluoroscopic guidance with similar grafting to that used in the open procedures.

Regardless of the approach, when inserting the bullet-shaped implants, a straight
inserter was utilized for final implant placement. For the crescent-shaped implants, the final
implants were inserted on a straight inserter; however, once the implant was contained in
the intervertebral space, the inserter was allowed to articulate with the implant so that the
implant could rotate 90 degrees from its initial position, allowing the curve of the implant
to lie parallel to the anterior curvature of the endplates.

2.2. Radiographic Measurements

All measurements were performed for each patient at three separate time points by
two research assistants as well as a senior fellowship-trained spine surgeon (Figure 3). The
first set of measurements were obtained from preoperative lateral radiographs in standing
neutral alignment obtained just before surgery. The following two sets of measurements
were obtained from standing neutral alignment lateral radiographs obtained within 2 days
of surgery and at the patients’ most recent follow-up visit. The measurements obtained
were lumbar lordosis, segmental lordosis, anterior disc height, and posterior disc height
at the levels of instrumentation. Lumbar lordosis was measured as the angle between the
superior endplate of L1 and the inferior endplate of L5. Segmental lordosis was defined as
the angle between the inferior endplate of the superiorly instrumented vertebrae and the
superior endplate of the inferior vertebrae. Anterior disc height was defined as the distance
from the anterior-most aspects of the endplates at the instrumented level, perpendicular
to the disc space. Posterior disc height was obtained from the posterior aspects of the
instrumented endplates.

Posterior Disc Distance to
Height Implant

Lumbar Lordosis

Segmental Anterior Disc
Lordosis 757 =g --namt

- Height
[N i

- Length of
“>s.._ Endplate

Figure 3. Diagram of measurements obtained from lateral lumbar radiographs.

Additionally, on both sets of postoperative radiographs, the length of the superior
endplate of the inferiorly instrumented vertebra was measured (“length of endplate”). The
distance between the posterior point of the inferior vertebrae’s superior endplate and the
center of the implant was measured (“distance to implant”). To determine the degree of
anterior positioning of the implant, the “distance to implant” was divided by the “length of
endplate”. For example, a patient with a “distance to implant” of 25 mm and a “length of
endplate” of 50 mm would have a value of 0.50, indicating an implant that was positioned
in the exact center of the endplate. A value > 0.50 indicated a more anterior implant, while
a value < 0.50 indicated a more posterior implant.
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All measurements from the initial postoperative and final postoperative radiographs
were compared to the preoperative radiographs and amongst the four groups. Addition-
ally, as segmental lordosis was the primary outcome measure, correlation analysis was
performed to determine if there was an effect of either implant positioning or preopera-
tive anterior disc height on the improvement in segmental lordosis, and if this effect was
different amongst the four groups.

2.3. Statistical Analysis

Categorical and continuous demographic data were compared amongst the four
groups using chi-square and analysis of variance (ANOVA) testing, respectively. Mixed-
effects modeling was used to compare the different radiographic measurements of the
patients between the three time points and amongst the four groups. ANOVA testing was
used to assess anterior-posterior implant positioning amongst the four groups. Additionally,
correlation analysis was used to determine the impact of implant positioning, as well as
preoperative anterior disc height, on the restoration of segmental lordosis. To validate the
radiographic analysis, interclass correlation coefficients (ICCs) were obtained by having
each of the three investigators evaluate a subset of 10 patients. ICCs were calculated for
each of the measurement modalities. An ICC value > 0.800 was deemed acceptable.

3. Results

There were 131 instrumented levels from a total of 103 patients included in this study.
Of the instrumented levels, 23 were in the MB group, 34 in the MC group, 30 in the OB
group, and 44 in the OC group. There were no differences between groups based on
gender (p = 0.09), smoking status (p = 0.99), BMI (p = 0.900), or the level of instrumentation
(p = 0.63) (Table 1). There was a significant difference in age between the groups (p < 0.001),
with MIS approaches being performed in younger patients.

