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Discectomy is the current surgical procedure for lumbar intervertebral disc
(IVD) herniation. Discectomy was performed to remove the IVD material and
relieve the pain inflicted by nerve root compression and axonotoxic effects,
such as inflammatory cytokines in the IVD material; however, defects within
the IVD caused by discectomy may impair tissue healing and predispose
patients to subsequent IVD degeneration. Given that viable cells with the
capacity for IVD regeneration are scarce, discectomy alone is not conducive to
tissue repair. Here, we report the use of an acellular, bioresorbable, ultra-
purified alginate (UPAL) gel implantation system to prevent [VD degeneration
after discectomy and demonstrate its feasibility and safety in phase 1/2, open-
label, non-randomized clinical trials conducted at a double center. This study
comprised two parts: a prospective study on UPAL gel implantation after
discectomy in patients with lumbar disc herniation, and a subsequent pro-
spective study on patients who underwent discectomy without UPAL
implantation as a control group. The control group was recruited separately.
The primary outcomes of this study were the feasibility and safety of UPAL
implantation, and the secondary outcomes included physical function scores,
self-report questionnaires (SRQs) evaluating pain and health-related quality of
life and magnetic resonance imaging (MRI)-based measures of IVD tissues. The
UPAL gel implantation demonstrated 100% feasibility and safety (n=40). The
physical function scores improved significantly postoperatively in both
groups, with the UPAL group demonstrating greater improvements over time
compared to the control group. The SRQ scores were significantly higher in the
UPAL group than in the control group from the early postoperative period to
12 weeks. MRl revealed that the disc degeneration score was significantly lower
in IVDs with UPAL implantation than in those that underwent discectomy
alone. The findings of this study suggest that the UPAL gel is a novel ther-
apeutic strategy after discectomy in cases of lumbar IVD herniation. Trial
number: UMINO00034227, UMINO00042282.
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The intervertebral disc (IVD) is the main soft tissue of the spine that
supports the trunk and contributes to the load-bearing function and
maintenance of trunk mobility, as it functions as a cushion connecting
the vertebral bodies'™. The IVD is composed of the inner structure of
the nucleus pulposus (NP) and the external annulus fibrosus (AF). The
NP is a gelatinous tissue containing 70-90% water and is rich in
extracellular matrix with low cell density>*. The IVDs have a limited
regenerative capacity owing to poor nutrient supply, low oxygen
tension, acidic pH, and a low capacity for cell division',

Lumbar IVD herniation is one of the most common spinal dis-
orders; it can cause severe low back and leg pain due to compression of
the NP on the nerve root and axotoxic effects, such as inflammatory
cytokines in the NP and has been reported to occur most often in
adults between the ages of 20 and 50 years’. Discectomy is the stan-
dard surgical treatment to remove IVD material impinging on the
nerve root and relieve pain''2. However, IVD defects after discectomy
are difficult to cure and have been reported to promote IVD degen-
eration, worsen clinical outcomes, and cause low back pain*™.

Although the use of defect-filling soft biomaterials for IVD defects
after discectomy has been attempted in fundamental and translational
research®® %, there are no clinically available biomaterials because these
soft materials, such as hydrogels, can be extruded from IVD defects by
mechanical compressive loading under high intradiscal pressure®”.
Alginate, which has been used for the representative three-dimensional
(3D) culture of IVD cells, can also promote the self-repairing ability of
IVDs*?, However, naturally occurring, commercial-grade alginates
contain mitogenic and cytotoxic impurities that induce foreign body
reactions®. To overcome the inevitable limitations in its clinical appli-
cation, highly purified biocompatible alginates with reduced endotoxi-
city to <50 EU/mL (<1/10,000 compared with commercially available
laboratory alginate) have been developed with minimal risk of adverse
effects®. Cell-free, bioabsorbable, ultra-purified alginate (UPAL) is used
to fill IVD defects after discectomy and can be adapted to various defect
shapes without covering or suturing the surface of the IVD by rapid
gelation (<5min) with crosslinking via calcium ions to cover the
surface®. Sheep cadaveric lumbar spines implanted with the UPAL gel
showed sufficient biomechanical properties without material protruding
from the IVD***¥, In addition, the UPAL gel optimizes the tissue repair
environment of implanted IVDs after discectomy and promotes the self-
repair capacity of the remaining tissue, leading to endogenous repair in
transrational animal models®”. Furthermore, the UPAL gel is biologi-
cally safe according to the International Organization for Standardiza-
tion and Good Laboratory Practice standards®.

Therefore, as the next step, we conducted phase 1/2 clinical trials
in which the UPAL gel was implanted into the IVD after discectomy in
patients with lumbar IVD herniation?®, The primary objective of these
trials was to investigate the feasibility and safety of UPAL gel implan-
tation. The secondary objective was to determine the clinical efficacy
of this treatment from the perspective of pain suppression and/or IVD
degeneration. These pilot studies were designed to generate a ratio-
nale for a subsequent phase 3 validation study with sufficient power.

This study was a first-in-human, single-arm, open-label, phase 1/2
trial conducted at a double center and comprised two parts: a pro-
spective study of UPAL gel implantation after discectomy in patients
with lumbar disc herniation, which was followed by a prospective
study with a control group of patients with lumbar disc herniation who
underwent discectomy without UPAL gel implantation to compare and
evaluate the efficacy of the UPAL gel.

Results

UPAL gel implantation after discectomy group

Between November 2018 and September 2020, 41 patients with lum-
bar disc herniation were registered in the UPAL gel implantation group
(Fig. 1). The participants were observed and evaluated 1, 4, 12, 24, 48,
and 96 weeks after surgery (Supplementary Table 1). The allergy test

results for sodium alginic acid at the time of enrollment were negative
in all cases. Forty patients underwent UPAL implantation after dis-
cectomy, except for one patient in whom UPAL injection was dis-
continued due to intraoperative spinal fluid leakage. All 40 patients
were followed up for 24 weeks after UPAL implantation, and no
patients were excluded from the per protocol set (PPS). At 48 weeks
postoperatively, 32 patients completed the follow-up, and eight did
not complete the follow-up; four were lost to follow-up, two had
recurrent herniation and underwent reoperation, and two did not
attend the clinic but completed the self-report questionnaires (SRQs)
alone. At 96 weeks postoperatively, 26 patients completed the follow-
up; of the remaining six patients, four were lost to follow-up and two
were unable to undergo magnetic resonance imaging (MRI) (one due
to claustrophobia and one due to pregnancy; one pregnant patient was
evaluated at 96 weeks postoperatively with means other than MRI, and
MRI was performed at 133 weeks postoperatively).

