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ACKGROUND CONTEXT: Effective alternatives to lumbar fusion for degenerative conditions

have remained elusive. Anterior total disc replacement does not address facet pathology or central/

recess stenosis, resulting in limited indications. A posterior-based motion-preserving option that allows

for neural decompression, facetectomy, and reconstruction of the disc and facets may have a role.

PURPOSE: The purpose was to compare one-year patient-reported outcomes for a novel, all-pos-

terior, lumbar total joint replacement (LTJR − replacing both the disc and facet joints) against

transforaminal lumbar interbody fusion (TLIF) for degenerative lumbar conditions warranting

fusion (degenerative spondylolisthesis, recurrent disc herniation, severe foraminal stenosis requir-

ing facet removal, and adjacent segment degeneration).

STUDY DESIGN/SETTING: A retrospective analysis of prospectively collected data comparing

outcomes for LTJR patients to TLIF patients at an academic teaching hospital.

PATIENT SAMPLE: Analysis was conducted on 156 adult TLIF patients who were propensity

matched to the 52 LTJR patients for a total sample of 208.

OUTCOME MEASURES: Self-reported Oswestry Disability Index (ODI) and Numeric Rating

Scale (NRS) for back and leg pain were compared preoperatively, 3 months and 1 year after surgery.

METHODS: The implant is a motion-preserving lumbar reconstruction that replaces the function

of both the disc and facets and is implanted using a bilateral transforaminal approach with complete

facetectomies. Adult patients with degenerative lumbar pathology undergoing either LTJR or open
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TLIF were analyzed. These degenerative conditions included: grade 1 degenerative spondylolisthe-

sis, recurrent disc herniation, adjacent segment disease, disc degeneration with severe foraminal

stenosis). Trauma, tumor, grade 2 or higher spondylolisthesis, spinal deformity, and infection cases

were excluded. Propensity score matching was performed to ensure parity between the cohorts.

Multivariable regression analyses were done to compare the 1-year results as measured by 3 differ-

ent standards to assess procedure success.

RESULTS: At 3 months, both the LTJR and TLIF cohorts showed significant and similar improve-

ments in ODI and NRS back and leg pain. At 1 year, the LTJR cohort showed continued improve-

ment in ODI and NRS back pain, while the TLIF group showed a plateau for ODI, back and leg

pain. In a series of three multivariable logistic regressions, LTJR was shown to provide 3.3 times

greater odds of achieving the minimal clinical symptom state in disability and pain (ODI <20%,

NRS back and leg pain <2) and 2.4 and 4.1 times greater odds of achieving substantial clinical ben-

efit (18% reduction in ODI) and minimal clinically important difference (30% reduction in ODI) as

compared to TLIF.

CONCLUSIONS: Here we present a comparative analysis for the first 52 patients undergoing a

novel, posterior-based LTJR for the lumbar spine versus TLIF for degenerative pathology. The

approach for the LTJR allows for wide neural decompression, facetectomy, and complete discec-

tomy, with the implant working to replace the function of the disc and facets to preserve motion.

At 1 year, the LTJR cohort showed significant improvement in ODI and NRS back and leg pain as

compared to TLIF. These results suggest that wide neural decompression combined with motion

preservation using this novel LTJR may represent a viable alternative to TLIF for treating certain

degenerative conditions. A prospective controlled trial is under development to further evaluate the

efficacy, safety, and durability of this procedure. © 2020 The Author(s). Published by Elsevier

Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Keywords: L
umbar; Disc degeneration; Degenerative; Motion preservation; Lumbar motion; Lumbar fusion; Transforami-

nal fusion
Introduction

Effective motion-preserving alternatives to lumbar

fusion for degenerative conditions have remained elusive,

largely due to limitations imposed by the facet joints and

neural anatomy. Anterior disc replacement has been shown

to be an effective option for degenerative disc disease,

although indications are limited [1,2]. Fusion remains one

of the mainstays of treatment for common lumbar degenera-

tive conditions with over $12.4 billion spent annually on

lumbar fusion as of 2011 [3]. Indeed, well-indicated lumbar

fusion can effectively treat many degenerative lumbar con-

ditions [4]. However, with fusion, additional biomechanical

stress is applied to the adjacent segments and often results

in reoperation, poor long-term outcomes, and high costs for

the healthcare system and society in general [5−15]. In
light of these drawbacks, an effective motion-preserving

alternative to lumbar fusion is needed.

Several anterior-based total disc replacement devices

have been developed as a means of maintaining some

degree of motion at the treated segment. With such

motion preservation, mechanical overload of the adjacent

segments is diminished and studies have found a decrease

in the incidence of adjacent segment degeneration when

compared to fusion [10]. However, in contrast to fusion,

anterior disc replacement in the lumbar spine does not

address facet pathology or allow for lateral recess/central

decompression; thus, indications are limited to the
relatively few patients with isolated disc degeneration.