Table 1. Patient demographics.

Group p-Value
MB (n = 23) MC (1 = 34) OB (1 = 30) OC (n=44)
Age (SD) 485 (12.1) 51.0 (11.2) 64.2 (10.9) 65.3 (9.5) p <0.001
# Female (%) 10 (43%) 21 (61%) 9 (30%) 20 (45%) 0.087
BMI (SD) 29.4 (4.5) 29.8 (5.3) 30.0 (6.1) 30.4 (6.5) 0.900
Active Smokers (%) 4(17%) 5 (15%) 4 (13%) 7 (16%) 0.993
L1-12 0 0 0 1(2%)
L2-L3 0 0 0 1(2%)
Instrumented Level (%) L3-1.4 0 3 (9%) 3 (10%) 4 (9%) 0.638
L4-15 11 (49%) 14 (41%) 18 (60%) 22 (50%)
15-51 12 (51%) 17 (50%) 9 (30%) 16 (36%)

There was a significant difference in follow-up time between the MIS bullet
(81 +£ 53 weeks), MIS crescent (58 £ 40 weeks), open bullet (83 £ 62 weeks), and open
crescent (45 £ 34 weeks) groups (p = 0.002). There was no difference in follow-up time
when stratified by approach (p = 0.44); however, there was a significant difference when
stratified by implant shape (p < 0.001).

ICC values for all measurements were greater than 0.80, with values of 0.939 for lumbar
lordosis, 0.923 for segmental lordosis, 0.803 for anterior disc height, 0.842 for posterior disc
height, 0.974 for length of endplate, and 0.942 for distance to implant.

The raw values for the changes in the different measurement parameters for the initial
and final postoperative radiographs compared to the preoperative radiographs are shown
in Table 2. On average, lumbar lordosis decreased at the initial postoperative imaging for
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each group; however, it improved at the final radiograph for all groups except for MIS
bullet. Segmental lordosis improved for each group at the initial and final postoperative
radiographs, as did anterior disc height and posterior disc height (Table 2). On average,
implant positioning was more anterior for the crescent groups compared to the bullet
groups at both initial and final postoperative radiographs.

Table 2. Postoperative changes in measurements.

Change Compared to Preoperative

Measurement Group Initial (SD) Final (SD)
MB —4.0 (5.8) —0.2 (4.2)
MC —3.7 (10.6) 2.9(9.8)

Lumbar Lordosis (°)
OB —0.3(7.0) 3.5(5.3)
OoC —-0.9(13.2) 1.9 (10.8)
MB 3.0 (6.5) 2.0 (5.6)
MC 2.7 (5.3) 1.8 (5.5)
Segmental Lordosis (°)
OB 1.5 (5.6) 1.7 (6.1)
OoC 42(4.1) 3.1(5.5)
MB 4.6 (3.7) 3.0 (3.0
MC 4.1(3.0) 3.1(.1)
Anterior Disc Height (mm)
OB 6.0 (2.7) 47 (3.2)
oC 5.6 (3.7) 52 (4.2)
MB 2.7 (1.6) 6.2 (1.1)
MC 2.6 (2.4) 1.9(2.6)
Posterior Disc Height (mm)
OB 3.7 (24) 3.2(2.3)
OoC 1.3 (24) 1.2 (3.0)
Total Measurement
MB 0.56 (0.07) 0.55 (0.07)
MC 0.61 (0.09) 0.60 (0.10)
Implant Position

OB 0.54 (0.05) 0.53 (0.06)
oC 0.69 (0.08) 0.68 (0.10)