Control cohort (discectomy only) group

Between December 2020 and March 2022, after all surgeries in the
UPAL group were completed, 35 patients were enrolled in the control
group (Fig. 1). The participants were observed and evaluated 1, 4, 12,
24, 48, and 96 weeks after surgery, as in the UPAL group, excluding the
allergy test for sodium alginate and laboratory tests (Supplementary
Table 1). Thirty-four patients underwent lumbar discectomy; one
patient was excluded from the safety analysis set (SAF) on the post-
enrollment screen due to severe pain that precluded a preoperative
MRI scan. In four cases, Tlp MRI was not available before surgery due
to the replacement of MRI systems at the evaluation facility. For these
four cases, all evaluation criteria except Tlp were met and included in
the evaluation. At 24 weeks postoperatively, 32 patients had com-
pleted the follow-up; two were excluded from the PPS, with one
excluded due to deviation from the protocol at 1 week postoperatively
and one because of hernia recurrence at 4 weeks postoperatively that
required revision surgery. At 48 weeks after surgery, 29 patients
completed the follow-up, one was lost to follow-up, and two were not
seen and completed the questionnaires alone. At 96 weeks post-
operatively, 24 patients were available for follow-up, three were lost to
follow-up, one experienced hernia recurrence and underwent reo-
peration, and one completed a questionnaire alone (Fig. 1).

Participant characteristics

The baseline characteristics and surgical summaries of the 40 patients
who underwent UPAL implantation (UPAL group) and the 34 who
underwent discectomy (control group) are detailed in Table 1. The
mean age at surgery was 36.3 (standard deviation (SD): 7.5) years in the
UPAL group and 37.5 (SD: 8.0) years in the control group, and the sex
ratio and body mass index were comparable between the two groups.
Regarding disc herniation, most lumbar lesions were at the L4-L5 and
L5-S1 levels, which were comparable between the two groups. The
herniations were classified into four types based on surgical findings,
most of which were extrusion types (subligamentous or transliga-
mentous), with no significant differences between the two groups. The
time from symptom onset to surgery was comparable between the
groups. The mean operative time was 103.7 (SD: 31.3) min in the UPAL
group and 91.9 (SD: 19.6) min in the control group. In the UPAL group,
the operation time was approximately 10 min longer than that of the
control group due to the time needed to inject the UPAL solution,
followed by gelation (5min). The mean amount of removed disc
material during discectomy was comparable between the two groups,
with an average of 0.5 (SD: 0.3) mL of UPAL solution being implanted
into the disc in the UPAL group (Table 1).

Primary outcomes: Feasibility and safety
The primary outcomes of this phase 1/2 trial were the feasibility and
safety of UPAL implantation following discectomy. Forty patients in
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Fig. 1| Clinical trial design. Flow diagram for clinical trials of ultra-purified alginate (UPAL) gel implantation and control cohort study for patients with intervertebral disc
(IVD) herniation. PPS, per protocol set; SAF, safety analysis set; SRQs, self-report questionnaires.

the UPAL group underwent UPAL gel implantation after discectomy
(Fig. 1). After a 5x5mm incision was made into the AF, the disc
material was removed, and the UPAL solution was injected into the
disc. The average filling volume of the UPAL solution was
0.46 £ 0.26 mL. UPAL gelation was confirmed in all cases after the
application of the CaCl, solution, suggesting that the feasibility of
UPAL gel implantation was 100%.

Table 2 summarizes the adverse events (AEs) collected in this
study. No AEs associated with UPAL implantation occurred post-
operatively. Preoperative allergy test results for UPAL were negative
for all patients. Laboratory data were acceptable after hernia surgery,
and no abnormal values were found (Supplementary Table 2). There
was no recurrence of herniation, the most relevant and serious com-
plication of disc herniation treatment, until 24 weeks after UPAL
implantation and two cases between 24 and 48 weeks postoperatively.
In the two cases with herniation recurrence, the findings during reo-
peration indicated normal hernia recurrence and ruled out the invol-
vement of UPAL implantation. No recurrence of herniation was
observed between 48 and 96 weeks postoperatively. In the control
group, there was one case each of hernia recurrence and herpes zoster
as serious complications 24 weeks after discectomy (Table 2). There
was also one case of hernia recurrence between 48 and 96 weeks after
surgery. In total, two cases of hernia recurrence were identified in both
UPAL and control groups (Fig. 1 and Table 2).

Secondary outcomes

The secondary outcomes of this study included physical function
scores, SRQs for evaluating pain and health-related quality of life, and
MRI assessment of IVD tissues (Supplementary Table 1). Physical
function scores consisted of the finger-to-floor distance (FFD) mea-
surement, straight leg raise (SLR) test, Modified Schober’s test (MST)
to assess lumbar spine range of motion, and Japanese Orthopedic

Association (JOA) score to assess the severity of the functional and
clinical conditions related to the lumbar spine. These assessments
were performed for 96 weeks postoperatively to compare the results
between the UPAL and control groups.

Physical function scores

Physical examination showed that FFD significantly decreased at
4 weeks after surgery compared to baseline (P< 0.01), and the SLR test
and MST values also increased in both groups from baseline (P < 0.01
at 1 week postoperatively, P<0.01 at 4 weeks postoperatively,
respectively); these changes persisted until 96 weeks after surgery
(Fig. 2A-C and Supplementary Table 3). Similarly, the JOA scores
promptly improved after surgery in both groups (P < 0.01) (Fig. 2D and
Supplementary Table 3). In a comparison of the groups, FFD was sig-
nificantly smaller in the UPAL group at 12 weeks after surgery (mean
difference [MD]: -5.6, 95% confidence interval [CI]: -11.1, - 0.2,
P=0.04). The SLR test value was significantly higher in the UPAL group
than in the control group at 48 and 96 weeks after surgery (MD: 4.5,
95% CI: 0.9, 8.0, P=0.02, and MD: 3.6, 95% ClI: 0.5, 7.0, P=0.02,
respectively), and the MST value was significantly greater at 4 weeks
after surgery (MD: 0.7, 95% CI: 0.1, 1.4; P=0.03) (Fig. 2A-C and Sup-
plementary Table 3). Furthermore, the JOA scores were significantly
higher in the UPAL group than in the control group at 1 and 12 weeks
after surgery (MD: 1.8, 95% CI: 0.6, 3.1, P< 0.01, and MD: 1.6, 95% CI: 0.1,
3.1, P=0.01, respectively) (Fig. 2D and Supplementary Table 3).