Several total facet replacement systems have also been

developed with the intent of mitigating instability follow-

ing wide decompression/facetectomy. These have shown

problems with mechanical failure, and as of yet have not

demonstrated superiority to decompression alone [16,17].

To our knowledge, there is currently no motion-preserv-

ing lumbar reconstruction that can be implanted follow-

ing direct decompression with facetectomy/laminectomy

as well as complete discectomy.

The primary objective of this analysis is to compare the

1-year patient-reported outcomes (PROs) between transfor-

aminal lumbar interbody fusion (TLIF) and a novel lumbar

total joint replacement (LTJR). The LTJR is implanted by

an all-posterior approach and allows for direct neural

decompression with laminectomy and bilateral facet resec-

tion, along with radical discectomy. The implant design

serves to reconstruct the function of both the disc and facets

and thus preserve motion at the treated segment.
Materials/mthods

Study design

This retrospective cohort analysis of prospectively col-

lected data compares patient reported outcomes between

LTJR (3Spine) and standard open TLIF. The two cohorts

http://creativecommons.org/licenses/by-nc-nd/4.0/
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included skeletally mature patients who underwent a LTJR

or TLIF at one or two lumbar levels (L1−S1) due to symp-

tomatic lumbar degenerative pathology with indication for

fusion such as degenerative spondylolisthesis (no more

than grade 1), recurrent disc herniation, adjacent segment

disease, or severe foraminal/recess stenosis requiring com-

plete facet removal. Pathology was confirmed by X-Ray

and advanced imaging with either MRI or CT, and corre-

lated with symptoms. Patients were excluded from the study

if they had greater than a grade 1 spondylolisthesis, tumor,

infection, severe deformity, or trauma. Current smokers and

minimally invasive TLIF patients were also excluded from

the study as none of the LTJR patients were smokers. A

total of 61 patient met the inclusion criteria underwent

LTJR surgery between 2008 and 2019 at three clinical sites.

Of these eligible patients, 52 (85%) completed follow-up 1

year after surgery. A total of 475 patients met the inclusion

criteria and underwent an open TLIF procedure between

2010 and 2019 at a large academic medical center. Of eligi-

ble TLIF patients, 361 (76%) completed follow-up data at 1

year and were included in the analysis. There were no sig-

nificant differences in preoperative outcome scores between

those with and without complete follow-up for either the

LTJR or TLIF cohorts (p>.05). Institutional review board

oversight and approval for this study was provided by three

separate Institutional review boards. Patients were required

to exhaust conservative (nonoperative) treatment for at least

3 months (physical therapy, invasive cortisone injections,

and anti-inflammatory medications) unless they were found

to have a neurologic emergency or intractable pain. Open

TLIF patients were chosen as the historical control in this

study, as the open TLIF most closely approximates the

technique for implanting the LTJR.
LTJR implant

The LTJR is a lumbar motion segment reconstruction

that is implanted using a bilateral TLIF approach to access

the disc space following laminectomy, bilateral facet

removal, and complete discectomy to achieve a wide cen-

tral and bilateral decompression of the neural elements. The

lateral annulus and anterior longitudinal ligament are pre-

served to maintain soft tissue tension and stability when the

disc height is restored. After complete discectomy, special-

ized oscillating rasps are used to prepare the vertebral end-

plates. These rasps can be used to create an osteotomy in

the superior pedicle and cranial endplate of the caudal ver-

tebral body in order to facilitate neutral insertion of the

implant. Essentially, with the patient in neutral sagittal

alignment by positioning on the O.R. table, the endplates of

the treated level will most typically be in some degree of

lordosis (greater lordosis at L5−S1, less so at L4−5, and
less still at L3−4). This amount of lordosis at the target seg-

ment can be thought of as the “neutral lordosis” of that level

for that specific patient, as it is the amount of lordosis at that

segment when the patient is in neutral sagittal global
alignment (head centered over the hip joints). In this posi-

tion, the endplates must then be made parallel to allow the

implant to rest in neutral position on insertion, which in

turn will allow for maximal extension and flexion of the

implant as the patient stands and sits. The oscillating rasp is

used on the cranial endplate of the caudal vertebral body to

create this osteotomy to “parallelize” the endplates. Oscil-

lating cutters are used to create keel cuts in the vertebral

bodies that will allow for initial press-fit of the device.

Length and height trials are used to determine the appropri-

ate size of the implant. At this step, bilateral soft tissue bal-

ancing is done: working to restore disc height and bilateral

soft tissue tension without over-stuffing the disc space.