A comparison of the changes in the measurement parameters at the initial and final
postoperative radiographs between the four groups is shown in Table 3. There was no
difference in changes in lumbar lordosis at either timepoint amongst the groups. Initial
segmental lordosis improved significantly more for patients in the open crescent group
compared with the MIS bullet group (p = 0.015); however, this effect was lost at final
imaging. Anterior disc height improved more at initial imaging for both the open bullet
(p = 0.017) and open crescent (p = 0.042) groups when compared to the MIS crescent group.
At final imaging, the improvement in anterior disc height was greater in the open crescent
group compared to both the MIS bullet (p = 0.013) and MIS crescent groups (p = 0.009).
Posterior disc height improved at initial imaging for the MIS bullet (p = 0.025), MIS crescent
(p = 0.019), and open bullet (p < 0.001) groups when compared to the open crescent group.
At final imaging, only the MIS bullet group maintained a greater improvement in posterior
disc height than the open crescent group (p = 0.012). The open crescent group had a
more anterior implant positioning than all three groups at both initial (MB p < 0.001; OB
p <0.001; MC p < 0.001) and final imaging (MB p < 0.001; OB p < 0.001; and MC p < 0.001).
The MIS crescent group had more anterior implant positioning than the MIS bullet group
at initial (p = 0.020) but not final (p = 0.178) radiographs; however, it had a more anterior
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positioning compared to the open bullet group at both the initial (p < 0.001) and final
(p = 0.018) radiographs.

Table 3. Comparison of postoperative changes in measurements by group.

Initial Postoperative

Final Postoperative

9?% 95% Confidence
Confidence
Interval
Interval
Comparison E\lfcf;r;?g: p-Value Lower Higher E\lfé;r;?g(:: p-Value Lower Higher
MC MB 0.2 0.93 —4.6 5.1 3.2 0.13 -0.9 7.2
OB MB 3.7 0.15 -1.3 8.7 3.7 0.08 —0.5 7.9
Lumbar Lordosis () OoC MB 3.1 0.19 -15 7.7 2.1 0.28 -17 6.0
OB MC 3.5 0.13 -1.0 8.0 0.5 0.79 -3.3 4.3
oC MC 2.9 0.17 -1.2 7.0 -1.0 0.56 —4.5 2.4
OoC OB —0.6 0.79 —4.8 3.7 -1.6 0.39 -5.1 2.0
MC MB 1.5 0.31 -1.4 4.3 1.0 0.52 —2.0 4.0
OB MB 12 0.42 -1.7 41 1.0 0.52 -21 41
Segmental Lordosis (°) OoC MB 3.3 0.02 0.6 6.0 2.3 0.11 -0.5 5.2
OB MC —0.3 0.83 -29 2.4 0.1 0.98 —2.8 2.8
oC MC 1.9 0.13 —0.5 43 1.3 0.30 -1.2 3.9
OoC OB 2.1 0.09 —0.4 4.6 1.3 0.33 -13 3.9
MC MB —0.1 0.54 -2.3 1.2 0.2 0.88 -1.7 2.0
OB MB 1.4 0.12 —0.4 3.2 1.8 0.06 —0.1 3.7
Anterior Disc Height OC MB 1.0 0.25 -0.7 2.6 2.2 0.01 0.5 3.9
(mm) OB MC 2.0 0.02 0.3 3.6 1.6 0.06 —0.1 3.3
oC MC 1.5 0.04 0.1 3.0 2.1 0.01 0.5 3.6
OoCc OB —0.4 0.58 -2.0 1.1 0.4 0.61 -1.2 2.0
MC MB —0.1 0.88 -1.4 1.2 —4.3 0.04 —8.4 —0.2
OB MB 1.0 0.14 -0.3 2.4 -3.1 0.16 -7.3 1.2
Posterior Disc Height OC MB —1.4 0.03 -2.7 —0.2 —5.0 0.01 -9.0 -11
(mm) OB MC 1.1 0.07 —0.1 2.3 1.3 0.52 -2.6 51
OoC MC -1.3 0.02 —-244 022 -0.7 0.68 —4.2 2.8
OoC OB —2.4 <0.01 -358 —1.28 —2.0 0.29 -5.6 1.7
MC MB 0.62 0.02 —-0.12 —-0.01 0.05 0.18 —0.11 0.02
OB MB -0.17 0.86 —0.07  0.04 —0.02 0.02 -012  —0.01
Implant Position OoC MB 0.14 <0.01 0.09 0.19 0.13 <0.01 0.70 0.19
OB MC —0.08 <0.01 0.03 0.13 —0.07 0.02 -012  —0.01
OoC MC 0.08 <0.01 0.03 0.12 0.08 <0.01 0.03 0.13
OoC OB 0.15 <0.01 0.02 0.20 0.15 <0.01 0.09 0.20