SRQs for the evaluation of pain and health-related quality of life
Regarding the SRQs for pain evaluation, the low back pain visual ana-
log scale (VAS; 0-100 mm, the higher the score, the worse the pain)
and leg pain VAS scores significantly decreased from baseline to
immediately after surgery in both groups (P<0.01, P<0.01, respec-
tively) and continued until 96 weeks postoperatively (Fig. 3A and B and
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Table 1| Baseline patient characteristics and summary of
operation

Table 2 | Summary of adverse events for the ultra-purified
alginate (UPAL) group and the control group

UPAL group Control group P value <24 weeks postoperative UPAL group Control group
(n=40) (n=34) N=40 N=34
Age at surgery, years 36.3 (7.5) 37.5 (8.0) 0.52 Adverse events associated with 0 (0) N/A
Sex — — 0.08 UPAL implantation
Male 30 (75.0) 19 (55.9) — Serious adverse events 0 (0) 2(5.9)
Female 10 (25.0) 15 (44.1) ~ Recurrence of herniation 0 (0) 1(2.9)
Body Mass Index, kg/m? 25.4 (4.7) 24.2 (4.3) 0.24 Herpes zoster of the ear 009 1(29)
Cigarette smoking 18 (45.0) 16 (47.1) 0.86 24-48 weeks postoperative UPAL group Control group
N=34 N=29
Disc Homiati ~ ~ ~
Sclieluation Adverse events associated with 0 (0) N/A
Level - - 0.32 UPAL implantation
L3-L4 0(0) 1(2.9) = Serious adverse events 2(5.9) 0(0)
L4-L5 10 (25.0) 12 (35.3) = Recurrence of herniation 2(5.9) 0(0)
L5-S1 30 (75.0) 21(61.8) = 48-96 weeks postoperative UPAL group Control group
Herniation type - - 0.08 N=26 N=25
Protrusion 0(0.0) 3(8.8) _ Adverse events associated with 0 (0) N/A
- UPAL implantation
Subligamentous 14 (35.0) 7 (20.6) - -
extrusion Serious adverse events 0 (0) 1(3.4)
Transligamentous 24 (60.0) 24 (70.6) _ Recurrence of herniation 0 (0) 1(3.4)
extrusion Data are n (%). The UPAL group consisted of patients who underwent UPAL gel implantation after
Sequestration 2 (5.0) 0(0) _ discectomy for lumbar disc herniation, and the control group consisted of patients who
= underwent discectomy only. N/A, not applicable.
Time from onset to sur- 167.2 (368.4) 158.9 (302.5) 0.92
gery, day
Operation time, minute 103.7 (31.3) 91.9 (19.6) 0.06 indicates health-related quality of life, are shown in Fig. 3F and Sup-
Removed disc mate- 1.7 (1.0) 2.0(0.8) 0.15 plementary Fig. 1. All parameters improved in both groups from the
rial, gram time of surgery to the time of final follow-up, except for the mental
Volume of UPAL solution, ml 0.5 (0.3) = = component summary (P< 0.05 for physical functioning and physical

Data are mean (standard deviation) or n (%). Ultra-purified alginate (UPAL) group consisted of
patients who underwent UPAL gel implantation after discectomy for lumbar disc herniation, and
the control group consisted of patients who underwent discectomy only. P-values were deter-
mined with an unpaired t test or a Chi-squared test.

Supplementary Table 4). The VAS scores were comparable between
the two groups over the entire period (Fig. 3A and B and Supplemen-
tary Table 4). In addition, the Oswestry Disability Index evaluation
(ODI; 0-100 points, the higher the score, the more severe the dis-
ability) was used to assess the activities of daily living disability due to
low back pain and leg pain, and the Rolland-Morris disability ques-
tionnaire (RDQ; 0-24 points; higher scores indicate worse quality
of life) was used to evaluate quality of life specific to low back pain;
both values significantly decreased in each group from immediately
after surgery to 96 weeks compared to baseline (P<0.01, P<0.05,
respectively) (Fig. 3C and D and Supplementary Table 4). In addition,
the ODI in the UPAL group was significantly lower than that in
the control group at 4 weeks postoperatively (MD: 7.8, 95% CI: 1.0,
14.6, P=0.02), and the RDQ value was significantly lower in the UPAL
group at 4 weeks postoperatively (MD: 2.9, 95% CI: 0.4, 5.4, P=0.01)
(Fig. 3C and D and Supplementary Table 4). The results of the JOA
Back Pain Evaluation Questionnaire (JOABPEQ; 0-100 points, with
higher scores indicating better health status), a multidimensional
assessment of health status associated with lumbar spine disorders,
are shown in Fig. 3E and Supplementary Fig. 1. All five scores improved
in both groups from 1 week to 96 weeks after surgery (P < 0.05 for all
five scores after 1 week postoperatively, except gait disturbance and
social life disturbance in the control group) (Fig. 3E and Supplemen-
tary Table 5). Furthermore, the scores of lumbar dysfunction at
12 weeks postoperatively (MD: 11.5, 95% Cl: 0.9, 22.2; P<0.01), gait
disturbance at 4 weeks postoperatively (MD: 16.5, 95% CI: 4.3, 28.8;
P<0.01), and social life disturbance at 4 weeks postoperatively (MD:
11.4, 95% CI: 1.4, 21.5; P=0.02) were significantly higher in the UPAL
group than in the control group (Fig. 3E and Supplementary Table 5).
The results of the 36-item Short Form Health Survey (SF-36), which

component summary from 1 week after surgery in both groups;
P<0.05 for bodily pain, general health, vitality, role emotional and
mental health from 4 weeks postoperatively; P< 0.05 for social func-
tioning and role/social component summary from 12 weeks post-
operatively) (Fig. 3F and Supplementary Table 6). The physical
functioning score at 1 week after surgery (MD: 9.1, 95% Cl: 0.04, 18.1,
P <0.05), vitality score at 96 weeks after surgery (MD: 11.4, 95% CI: 0.6,
22.2, P=0.04), and physical component summary score at 12 weeks
after surgery (MD: 3.8, 95% CI: 0.3, 7.3, P=0.01) were significantly
higher in the UPAL group at each time point than in the control group
(Fig. 3F and Supplementary Table 6). There were significant weak
correlations with the injected UPAL volume in the SLR test; psycho-
logical disorders score on JOABPEQ at 24 weeks postoperatively;
vitality on SF-36 at 1 week postoperatively; and general health, mental
health, and mental component summary on SF-36 at 24 weeks post-
operatively (Supplementary Table 7).