After corrective osteotomy, keel cuts, soft tissue tensioning,

and size trialing, the treated segment receives two implants,

inserted bilaterally along the axis of the pedicles, such that

the midpoint of the implant is approximately 40% ventral

to the posterior vertebral body (consistent with the physio-

logic center of rotation). Initial fixation is achieved by

press-fit, as well as through the placement of a retention

screw into the caudal portion of the implant, down through

the pedicle and into the vertebral body (Fig. 1). The implant

allows for 10 degrees of flexion and 8 degrees of extension

across the treated level. This design provides a check-rein

to excessive flexion and extension as well as resistance to

shear/listhesis, thereby replacing the stabilizing function of

the resected facet joints. The implant is placed into the disc

space and preserves foraminal height. Thus, the LTJR

implant substitutes for the function of the resected disc,

although it is not compressive. The intended indications for

this implant include: grade 1 spondylolisthesis, recurrent

disc herniation with severe disc degeneration, severe

foraminal stenosis requiring facet removal, severe central

and recess stenosis requiring removal of >50% of the pars,

degenerative disc disease with concurrent facet arthrosis, or

any degenerative lumbar condition requiring extensive

decompression and discectomy. The LTJR is not intended

to treat trauma, tumor, infection, or severe deformity.
Clinical outcome measures

The Oswestry Disability Index (ODI), Numeric Rating

Scale (NRS) back pain, and NRS leg pain were completed

preoperatively and 3 and 12 months post-operatively. The

ODI assesses change in functional status of adults with low

back pain and contains 10 pain-related questions scored

from 0 (no pain) to 5 (most severe pain). Scores are

expressed as a percentage of total points, with ≤20% indi-

cating minimal disability, 21% to 40% moderate disability,

41% to 60% severe disability, 61% to 80% crippled, and

81% to 100% completely bedbound [18]. Back and leg pain

were measured with an 11-point NRS [19,20]. Patients are

asked to rate their pain on a scale of 0 to 10, with 0 signify-

ing no pain and 10 signifying the worst pain imaginable.

The ODI and NRS scores were used to define the Minimal

Symptom State (MSS) and ODI score was used to define



Fig. 1. Illustration of lumbar total joint replacement in sagittal, axial plane; radiograph of implant at L4−5.
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the Minimal Clinical Important Difference (MCID) and

Substantial Clinical Benefit (SCB) at 1-year after surgery.

There are varying recommendations on which metric

may be used to classify clinical improvement in lumbar sur-

gery. For this investigation, we chose to utilize three sepa-

rate metrics to evaluate patient outcomes in addition to the

continuous ODI and NRS pain scores. The MSS was

defined as an ODI score less than 20% and a NRS back and

leg pain less than 2, as described by Crawford et al. [12].

MCID was defined as a 30% overall reduction in ODI score

compared to preoperative scores; which has been shown to

outperform MCID point-change MCID thresholds in

patients undergoing lumbar spine surgery [21]. SCB was

also utilized as reported by Glassman et al. as an 18 per-

centage-point reduction in the overall ODI score [22]. We

separately analyzed the patient-report outcomes using each

of these three metrics in order to evaluate the LTJR versus

TLIF using multiple criteria for clinical success. In addition

to PROs data, patient demographic information including

age, body mass index (BMI), and preoperative opioid use

were tracked. Surgical data included operation time, blood

loss, revision status, number of levels treated, and specific

levels treated.
Propensity score matching

In preliminary analyses comparing the entire sample of

TLIF patients (N=361) to the LTJR patients (N=52), it was

found that LTJR patients were significantly younger, had

lower BMI, had less blood loss, and had higher preoperative

ODI scores versus the TLIF cohort. In addition, a greater

proportion of LTJR patients were undergoing a revision for

adjacent segment disease from prior fusion surgeries when
compared to TLIF patients. Due to these differences, pro-

pensity scores were estimated using logistic regression with

surgical procedure (LTJR vs. TLIF) as the dependent vari-

able. The independent variables included number of levels

fused, treatment of L4 or below, revision status, BMI, age,

blood loss, length of surgery, preoperative ODI, preopera-

tive NRS back pain, and preoperative leg pain. The continu-

ous variables were modeled using restricted cubic splines

with three knots. The propensity score was calculated as the

probability of each patient receiving the LTJR procedure

and the logit of the propensity score was used for matching.

The density curves in the full sample showed substantial

overlap, indicating that the two groups can be compared.

Based on the logit of the estimated propensity score, TLIF

patients were matched to LTJR patients with a 3:1 ratio

using a nearest neighbor greedy matching strategy without

replacement. A caliper wider of 0.2 of the pooled standard

deviation of the logit of the propensity score was used to

further restrict the absolute difference in the logit of the

propensity scores. Absolute standardized mean differences,

defined as the difference in the means between the two

groups divided by the SD in the LTJR group, were used to

assess the balance of covariates between the two groups.