More anterior implant positioning was associated with a greater improvement in
injtial segmental lordosis in both the MIS crescent (r = 0.566; p < 0.001) and the open bullet
groups (r = 0.475; p = 0.009); however, this effect was not seen at the final radiographs
(Table 4). Additionally, a greater preoperative anterior disc height was associated with
a diminished improvement in segmental lordosis in the open bullet group at both initial
(r = —0.052; p = 0.004) and final (r = —0.490; p = 0.007) radiographs. This effect was also
seen in the MIS crescent group (r = —0.525; p = 0.001) at final imaging; however, this was
not seen at initial postoperative imaging.
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Table 4. Correlation analysis of values influencing segmental lordosis.

Group R? p-Value
MB —0.13 0.555
Implant Position vs. Initial Segmental MC 0566 <0.001
Lordosis Correction OB 0.475 0.009
OoC 0.203 0.187
MB 0.138 0.531
Implant Position vs. Last Segmental MC 0.346 0.034
Lordosis Correction OB 0.512 0.005
OoC 0.215 0.162
MB 0.009 0.967
Preoperative Anterior Disc Height vs. Initial MC —0.27 0.123
Segmental Lordosis Correction OB —0.052 0.004
OoC —0.169 0.274
MB —0.313 0.146
Preoperative Anterior Disc Height vs. Final MC —0.525 0.001
Segmental Lordosis Correction OB —0.49 0.007
OoC —0.308 0.042

4. Discussion

Our study found that significant differences existed in the ability to correct sagittal
profile parameters between the four study groups. Segmental lordosis was better restored
with the open crescent versus the MIS bullet technique. The open crescent method was most
useful in restoring anterior disc height at final follow-up compared to both MIS procedures,
while the MIS bullet method was most useful in restoring posterior disc height compared
to both crescent techniques. Anterior implant placement was correlated with a greater
improvement in segmental lordosis with both MIS crescent and MIS open bullet techniques
but was unremarkable in the other groups. Preoperative anterior disc height was inversely
proportional to the restoration of segmental lordosis for the open bullet group in the initial
postoperative period and in the MIS crescent and open crescent groups at final follow-up.

In addition to achieving a fusion, an interbody graft allows for indirect foraminal
decompression, disc height restoration, and the correction of radiographic spinopelvic
alignment, especially lumbar lordosis. MIS-TLIF offers several potential advantages over
open TLIF, including decreased blood loss [16], decreased hospital length of stay [17],
decreased narcotic consumption [18], earlier ambulation [16,19,20] and return to work,
and lower infection rates [10,12,17,20,21]. The disadvantages include a significant learning
curve for minimally invasive procedures as complications, operative time, and radiation
exposure may be higher until procedural proficiency is achieved [19,22].

Previous studies have compared the effectiveness of crescent- and bullet-shaped cages.
Tassemeier et al. compared clinical and radiological results of bullet versus crescent cages
in open TLIF. While this study demonstrated similar improvements in the restoration of
segmental global lordosis between the groups, the crescent group showed the superior
restoration of intervertebral disc height and a lower rate of subsidence [14]. Choi et al.
evaluated the fusion rates and sagittal realignment of crescent versus bullet cages in MIS
TLIF and found a greater improvement in postoperative segmental lordosis and disc height
in the crescent group [13]. Truckenmueller et al. compared open crescent TLIF with the
MIS bullet technique and found similar rates of the postoperative correction of segmental
lordosis between the groups [15].
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Importantly, while some of the differences in radiographic outcomes between the
groups did reach statistical significance, such as for segmental lordosis between the open
crescent and the MIS bullet groups, they may not be clinically significant. It is unclear if a 3°
difference in segmental lordosis would confer any significant clinical benefit. Furthermore,
the error level for the measurement of intervertebral angles has been reported to be between
8.2 and 11.1°, while differences in height measurements range from 4.5 to 6.5 mm [23]. The
small differences observed in this study may then have been due to measurement errors,
which further suggests that all four treatment options are likely equally efficacious with
minimal clinically important differences amongst them.