MRI analysis

The results of MRI analysis are shown in Fig. 4. MRI T2-weighted
sagittal images of representative cases showed that the discs implan-
ted with the UPAL had a high signal intensity with a clear boundary
between the NP and AF at 24 weeks postoperatively, and the same
trend continued at 96 weeks. In contrast, the control group, which only
underwent discectomy, showed a decrease in disc signal at 24 and
96 weeks postoperatively compared with preoperatively (Fig. 4A). The
Pfirrmann disc degeneration grading score (five-point scale from1to 5;
the higher the score, the more advanced the degeneration) in the UPAL
group improved at 24 weeks postoperatively compared with pre-
operatively and was maintained until 96 weeks postoperatively. While
the Pfirrmann score in the control group was higher postoperatively
than preoperatively, the UPAL group had a significantly lower grade
than the control group at 24 and 96 weeks (P<0.01 and P<0.01,
respectively), and there was a significant difference between the two
groups in the amount of change in grade compared with pre-
operatively at 24 and 96 weeks postoperatively (P<0.01 and P<0.01,
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Fig. 2 | Physical function scores. A Finger-to-floor distance measurement.

B Straight leg raise test. C Modified Schober’s test. D Japanese Orthopedic Asso-
ciation (JOA) score. These scores were assessed as the physical examination pre-
operatively and at 1, 4, 12, 24, 48, and 96 weeks after surgery in the UPAL
implantation group (blue) and control group (orange). Box plots show the median
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fidence interval (CI)] between the two groups; P-values were determined with an
unpaired two-tailed ¢ test or Mann-Whitney U test.

respectively) (Fig. 4B and Supplementary Fig. 2A). Regarding the type
of disc herniation, preoperative Pfirrmann grading in three types of
disc herniation (subligamentous extrusion, transligamentous extru-
sion, and sequestration) in the UPAL group was equivalent (4.0, 3.5,
3.6, respectively, P=0.39), and the amount of change at 24 and
96 weeks postoperatively were also comparable among these groups
(24w: - 0.5, -0.36, - 0.42, respectively. P=0.93, 96w: - 0.5, - 0.38,
-0.29, respectively, P=0.87). The disc height index (DHI), which was
calculated as the ratio of IVD height to the proximal vertebral body
height measured for the middle portion on mid-sagittal T2-weighted
images, tended to decrease in both groups from preoperatively to
24 weeks postoperatively and 96 weeks postoperatively and was
comparable between the two groups (preoperatively: 95% Cl: - 0.04,
0.04, P>0.99; 24 weeks postoperatively: -0.04, 0.04, P=0.97;
96 weeks postoperatively: - 0.05, 0.05; P=0.97) (Fig. 4B and Supple-
mentary Fig. 2A).

For the quantitative MRI analysis of IVD, Tlp, T2* and apparent
diffusion coefficient (ADC) values derived from diffusion-weighted
images (DWIs) of lesional IVD were normalized by normal IVD values
and evaluated for comparison (Fig. 4C and D and Supplementary
Fig. 2C). These MRI sequences were selected because they have been
preliminarily reported to have potential usefulness as objective and
quantitative assessments of IVD degeneration® 2, T1p, T2*,and ADC in
patients with MRI available from preoperatively to 96 weeks post-
operatively are shown in Fig. 4C and Supplementary Fig. 2C to evaluate
changes over time in each group. T1p and T2* values in both groups did
not change significantly between preoperatively and postoperatively.
The ADC values were significantly higher at 24 weeks postoperatively

than preoperatively in the control group (P<0.01) and lower at
96 weeks postoperatively in both groups than at 24 weeks post-
operatively (UPAL, P=0.01; control, P<0.01). Data from the MR ima-
ges of all cases, including missing values, were used to compare the
two groups at each time point (Fig. 4D). Tlp and T2* values were
comparable between the two groups from preoperatively to 96 weeks
postoperatively. The change in the T2* value from preoperatively to
24 weeks postoperatively was positive in the UPAL group and negative
in the control group (95% Cl: - 0.005, 0.4, P=0.06). The ADC values
were comparable between the two groups preoperatively and at
96 weeks postoperatively; however, the ADC value in the control
group was significantly higher than that in the UPAL group at 24 weeks
postoperatively (MD: 0.04, 95% CI: 0.004, 0.08, P=0.04), and the
change from preoperatively to 24 weeks postoperatively was also
significantly higher in the control group (MD: 0.06, 95% CI: 0.02,
0.10; P<0.01).

Discussion

The current study confirmed the feasibility and safety of UPAL gel
implantation for a herniated NP after discectomy and demonstrated
that UPAL gel implantation improves early postoperative pain and
health-related quality of life compared with the control group. Fur-
thermore, MRI results indicated that UPAL could prevent IVD degen-
eration after discectomy. This is the first report of a clinically
applicable soft biomaterial that can easily and safely compensate for
the cavity after discectomy, with the potential to suppress early
postoperative pain and inhibit progressive IVD degeneration following
discectomy.
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Fig. 3 | Self-report questionnaires for evaluating pain and health-related
quality of life. A, B Visual Analog Scale (VAS) for low back and leg pain

(0-100 mm, the higher the score, the worse the pain). C Oswestry Disability Index
(ODI; 0-100 points, the higher the score, the more severe the disability).

D Roland Morris Disability Questionnaire (RDQ; 0-100 points, the higher score,
the better the quality of life). E Lumbar dysfunction, gait disturbance, and social
life disturbance of the Japanese Orthopedic Association Back Pain Evaluation
Questionnaire (JOABPEQ; 0-100 points, with higher scores indicating better
health status). F Physical functioning, vitality, and physical component summary

of 36-item Short Form Health Survey (SF-36: 0-100 points, the higher score, the
better the quality of life). These scores were examined preoperatively and at 1, 4,
12, 24, 48, and 96 weeks after surgery in the UPAL implantation group (blue) and
control group (orange). Box plots show the median (center line), 25th-75th
percentiles (box edges), and range within 1.5 x interquartile range (whiskers);
outliers are displayed as dots. *P<0.05, *P < 0.01, [95% confidence interval (CI)]
between the two groups; P-values were determined with an unpaired two-tailed ¢
test or Mann-Whitney U test.

Currently, there are no available clinical treatments that prevent
or repair IVD degeneration; however, recent tissue engineering
approaches have revealed the molecular cascade involved in IVD
degeneration, and treatments and research aimed at regenerating or
inhibiting IVD degeneration have been attempted®*. Notably, cell- and
biomaterial-based therapies have attracted attention as treatments for
IVD degeneration. Although stem cell-based therapies present many

challenges for clinical application, including immune rejection, host
tissue engraftment, potential tumor formation, and pathogenic
infection’****’, biomaterial-based therapies can be performed in a
single-step process and have the great advantage of providing safe and
stable treatment on demand>***%, Because patients with lumbar disc
herniation, a major IVD disorder, are typically relatively young (<45
years old) and disc cells are expected to remain in these
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Fig. 4 | Magnetic resonance imaging (MRI) analysis. A Representative T2-
weighted, mid-sagittal images of lumbar intervertebral discs (IVDs) in the UPAL gel
implantation group and control group preoperatively and at 24 and 96 weeks after
surgery. B Pfirrmann grading and the disc height index are shown. Box plots show
the median (center line), 25th-75th percentiles (box edges), and range within 1.5 x
interquartile range (whiskers); outliers are displayed as dots. **P < 0.01 between the
two groups; P-values were determined with the Mann-Whitney U test. C, D T1p, T2*,
and apparent diffusion coefficient (ADC) values derived from diffusion-weighted
images of the IVDs are shown. Tlp, T2* and ADC values of lesional IVDs were
normalized by the normal IVD values and evaluated for comparison. C Results of