The descriptive statistics, including absolute standard-

ized mean differences, for the unmatched and matched sam-

ples are shown in Table 1. A total of 208 adult patients were

used in the propensity matched analyses. A total of 52

patients underwent LTJR and were compared with propen-

sity matched sample of 156 patients undergoing open TLIF

at 1 or 2 lumbar levels. There were no significant differen-

ces in preoperative characteristics for BMI, preoperative

opioid use, number of levels, specific levels treated, esti-

mated blood loss, length of surgery, ODI, NRS back pain,



Table 1

Baseline and clinical characteristics

Unmatched sample Matched sample

Total (N=413) LTJR (N=52) TLIF (N=361) Total (N=208) LTJR (N=52) TLIF (N=156)

n (%) n (%) n (%) p ASMD n (%) n (%) n (%) p ASMD

Age, M§SD 60.1§11.6 53.1§12.7 61.1§11 <.001 0.63 56.7§11.8 53.1§12.7 57.9§11.3 .010 0.38

BMI, M§SD 31.5§6.7 28.0§3.9 32.0§6.9 <.001 1.03 28.7§4.5 28.0§3.9 28.9§4.7 .197 0.23

Opioids: baseline 184 (47%) 15 (46%) 169 (47%) .881 0.02 95 (50%) 15 (46%) 80 (51%) .571 0.12

Revision surgery 118 (29%) 24 (46%) 94 (26%) .003 0.40 71 (34%) 24 (46%) 47 (30%) .043 0.32

Number of levels treated .509 0.11 .863 0.04

1 294 (71%) 35 (67%) 259 (72%) 143 (69%) 35 (67%) 108 (69%)

2 119 (29%) 17 (33%) 102 (28%) 65 (31%) 17 (33%) 48 (31%)

Any L4 and below 362 (88%) 42 (81%) 320 (89%) .107 0.20 176 (85%) 42 (81%) 134 (86%) .380 0.13

Level L1-L2 2 (1%) 1 (2%) 1 (0%) .110 0.14 2 (1%) 1 (2%) 1 (1%) .438 0.10

Level L2-L3 18 (4%) 4 (8%) 14 (4%) .208 0.15 13 (6%) 4 (8%) 9 (6%) .741 0.07

Level L3-L4 83 (20%) 11 (21%) 72 (20%) .839 0.02 46 (22%) 11 (21%) 35 (22%) >.999 0.03

Level L4-L5 281 (68%) 34 (65%) 247 (68%) .661 0.06 132 (64%) 34 (65%) 98 (63%) .868 0.05

Level L5-S1 148 (36%) 19 (37%) 129 (36%) .910 0.02 80 (39%) 19 (37%) 61 (39%) .869 0.05

Blood loss, M§SD 456.9§351 296.8§186.2 479.9§363.1 <.001 0.98 324.5§205.2 296.8§186.2 333.8§210.9 .262 0.20

Length of surgery, M§SD 217.5§61.1 202.0§72.9 219.7§59 .050 0.24 207.8§64.4 202§72.9 209.7§61.5 .453 0.11

ODI percent, M§SD 46.1§14.1 50.4§18.7 45.5§13.3 .018 0.26 47.7§15.9 50.4§18.7 46.8§14.9 .154 0.19

Back pain (NRS), M§SD 6.8§2.1 6.8§2 6.8§2.2 .894 0.00 6.5§2.3 6.8§2.0 6.4§2.3 .348 0.20

Leg pain (NRS), M§SD 6.6§2.6 6.1§2.6 6.6§2.6 .221 0.19 6.2§2.6 6.1§2.6 6.3§2.6 .737 0.08

Note: LTJR, lumbar total joint replacement; TLIF, transforaminal lumbar interbody fusion; ASMD, absolute standardized mean difference; NRS,

numeric rating scale. NRS back and leg pain each missing N=11 and opioid use missing N=16 in LTJR group. Length of surgery reported in minutes.
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or NRS leg pain (ASM <0.25). The LTJR cohort was

slightly younger overall compared with the TLIF cohort

(53.1 years vs. 57.9, p=.010). Additionally, in the LTJR

cohort there were 24 (46%) and patients being treated for

revision, and there were 47 (30%) revisions in the TLIF

cohort (p=.04). Due to these differences, multivariable

regressions adjusted for preoperative characteristics includ-

ing age and revision status. Additionally, a sensitivity anal-

ysis was run for all multivariable regression models

including a cohort by revision status interaction.
Statistical analysis

Descriptive statistics including mean (M) and standard

deviation (SD) for continuous variables, and frequency and

percentage for categorical variables, were calculated.

Patient demographics, operative variables, and preoperative

PROs were compared for patients having LTJR and TLIF

using fisher’s exact test for categorical variables and the

independent samples t-test for continuous variables.

Means of the ODI and NRS scores were plotted preoper-

atively, 3-months, and 12-months after surgery for the

LTJR and TLIF cohorts. Paired sample t tests were used to

evaluate changes between time points for each cohort.

Next, multivariable linear regressions were used to assess

differences between the cohorts at both 3 and 12-months

while adjusting for preoperative scores, revision status,

BMI, age, blood loss, length of surgery, number of levels

treated, treatment of L4 or below, and preoperative opioid
use. We also plotted the raw means and ran the risk-

adjusted models for each of the subdomains of the ODI.