A concern frequently addressed in the recent literature is the notion that MIS TLIF
may be a fundamentally kyphosing procedure compared to its open counterpart. The
published evidence supporting the restoration of lumbar lordosis and segmental lordosis
with MIS TLIF is relatively sparse and presents variable results [24]. There is significant
heterogeneity in these studies’ designs, the number of patients studied, the comparison
groups, and the types of interbody devices used [24-27]. Although our study did show
differences in the degree of segmental kyphosis conferred by each approach and implant,
all groups regardless of the approach showed an overall increase in segmental lordosis.
Lumbar lordosis did decrease at initial postoperative imaging in all groups, which may
have been due to postoperative pain and guarding. At final imaging, lumbar lordosis did
improve in all groups except for the MB group, which saw a decrease in lumbar lordosis of
0.2° on average.

Pre- and postoperative anterior disc height, posterior disc height, and implant position
are speculated to impact the restoration of lordosis. Carlson et al. found that postoper-
ative segmental lordosis was indirectly related to the position of the cage relative to the
anterior cortex of the vertebral body, though this correlation was statistically insignificant
(R? = 0.02, p = 0.067) [24]. In our study, more anterior implant positioning was associ-
ated with a greater improvement in initial segmental lordosis in both the MIS crescent
(R? = 0.566; p < 0.001) and the open bullet groups (R? = 0.475; p = 0.009), but this ef-
fect was not seen at final radiographs (Table 4). While the open crescent group had a
more anterior implant positioning than all three groups at both initial (MB p < 0.001;
OB p < 0.001; MC p < 0.001) and final postoperative radiographs (MB p < 0.001; OB
p <0.001; and MC p < 0.001), and the open crescent group had the greatest improvement in
segmental lordosis, the more anterior positioning in this group was not correlated with an
increased postoperative improvement in segmental lordosis.

There were several limitations to this study. The measurement method for lumbar
lordosis was based on Polly et al. This method does not account for lordosis from L5/51,
which contributes significantly to lumbar lordosis; it was utilized in this study to ensure
that the methods remained comparable to prior studies, and it was applied consistently
among the study groups [28]. The follow-up time for bullet implants was significantly
longer than for crescents, which was a reflection of the primary surgeon’s preference over
time. While our results demonstrated adequate inter-rater reliability, there was some inter-
rater variation and, therefore, potential for error. As surgeon learning curves are inherent
with the adoption of various surgical approaches and implant types, it is possible that
compounded improvement in surgical technique over time affected the outcome differences
between implant types, particularly with MIS crescents. Moreover, the relatively small
sample size of each cohort and data from only one surgeon may have increased the margin
of error and decreased the generalizability. However, limiting the number of surgeons
enabled us to ensure the consistency of surgical technique and postoperative care.

5. Conclusions

Ultimately, these data suggest that surgeons can use the differences we found to guide
implant and approach selection for TLIF based on the aspects of alignment that are most in
need of restoration. Additionally, we demonstrated that all four techniques were able to
increase segmental lordosis equally well at final follow-up. Our data showed that a larger
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anterior disc height was correlated with less improvement in segmental lordosis in the
open bullet and MIS crescent groups, suggesting that these may not be optimal treatment
methods in patients with larger preoperative anterior disc heights. Finally, while a more
anterior implant positioning was associated with a greater improvement in segmental
lordosis in the MIS crescent and open bullet groups, these effects were not significant at
final follow-up.
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