n=40/32 n=40/32 n=27/24

patients who underwent Tlp, T2* and ADC from preoperatively to 96 weeks
postoperatively to evaluate within-group changes over time in each group. Data are
presented as mean + 95% confidence interval (CI), *P < 0.017 between each time
point; P-values were determined with one-way analysis of variance with post-hoc
tests using the Bonferroni paired ¢ test. D Data obtained from MR images of all
cases, including missing values, to compare the two groups at each time point. Box
plots show the median (center line), 25th-75th percentiles (box edges), and range
within 1.5 x interquartile range (whiskers); outliers are displayed as dots. *P < 0.05
between the two groups at each time point; P-values were determined with an
unpaired two-tailed ¢ test or Mann-Whitney U test. w, weeks.

individuals*****°, biomaterial-based IVD repair therapy is considered
potentially useful. Biomaterials must support cell survival and induce
differentiation of the remaining progenitor cells to achieve the
essential and sustained suppression of disc degeneration. Soft bio-
materials, such as alginate, collagen, fibrin, and hyaluronic acid, have
been analyzed in in vivo experiments to determine the induction and
activation mechanisms of residual disc cells*****"*_ In this study, we
developed an UPAL gel alginate with excellent biocompatibility and
safety and investigated its clinical application in patients with lumbar
disc herniation.

This clinical trial achieved 100% feasibility with UPAL gel implan-
tation after discectomy for patients with lumbar disc herniation; the
UPAL solution was injected into the IVD defect after discectomy
through a 16 G catheter, remained in the disc, and gelation on the
surface of the AF was confirmed after applying the calcium solution in
all cases. Similar to the UPAL implantation into the lumbar discs of
large animals in previous studies®*, the UPAL implantation technique

can be performed successfully in human disc herniation surgery. No
serious UPAL-related AEs were observed after UPAL implantation. In
addition, preoperative allergy test results for UPAL were negative in all
patients, and postoperative blood test data did not show any abnormal
reactions. Although UPAL is a highly purified soft biomaterial with 1/
10,000 the endotoxin content of conventional alginate acid and has
been demonstrated to be safe in in vivo studies®*, this study
demonstrated that its use for human IVDs is safe and acceptable.

In this study, MRI scans showed that the Pfirrmann grade, which
indicates disc degeneration, was significantly lower in UPAL-implanted
IVDs than in discs that underwent discectomy alone, suggesting that the
UPAL gel may be effective in regulating disc degeneration. Biomaterials
for IVD repair must possess biomechanical and biological properties,
including biocompatibility, support for cell survival, promotion of
extracellular matrix production, suppression of inflammatory reactions,
and inhibition of pathological fibrosis*”. Because the IVD is a load-
bearing tissue that supports the trunk of the body, biomechanical
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properties that prevent protrusion after implantation are required for
the safety of material implantation into the IVD. UPAL injected into the
IVD has been shown to have sufficient biomechanical properties to
prevent protrusion through crosslinking with calcium ions on the disc
surface>”. The UPAL gel has the great advantage of eliminating the need
for suturing of the fibrous ring because it adheres to the AF by elec-
trostatic and chemical interactions characterized by diffusion and
physisorption**. The biomechanical properties, such as stiffness and
viscoelastic properties of the UPAL gel, are comparable to those of the
NP, i.e., it does not have sufficient mechanical properties to maintain the
IVD height after discectomy®. In addition, UPAL gel disappeared
24 weeks after implantation into the disc in sheep®. This indicates that
the gel is gradually degraded by physiological ion replacement (divalent
to monovalent ions), hydrolysis, or depletion by cell encapsulation®. A
similar time sequence is expected in humans, although current MRI
scans cannot evaluate the duration of gel degradation, because the
moisture composition of the gel is similar to that of water. This study
showed that the UPAL group had significantly lower IVD degeneration
scores than the control group; however, clinical outcomes were similar
between the two groups at 94 weeks after surgery. Although this study
showed no disc height differences between the UPAL and control
groups, preventing IVD degeneration after discectomy may lead to a
significant difference between the groups in the longer follow-up.
Because there is a discrepancy between MRI and clinical evaluations,
further evaluation of IVD degeneration and clinical outcomes would be
important. Therefore, we plan to perform follow-up clinical and MRI
analyses 5 and 10 years postoperatively.

Regarding the expected biological mechanism of action for IVD
repair by UPAL, a preclinical study reported that when UPAL gel was
injected into the disc after NP aspiration, it inhibited disc tissue
degeneration histologically, and the percentage of type Il collagen-
positive cells was significantly increased after UPAL gel implantation®.
This is a fundamental aspect of NP cell function for extracellular matrix
production®. In addition, the UPAL gel significantly increased the
percentage of GD2'Tie2" NP progenitor cells*. Previous basic studies
suggested that progenitor cells produce aggregates expressing type Il
collagen and aggrecan, the clonal pluripotency of which leads to the
emergence of mesenchymal lineages for tissue reconstruction**°,
These findings indicate that viable endogenous NP cells migrated to
the post-discectomy wound filled with UPAL gel, recruiting additional
residual NP progenitor cells. This would eventually promote endo-
genous IVD repair by stimulating extracellular matrix production®. In
this study, we performed Tl1p, T2* and DWI measurements for quan-
titative MRI evaluation and found significant postoperative changes on
DWI. However, these results could be largely influenced by the dis-
cectomy procedure itself, which involves removing the NP, which is
still experimental in the evaluation of IVDs, and further evidence is
required in the future. For instance, we are considering texture analysis
using T2-weighted images as an additional quantitative MRI technique
to further validate the efficacy of UPAL gel in promoting disc repair.
This method allows the assessment of local heterogeneity associated
with disc repair using texture analysis, which captures the spatial dis-
tribution of gray-level intensity in voxels*’*® (Supplementary Fig. 3).