Finally, we compared the achievement of clinical improve-

ment in each cohort as defined by 3 separate metrics: MSS

(ODI ≤20 and both NRS back and leg pain scores ≤2),
MCID (30% reduction in ODI from preoperative), and SCB

(18-point reduction in ODI from preoperative). Each of

these three metrics have been previously reported as means

to assess the relative clinical success in treating lumbar dis-

ease [21,20]. Multivariable logistic regression analyses

were used to predict the odds of having each of these opti-

mal outcomes for each cohort while adjusting for preopera-

tive ODI, age, blood loss, and revision status.

Multiple imputation with predictive mean matching was

used to impute missing NRS back and leg pain scores

(missing preoperative: N=14, 7%; 3-month: N=12, 6%; 12-

month: N=11, 5.5%) as well as missing preoperative opioid

use (N=19, 9.5%). There were no missing data for any of

the other variables. Raw means are reported using all avail-

able data and regression analysis results reported using mul-

tiple imputation estimates. Sensitivity analyses were run

using patients with complete data and also on the full sam-

ple of 361 TLIF patients. Results of both sensitivity analy-

ses were very similar to the imputed propensity matched

results and therefore not shown. p values <.05 were consid-

ered statistically significant. The R package “MatchIt” was

used for the propensity match analysis [23] and SPSS ver-

sion 26 (IBM Inc., Chicago, IL) was used for the remaining

analyses.



Fig. 2. ODI scores over time by procedure.
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Results

A total of 208 adult patients were used in the propensity

matched analyses. The raw means for ODI, NRS back pain,

and NRS leg pain are shown in Table 2 for the LTJR and

TLIF cohorts. Preoperatively and at 3-months after surgery,

there were no significant differences between the cohorts in

ODI, NRS back pain, or NRS leg pain. At 12-months after

surgery, the LTJR had significantly lower ODI (M=12.4,

SD=12.8) and back pain scores (M=2.1, SD=2.3) compared

to the TLIF cohort (ODI: M=23.8, SD=17.3, p<.001; back
pain: M=3.4, SD=2.8, p=.006). There was not a statistically

significant difference between cohorts in leg pain scores at

12-months, although there was a downward trend in leg

pain scores in the LTJR patients and a slight upward trend

in leg pain scores in the TLIF cohort at 12 months.

ODI

Between preoperative and 3 months after surgery, there

were significant improvements in ODI percent scores for

patient cohorts undergoing LTJR (MΔ=�27.1, 95%

CIΔ=�34.4 to �19.8, p<.001) and TLIF (MΔ=�21.1, 95%

CIΔ=�23.9 to �18.2, p<.001). No significant differences

between the LTJR and TLIF cohorts were found at 3-months

(Beta=�3.4, 95% CI= �8.9 to 2.1, p=.225). Between 3

month and 1 year follow up, the LTJR cohort showed contin-

ued significant decrease in ODI (MΔ=�11.0, 95% CIΔ=�14.8

to �7.2, p<.001) while the TLIF cohort showed no signifi-

cant change (MΔ=�1.9, 95% CIΔ=�4.0 to 0.1, p=.066;

Fig. 2). Multivariable linear regression showed that the LTJR

cohort had ODI scores that were significantly lower than the

TLIF cohort at 12 months after surgery (Beta=�12.9, 95%

CI=�17.9 to �8.0, p<.001) when adjusting for preoperative

ODI, demographics, and surgical characteristics.

NRS back and leg pain

Between preoperative and 3 months after surgery, there

were significant improvements in both LTJR and TLIF
Table 2

Raw means for patient reported outcomes at preoperative, 3-months, and 12-mont

Overall L

N Mean SD N M

ODI

Preoperative 208 47.7 15.9 52 5

3-months 208 25.1 17.5 52 2

12-months 208 20.9 17.0 52 1

Back Pain (NRS)

Preoperative 194 6.5 2.3 38

3-months 195 3.2 2.6 41

12-months 197 3.1 2.7 41

Leg Pain (NRS)

Preoperative 194 6.2 2.6 38

3-months 197 2.4 2.9 41

12-months 197 2.5 3.1 41

Note. Means computed using all available data at each time point. Preoperativ

operative timepoint and N=11 at 3 and 12 months postop. p values shown for inde
cohorts for NRS back pain (LTJR: MΔ=�3.9, 95%

CIΔ=�4.8 to �3.0, p<.001; TLIF: MΔ=�3.2, 95%

CIΔ=�3.6 to �2.7, p<.001), and NRS leg pain (LTJR:

MΔ=�3.6, 95% CIΔ=�4.8 to �2.4, p<.001; TLIF:

MΔ=�3.9, 95% CIΔ=�4.4 to �3.4, p<.001). For NRS back

pain, the LTJR cohort displayed a significant decrease from

3 to 12 months (MΔ=�0.9, 95% CIΔ=�1.5 to �0.3, p=.005)

while the TLIF cohort showed no significant change in

back pain during this same time period. NRS leg pain

showed a downward trend between 3 and 12 months for the

LTJR cohort (MΔ=�0.7, 95% CIΔ=�1.5 to 0.1, p=.073)

while the TLIF cohort showed no significant change in

NRS leg pain (Fig. 3).