The current study demonstrated that the scores of SRQs for
evaluating pain and health-related quality of life, including the ODI,
RDQ, SF36, and JOABPEQ, were significantly higher in the UPAL
implantation group than in the control group, which underwent dis-
cectomy alone in the early period up to 12 weeks after surgery. In
addition, physical function scores, including lumbar range of motion
and JOA scores, were significantly better in the UPAL group than in the
control group during the early postoperative period, indicating that
UPAL could play a significant role in regulating pain and improving
quality of life during the early postoperative period after lumbar disc
herniation surgery. A significant problem caused by IVD disorders is
low back pain and the consequent significant reduction in quality of

life; however, no biomaterial is clinically effective in controlling low
back pain*”. Proposed key factors in IVD-derived pain are intradiscal
inflammation, indicated by tumor necrosis factor-alpha (TNF-a) and
interleukin-6 (IL-6), and sensory nerve ingrowth into the AF, which is
triggered by nerve growth factor/high-affinity tyrosine kinase A (TrkA)
signaling”*°>2, This clinical study lacks experimental data to support
these hypothesized mechanisms because it was impossible to include
biomarker data or histological evidence by consuming the local IVD
tissue, which is invasive. However, UPAL gel implanted into the IVD
suppressed TNF-a and IL-6 production, downregulated TrkA expres-
sion, and reduced nociceptive behaviors in a rat in vivo study?, sug-
gesting that UPAL may have contributed to pain control in patients
with lumbar disc herniation through these mechanisms.

Regarding cost-effectiveness, the sales price of the UPAL is
expected to be less than twice that of an interbody cage. If IVD
degeneration progresses, lumbar interbody fixation surgery using four
pedicle screws with/without interbody cages will be necessary. The
UPAL treatment will be both medically and economically beneficial in
preventing degeneration and avoiding the need for reoperation.

The limitations of our study include the open-label and non-
randomized nature of the trial and the small number of participants. As
the first human study, the priority was to confirm the feasibility and
safety of UPAL implantation; therefore, the clinical trial employed a
sequential design, in which the UPAL group was treated first, followed
by the control group. We designed this study to assess the feasibility
and safety of this treatment, as well as to evaluate key study para-
meters, including preliminary efficacy measures for future larger trials,
and to provide a benchmark for sample size calculations. This study
was underpowered to analyze the effectiveness of the UPAL for cate-
gorical indicators, including sex and hernia type, which should be
considered in the next phase of the study. Guidelines in translational
research recommend that pilot studies be conducted to allow testing
protocols to be evaluated under trial conditions before evaluation in a
fully randomized controlled trial. As this study design could introduce
time-related biases, such as changes in surgical technique or patient
selection criteria over time, the study facilities were limited, and the
patient selection criteria and surgical techniques for the UPAL and
control groups were strictly standardized. This phase 1/2 study was
sufficient to demonstrate the validity and possible benefits of con-
ducting a subsequent phase 3 study****. Another point of debate is the
clinical relevance of these results. Although several outcome para-
meters of SRQs and health-related quality of life showed significant
differences favoring the UPAL group, some parameters showed small
differences. This may be because the symptoms associated with her-
niated discs significantly improve after discectomy. For example, the
minimum clinically important difference (MCID) for the SF-36 sub-
scales has been reported as 10 points, and for the ODI, it has been
reported as 8-12 points in the treatment of spinal disorders™ ™. A
future challenge is determining the MCID in this novel treatment.
Finally, no multiple error rate correction was applied to the between-
group tests, which increased the risk of false-positive findings.

In conclusion, this phase 1/2 study of UPAL gel implantation in
patients with lumbar disc herniation demonstrated its feasibility and
safety in preventing IVD degeneration after discectomy. The present
study suggests that the UPAL gel is a novel therapeutic strategy after
discectomy in cases of lumbar IVD herniation. This pilot study gener-
ated a rationale for a subsequent phase 3 clinical trial.

Methods

Ethics

This study was approved by the ethics committees of Hokkaido Uni-
versity Hospital (approval numbers: H30-10, 018-0411, 019-0414) and
Eniwa Hospital (approval number: dMDOO1-H1), as well as by the
Pharmaceuticals and Medical Devices Agency (Japan). The study was
monitored and approved by the Clinical Research and Medical
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Innovation Center in Hokkaido University Hospital. The publication of
the deidentified, analytic dataset for this study has been approved by
the Center. Written informed consent was obtained from all patients
before enrollment. The consent included the subject’s authorization
for use/disclosure of samples or data. The trial was conducted as per
the Declaration of Helsinki and Good Clinical Practice guidelines. The
results were not stratified by hospital, and each hospital had the
authority to terminate the study in accordance with its policies and
ethical considerations in terms of safety.

Study design

This study was a first-in-human, single-arm, open-label, phase 1/2 trial
conducted at two centers. This study comprised two parts: phase |
involved a prospective study on UPAL gel implantation after dis-
cectomy in patients with lumbar disc herniation, with patient recruit-
ment from November 13, 2018 to September 1, 2020 (UPAL group),
and phase Il included a subsequent prospective study on patients with
lumbar disc herniation who underwent discectomy without UPAL
implantation as a control group to compare and evaluate the efficacy
of the UPAL gel. The control study began in December 10, 2020, when
all surgeries to implant the UPAL were completed, and patient
recruitment continued until March 30, 2022. All studies were regis-
tered in the University Hospital Medical Information Network Clinical
Trials Registry (UMINO00034227, https://center6.umin.ac.jp/cgi-
open-bin/ctr_e/ctr_view.cgi?recptno=R000039018, Registered date:
Sept. 21, 2018, UMIN000042282, https://center6.umin.ac.jp/cgi-open-
bin/ctr_e/ctr_view.cgi?recptno=R000048247, Registered date: Oct. 29,
2020). Data were prospectively collected, recorded in electronic case
report forms, and securely stored in a password-protected Electronic
Data Capture system. Access was limited to authorized personnel.

Patients

The patient inclusion criteria and evaluation schedules were compar-
able in these studies. The subjects were healthy patients aged 20-49
years, with herniated NP, since lumbar disc herniation is most common
in people aged in their 20 s to 40 s°. Eligible patients in this study were
those with a symptomatic herniated NP who were unresponsive to
nonoperative treatment and required nerve decompression and sur-
gical excision of the herniated lumbar IVD fragments™*%. The inclusion
criteria for the degree of pain were as follows: (1) persistent and pre-
dominant pain (score of >40 on the 100 mm VAS, in which higher
scores represent worse pain) which is unresponsive to 6 consecutive
weeks of therapy (2) acute/uncontrolled leg pain, defined as a score of
>80 on the 100-mm VAS?, Based on the clinical signs, symptoms, and
MRI findings, the patients were diagnosed with a lumbar IVD hernia.
Furthermore, only patients who underwent single-level discectomy
were eligible for the study®®. The exclusion criteria were as follows: (1)
psychiatric, infectious, or malignant diseases; (2) previous surgery at
the same lumbar level; (3) cases with spondylolisthesis of grade >1and
those with local kyphosis involving the affected disc level on plain
radiography of the lumbar spine in the flexion, neutral, or extension
positions were excluded because they were not suitable for implan-
tation into the disc due to segmental spinal instability’®. The complete
inclusion and exclusion criteria are described in detail in a previous
study protocol.

Candidates were recruited from local orthopedic hospitals.
Patients with a symptomatic herniated NP indicated for surgical
treatment were asked to complete a screening questionnaire to
determine their eligibility. Those who met the inclusion criteria were
contacted by the investigators to confirm their willingness to partici-
pate in the study and for baseline assessment and were assigned to the
UPAL or control group depending on when they underwent surgery
(the first 40 patients from November 2018 were allocated to the UPAL
group, and subsequent cases from January 2021 onward were allocated
to the control group)®. Patients selected for the study used prescribed

medications during the study period, and the type of medication and
dosage used were recorded at the baseline assessment®. However, for
pain assessment, the use of opioid analgesics was discontinued during
the evaluation on the day before and after surgery. The participants
received 7000 Japanese yen as transportation expenses for each
outpatient visit.

UPAL gel

The UPAL gel is produced and packaged at a GMP facility and is then
shipped to medical institutions. The production process has been
previously documented?, and standardized protocols are available to
ensure consistent gel quality and purity. The main product standards
are listed in Supplementary Table 8.

Procedures

All patients underwent open discectomy for lumbar IVD herniation,
which was performed using standard or tubular retractors with or
without an operating microscope or loupes?. To standardize the
discectomy procedure, an AF incision of 5x 5mm was made using a
No.15 surgical blade®. The size of the AF opening was measured in
patients with transligamentous extrusion- or sequestration-type her-
niated discs. After the AF incision, as much disc material as possible
was removed, rather than performing a limited discectomy. A manual,
nonautomated approach was used for discectomy, and discectomy
was performed at the discretion of the treating surgeon®. Although
surgeon preference and skill might confound the outcomes, this was a
limitation that was intentionally allowed to facilitate the recruitment of
participants from the wider orthopedic community®*>,

After discectomy, the surgeon evaluated the feasibility of AF re-
approximation according to the following stopping criteria before
UPAL implantation: (1) the diameter of the AF incision for discectomy
exceeded 5 mm; (2) some unsuitable reasons for UPAL gel implanta-
tion, such as spinal fluid leakage due to an accidental tear of the dura
mater; and (3) the volume of saline delivered to the IVD defect
exceeded 2 mL, indicating AF rupture®. If any of the stopping criteria
were met, UPAL gel implantation was not performed after standard
discectomy, and the patient was excluded from the study. None of the
stopping criteria should be met for the procedure to proceed. If all of
the abovementioned criteria were not met, a board-certified ortho-
pedic specialist injected the UPAL gel into the IVD.

The UPAL gel was manufactured under the quality management
system and provided by Mochida Pharmaceutical Co. (Mochida
Pharma Co. Ltd., Tokyo, Japan). The specific UPAL implantation
method involved delivering up to 2 mL of UPAL solution into the IVD
defect using a syringe with a 16 G catheter until the level of the UPAL
solution reached the level of the AF at the disc opening, and then 10 mL
of 0.1 mol/L CaCl, solution was added to the surface of the UPAL
solution to gelate the alginate®. Five minutes after application of the
CaCl, solution, the surgical site was irrigated with saline solution, and
UPAL gelation was confirmed.

UPAL gel implantation was performed based on the following
stopping criteria: (1) the volume of UPAL solution injected into an IVD
defect exceeded 2 mL; (2) the UPAL solution did not gel upon treat-
ment with CaCl,; and (3) other reasons included an allergic reaction for
which the treating surgeon determined the participant to be
unsuitable®, If either of the abovementioned stopping criteria during
UPAL gel implantation were met, the surgical site was irrigated with a
full dose of normal saline, and an assessment of safety after the
injection of the UPAL solution was performed for up to 24 weeks®.
After surgery, patients were not restricted and could leave their beds
based on their pain levels.

Participant follow-up
The participants were observed at 1, 4, 12, 24, 48, and 96 weeks after
the surgery for assessment (Supplementary Table 1). Solicited local
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and systemic AEs, including pain in various parts of the body; fever;
systemic disorders, such as cancer, heart disease, pneumonia, abnor-
mal blood coagulation, and death; and complications associated with
discectomy, such as wound infection, and recurrence of herniation,
were evaluated by classifying them as serious AEs or serious adverse
reactions according to the Pharmaceutical and Medical Device Act
currently in effect in Japan®® and processed according to the Japanese
guidelines for Good Clinical Practice®. Recurrence of herniation was
specified as the presence of neurological clinical symptoms consistent
with re-herniation at the same disc level where discectomy was per-
formed, in which all extruded NP material was removed during the
initial surgery and a new offending fragment, including the gel, was
identified, or cases in which all NP material extruded at the initial
surgery had not been removed™?*. Unsolicited AEs were recorded until
24 weeks after surgery, and serious AEs were recorded throughout
the study.

Physical examination and SRQs for evaluating pain and health-
related quality of life were administered 1 day before surgery (baseline)
and at each visit up to 96 weeks after surgery. MRI examinations were
conducted before surgery (baseline) and at 24 and 96 weeks post-
operatively (Supplementary Table 1). In addition to the usual labora-
tory tests performed during surgery, including blood count, liver
function profile, renal function profile, electrolyte analysis, and
inflammatory response analysis, the UPAL group also underwent tests
for the analysis of immune markers, such as IgA, IgE, and IgG, which
were performed 1 day before surgery (baseline) and at each visit up to
24 weeks after surgery (Supplementary Table 1).

Outcomes

The primary outcomes of this study were the feasibility and safety of
UPAL implantation after discectomy®®. The feasibility of UPAL
implantation was determined based on whether the UPAL implanta-
tion was completed. Based on the aforementioned preoperative and
intraoperative criteria, the completion of UPAL gel implantation was
determined when the surface of the UPAL injected into the IVD was
gelatinized. The safety endpoints included AEs that could not be ruled
out as being associated with UPAL.

The secondary outcomes of this study were as follows: (1) physical
function score; (2) SRQ scores; and (3) MRI-based measures of the
morphological and compositional qualities of IVD tissues (Supple-
mentary Table 1)%.