Further, multivariable linear regression showed that the

LTJR cohort had NRS back pain scores that were signifi-

cantly lower than the TLIF cohort at 12 months after sur-

gery (Beta=�1.5, 95% CI=�2.4 to �0.7, p=.001) when

adjusting for preoperative scores and covariates. Leg pain

scores trended lower at 12-months for the LTJR cohort

compared to TLIF, but not significantly so (Beta=�1.0,

95% CI=�1.9 to 0.03, p=.058) in the multivariable
hs for LTJR and TLIF patients

TJR TLIF

ean SD N Mean SD p

0.4 18.7 156 46.8 14.9 .154

3.3 17.1 156 25.7 17.6 .399

2.4 12.8 156 23.8 17.3 <.001

6.8 2.0 156 6.4 2.3 .348

3.0 2.2 154 3.3 2.7 .474

2.1 2.3 156 3.4 2.8 .006

6.1 2.6 156 6.3 2.6 .737

2.6 2.5 156 2.3 3.0 .596

1.9 2.4 156 2.6 3.2 .192

e NRS back and leg pain each missing N=14 in the LTJR group at the pre-

pendent sample t-tests.
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regression model. No significant differences between the

LTJR and TLIF cohorts were found at 3-months for back

pain (Beta=�0.5, 95% CI=�1.4 to 0.3, p=.235) or leg pain

(Beta<.01, 95% CI=�0.9 to 0.9, p=.996).

ODI subdomains

A subanalysis of the individual domains of the ODI was

also performed. Raw score means are shown in Fig. 4. In a

series of risk-adjusted multivariable regressions, the LTJR

cohort showed significantly greater improvement in each

ODI domain at 12 months as compared with TLIF (p<.05)
with the exception of the Personal Care, Lifting, and Sleep-

ing domain. The largest differences in favor of the LTJR

cohort in the risk adjusted analyses were seen in the Stand-

ing, Sex, Social Life, and Traveling domains of the ODI

(p values <.01).

Clinical improvement

LTJR significantly outperformed TLIF at one year when

classifying patients as having an MSS (57.7% LTJR vs.

34.0% TLIF, p=.003), SCB for ODI (76.9% LTRJ vs.

59.0% TLIF, p=.021), and MCID for ODI (90.4% LTJR vs.

71.8% TLIF, p=.008). In a series of three multivariable

logistic regression models, LTJR was shown to provide

3.3 times greater odds of achieving MSS (95% CI=1.6−6.5,
p=.001), 2.4 times greater odds of achieving SCB (95%

CI=1.1−5.2, p=.028), and 4.1 greater odds of achieving

MCID (95% CI=1.5−11.5, p=.006), and compared to TLIF

(Fig. 5).

Sensitivity analysis by revision status

As reported in Table 1, there was a higher percentage of

revision cases in the LTJR cohort versus all TLIF patients

in the unmatched (46% vs. 26%, p=.003) and in the

matched sample (46% vs. 30%, p=.04). Further investiga-

tion into the match sample revealed that in the TLIF cohort,

the revision diagnoses were 4 (8.5%) pseudarthroses, 10
(21%) adjacent segment disease, 14 (29%) recurrent steno-

sis/delayed instability, 13 (27%) same-level recurrent disc

herniation, and 6 (12%) other reasons. In the LTJR cohort

the breakdown of revision diagnoses was: 3 (12%) same-

level recurrent disc herniation, 10 (42%) adjacent segment

disease, 1 (4%) pseudarthrosis (nonfused TLIF being con-

verted to LTJR), and 10 (42%) recurrent stenosis.

Due to the differences in the proportion of revisions by

cohort, a sensitivity analysis was run for all multivariable

regression models which included a cohort by revision sta-

tus interaction term. There was no significant interaction

between cohort and revision status for ODI, NRS back

pain, NRS leg pain at 3 or 12 months after surgery. Addi-

tionally, the cohort by revision status interaction term was

not significant for any of the three clinical outcomes of

MSS, ODI SCB, or ODI MCID. These results indicate that

the pattern of results was not different between primary and

revision surgeries.
Adverse events

There were 15 (18%) surgical adverse events in the first

84 patients undergoing LTJR—8 (9.5%) minor and 7

(8.3%) requiring operative intervention. Only those patients

with one year of follow up were included in the PROs anal-

ysis, however adverse events for all 84 of the first patients

are included here in the discussion for the sake of transpar-

ency. Adverse events included: hematoma (1), durotomy

(2), infection (3-superficial), subsidence (3), transient nerve

root deficit (6). One patient suffered from a symptomatic

epidural hematoma which required surgical evacuation.

Two incidental durotomies occurred that were repaired pri-

marily without sequelae.

Importantly, implant-specific complications occurred in

3 of the first 84 patients (3.5%), all of which were postoper-

ative subsidence of the implant. One of these patients had

undergone pelvic radiation 10 years prior due to prostate

cancer. This patient’s preoperative DEXA scan was normal,

however the patient suffered from a sacral fracture



Fig. 4. ODI individual domains over time by procedure.
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shortly postoperatively that led to implant subsidence and

required conversion to fusion. We suspect that the sacral

fracture may have occurred intraoperatively during disc

space preparation and sequential dilation at L5−S1. We fur-

ther suspect that while the patient’s DEXA scan did not

reveal osteopenia, the previous pelvic radiation may have
compromised the sacral bone which was not identified on

screening.

A second patient suffered a fall postoperatively that

resulted in significant unilateral subsidence requiring

removal of one of the implants. This patient was a postmen-

opausal female and had slightly decreased bone mineral



Fig. 5. Proportion of patients with optimal outcomes by procedure (A) and adjusted odds ratios for achieving optimal outcomes at 12 months with LTJR over

TLIF (B).
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density (BMD) on DEXA scan (T-Score was �1.4 in the

femoral neck) that did not reach the threshold for osteopo-

rosis. Following unilateral implant removal the patient had

no further evidence of subsidence or olisthesis, however

due to ongoing back pain she subsequently underwent lum-

bar fusion across the treated level.

A third patient was another postmenopausal female with

a mildly abnormal DEXA scan (T-Score �1.3) who showed

early subsidence of the implant postoperatively. This

patient was not symptomatic from the noted subsidence,

but due to concern for possible progression the patient was

treated with cement augmentation of the index vertebral

bodies. She ultimately had no further subsidence and

reported good results from her operations.

These three cases of subsidence highlight some of the

early experience around the LTJR implant and what level

of BMD loss might be tolerated. In response to these cases

of subsidence, we have implemented strict adherence to

BMD screening pre-operatively: patients with osteopenia

on DEXA scan are disqualified from LTJR implantation

until BMD is improved. In addition, we now have added

bone density screening on the preoperative CT scan, using

average of <135 Housfield units (HU) at the target vertebral
bodies as a proxy for osteoporosis, as described by Lee

et al. [24].

In the TLIF cohort there were 28 (7.8%) surgical adverse

events reported within 90 days including: hematoma (3),

persistent CSF leak (2), postoperative radiculopathy (5),

implant malposition (2), surgical site infection (4), and

medical complications (12). It should be noted that all

adverse events were captured in the LTJR cohort, while the

events reported in the TLIF cohort were only those captured

within 90 days by the patients reporting to the treating
institution. In addition, it is important to note that the LTJR

cohort presented includes data on the first patients undergo-

ing this novel procedure. In the early experience, chisel

guides were used to create keel cuts for the implant. This

was later modified to a power oscillating rasp and keel cut-

ting tool that decreased potential trauma to the exiting nerve

root. Indeed, the transient nerve root deficits were primarily

seen in the early LTJR patients. Once the keel cutting tech-

nique and tools were modified, nerve root deficits were no

longer seen. Thus we believe that many of the listed adverse

events were in part related to the learning curve for both

the surgeons and design team as the LTJR technique was

learned and modified.
Discussion

In this study we present the 1-year PROs of a novel, all-

posterior LTJR as compared to a large cohort of adults

undergoing 1- and 2-level TLIF. At 1 year, the patients

undergoing LTJR showed significantly lower back-related

disability (ODI) and significantly lower NRS back pain and

leg pain. Three separate multivariable regression analyses

showed that the LTJR patients had significantly higher

odds of achieving clinical improvement in each of the sepa-

rate criteria utilized. These results suggest that motion pres-

ervation with this posterior-based LTJR may represent a

valuable alternative to fusion for common degenerative

lumbar conditions.

Lumbar fusion is increasing as a treatment option for

many degenerative lumbar conditions including spondylo-

listhesis, recurrent disc herniation, severe foraminal steno-

sis, and flatback syndrome. Our study found that 34% of

fusion patients had achieved MSS at 1-year, while 59% and
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72% achieved SCB and MCID, respectively. These data are

consistent with the works by Crawford et al., Asher et al.,

and Glassman et al. that established these criteria for clini-

cal improvement thresholds [12,21,22]. In comparison, a

significantly higher proportion of patients in the LTJR

cohort in our study were found to achieve MSS (58%),

SCB (77%), and MCID (90%) at 1-year. In the multivariate

regression analysis, LTJR was shown to provide 3.3 times

greater odds of achieving MSS (95% CI=1.6−6.5, p=.003),
2.4 times greater odds of achieving SCB (95% CI=1.1−5.2,
p=.028), and 4.1 greater odds of achieving MCID (95%

CI=1.5−11.5, p=.013), compared to fusion. These results

suggest that, at least in the short term, motion preservation

may be an effective alternative to fusion for common

degenerative lumbar conditions.

The novel LTJR we present is unique in that it allows the

surgeon to perform a complete central, recess, and forami-

nal decompression along with complete discectomy from

the posterior approach and to then reconstruct both the disc

and facets at the lumbar motion segment being treated. We

believe this represents a true alternative to fusion in that it

preserves motion at the target segment, while still allowing

for complete and direct neural decompression. As recently

reported in several studies, sitting posture forces the lumbar

spine into a position of relative kyphosis as compared with

standing [25,26]. Fusion, by design, prevents the fused seg-

ments from accommodating to sitting versus standing pos-

ture and thus may place excessive shear stress on the

adjacent segments [27]. The LTJR allows for preservation

of lumbar segment motion that will also allow the patient’s

lumbar spine to move into more lordosis during standing or

relative kyphosis during sitting and thus may protect the

physiologic motion cascade during these postures of daily

living. Importantly, Patwardhan et al. also recently per-

formed cadaveric biomechanical testing of the LTJR device

and demonstrated that the LTJR implant was able to mimic

the physiologic motion and intradiscal pressures of the

native spine during sitting, standing, flexion, and extension

[28,29]. In the present study, we found that both ODI and

back pain continued to decrease from the 3 to 12-month

period in the LTJR cohort, while improvements in these

PROs had plateaued by 3 months following fusion. These

findings showing maximal improvement at 3 months for

disability and pain following fusion is consistent with the

literature for degenerative lumbar fusion [30]. We suspect

that the maintenance of lumbar segmental motion and the

prevention of excessive stresses at the adjacent segments is

a plausible explanation for this difference.

There are several limitations associated with this study.

First, while the 1-year results are compelling, longer term

follow up is required to compare the durability of LTJR ver-

sus fusion. In addition, a prospective controlled study will

be necessary to directly compare these treatments. There

have been several large studies and meta-analyses compar-

ing the rate of adjacent segment degeneration (ASD) in

anterior lumbar disc replacement versus fusion, with a
significant decrease in ASD reported when lumbar motion

is preserved [10,31,32]. While the one-year data presented

here cannot be used to assess the rate of ASD following

LTJR, we postulate that long term results may show an

improvement in rate of ASD compared to fusion. Another

limitation is that the LTJR procedures were performed by a

single surgeon, while the TLIF procedures were performed

at a large academic center by six surgeons; thus, the repro-

ducibility of LTJR will need to be further demonstrated

across surgeons. The patients undergoing LTJR were

recruited to participate in a preclinical study prior to sub-

mission for a Federal Drug Administration (FDA) study; as

such, these were patients seeking alternatives to lumbar

fusion. Thus, there is potential for selection or confirmation

bias in favor of LTJR over fusion in this cohort. Impor-

tantly, the fusion cohort is a historic control, and the LTJR

implant was not available as an alternative at the time of

their fusion operation. Further, in this study the LTJR was

compared only with open TLIFs; thus, the results presented

here may not be transferable across fusion methods. It is

possible that the differences in patient outcomes would be

smaller if the fusion cohort had been treated primarily with

minimally invasive techniques. However, there are numer-

ous publications demonstrating no difference in 1−2 year

patient reported outcomes for the various lumbar fusion

techniques (including open vs. MIS), as such we believe the

open TLIF may accurately represent a broader fusion cohort

when comparing long term results [33−35]. Importantly, by

comparing the LTJR only to open TLIF, any differences

seen due to surgical technique are eliminated. The primary

comparison being made in this investigation is fusion ver-

sus motion preservation with LTJR, with less concern for

the impact of open versus MIS techniques. We certainly

acknowledge that future work will be needed to compare

LTJR with MIS TLIF, and there will also likely be a role

for MIS techniques in LTJR insertion as well.
Conclusion

Here we present data for the first 52 patients undergoing

a novel, posterior-based total joint replacement for the lum-

bar spine compared with TLIF. One year postoperative

analysis revealed that the LTJR patients experienced

greater improvement in ODI and NRS back pain compared

with TLIF. In addition, multiple criteria to define optimal

outcomes were utilized (MSS, SCB, and MCID), and LTJR

outperformed TLIF in each of these measures. While these

findings are compelling, firm conclusions on the superiority

of LTJR versus TLIF cannot be drawn based on this retro-

spective study design and short term follow up. The find-

ings of this study do suggest that motion preservation with

LTJR may be an effective alternative to fusion in degenera-

tive lumbar conditions. Prospective-controlled studies with

long-term follow-up are underway to evaluate the durability

of this procedure, impact on adjacent segments, and overall

safety and efficacy as compared with fusion.
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