Physical examinations to evaluate physical function included FFD
measurement, SLR test, MST, and JOA score. FFD was measured as the
shortest distance (cm) from the floor to the fingertips when the patient
stood and bent forward with the arms extended without bending the
knees”*°. The SLR test measured the maximum angle (degrees)
between the horizontal plane and the lower extremity with the knee in
passive extension and the lower extremity elevated®. MST was per-
formed to evaluate the range of motion of the lumbar spine in the
following steps: three marks (one on the lumbosacral joint, one on the
spinous process 10 cm above the first mark, and one on the spinous
process 5 cm below the first mark) were placed with the patient in the
standing position, and the distance between the lower and upper
marks at full flexion of the body minus the distance at full extension
was measured (cm)®. The JOA score was used to assess the severity of
the functional and clinical conditions associated with lumbar disc
herniation; the JOA score ranged from O to 29, with higher scores
indicating better functional status®’.

SRQs used to evaluate pain and health-related quality of life
included the VAS for back and leg pain, ODI, RDQ, JOABPEQ, and SF-
36%. Using a 100-point VAS (0-100 mm, the higher the score, the
worse the pain), low back pain and leg pain on the more painful side
were assessed. Disabilities in activities of daily living due to lower back
and leg pain were assessed using the ODI (0-100 points, the higher the
score, the more severe the disability)®>. Quality of life specific to low

back pain was assessed using the RDQ (0-24 points; higher scores
indicated worse quality of life)®>. A multidimensional assessment of
health status, including pain-related disability, lumbar spine dysfunc-
tion, gait dysfunction, social disability, and psychological disability
associated with lumbar spine disorders, was performed using the
JOABPEQ (0-100 points, with higher scores indicating better health
status)®*. Health-related quality of life was evaluated using the SF-36
(0-100 points; higher score, better quality of life)®*.

In lumbar spine MRI examinations, conventional T2-weighted
images were obtained using a turbo spin-echo sequence. Next, Tlp,
T2* and DWIs in the sagittal plane were taken using a 3D gradient-echo
or an echo planar-imaging pulse sequence to objectively and quanti-
tatively assess IVD degeneration” %, MRI was performed using a
3.0 Tesla scanner. The Pfirrmann grading system (5-point scale from 1
to 5, the higher the score, the more advanced the degeneration) was
used to evaluate IVD degeneration on the MR images®®. Two board-
certified orthopedic surgeons with >10 years of experience evaluated
the treated lumbar IVDs on mid-sagittal T2-weighted images according
to the Pfirrmann grading system®. The intervertebral DHI was calcu-
lated as the ratio of the IVD height to the proximal vertebral body
height measured for the middle portion on mid-sagittal T2-weighted
images®’%, For quantitative evaluation, the T1p, T2* and ADC values
derived from the DWIs of the IVD were evaluated. The 3D gradient-
echo images with different spin lock and echo times were fitted on a
pixel-by-pixel basis to generate Tlp and T2* relaxation time maps,
respectively”’. Regions of interest (ROIs) for the IVDs were semi-
automatically placed on mid-sagittal T2-weighted images using a
workstation (Jim8, Xinapse Systems Ltd., Essex, UK) to include the
entire IVD while ensuring that nearby structures were not included™.
The ROIs were then superimposed onto the corresponding Tlp, T2%,
and ADC maps for measurement®. A radiological technologist con-
firmed the accuracy of the ROI position®. Tlp, T2* and ADC values
obtained from treated discs were calculated as a percentage of the
normal disc (L2/3) value.

Statistical analyses

Regarding sample size calculation, there are no published data on the
quantitative interactions between biomaterials and IVD tissue after
discectomy; therefore, it was not possible to estimate effect sizes at
this time, and a preliminary sample size could not be calculated for this
pilot study®®. We targeted 40 participants for this study, as we antici-
pated that this sample size would be achieved within a reasonable time
frame, given the study recruitment rate within our community*. In
addition, a sample size of 40 subjects is considered sufficient for an
exploratory clinical trial with feasibility and safety as primary end-
points because it has a 95% probability of detecting a difference in one
or more AEs, representing an incidence rate of 7.5%%. However, with
limitations in detecting between-group differences in clinical assess-
ments, such as scoring, this study aimed to provide a basis for deter-
mining useful assessment parameters and setting the number of
patients to be included in larger validation studies.

In each study, in the UPAL group, SAF was defined as the group of
enrolled patients who underwent UPAL implantation (regardless of
whether the implantation was complete or incomplete), and in the
control group, SAF was defined as the group of enrolled patients who
underwent discectomy. The PPS included the patients who underwent
complete UPAL implantation among the enrolled patients in the
UPAL group and the patients who underwent discectomy in the
control group.

Feasibility was evaluated as the proportion of patients who
underwent complete UPAL gel implantation among those who
underwent discectomy followed by UPAL solution injection®. Safety
was evaluated according to the incidence of AEs that were definitely
related to UPAL in all patients who underwent UPAL implantation
following discectomy?,
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Analyses of efficacy, a secondary endpoint, were performed for
the PPS that complied with the study protocol. Data are expressed as
mean + standard deviation and frequency (percentage), as appro-
priate. For continuous metrics, data normality was assessed using the
D’Agostino-Pearson omnibus test. The analysis of between-group
differences for continuous variables was evaluated at different time
points during follow-up using the unpaired ¢ test; age at surgery, body
mass index, time from onset to surgery, operation time, and removed
disc material were evaluated upon enrollment or during operation.
FFD, SLR test, Modified Schober’s test, JOA score, VAS, ODI, RDQ,
JOABPEQ, and SF-36 were evaluated preoperatively and post-
operatively at weeks 1, 4, 12, 24, 48, and 96. MRI assessment (DHI, T1p,
T2* and ADC) was performed preoperatively and at 24 and 96 weeks
postoperatively. The Mann-Whitney U test was performed to test for
differences between the groups for data that were not normally dis-
tributed. For the analysis of intergroup differences in ordinal catego-
rical variables (Pfirrmann disc degeneration grading score), the
Mann-Whitney U test was performed preoperatively and at 24 and
96 weeks postoperatively. The Wilcoxon signed-rank test was per-
formed to analyze within-group differences in FFD, SLR test, Modified
Schober’s test, JOA score, VAS, ODI, RDQ, JOABPEQ, and SF-36 from
baseline to postoperative weeks 1, 4, 12, 24, 48, and 96 for each group.
The Chi-squared test was performed to analyze sex, disc herniation
level, herniation type, and current smoking status between the two
groups. For analysis of within-group changes in MRI assessment (T1p,
T2* and ADC), a repeated analysis of variance was used to evaluate the
change over time at three time points (preoperatively, 24 weeks
postoperatively, and 96 weeks postoperatively) for each group. In this
analysis, “time point” (preoperatively, 24 weeks postoperatively, and
96 weeks postoperatively) was incorporated into the model as a factor.
When significant differences were detected among the time points
within each group, a post-hoc test with Bonferroni correction was
performed to conduct paired comparisons among the three time
points. Bonferroni post hoc analyses were used to set a significance
level of 0.017 (dividing 0.05 by 3). The difference in treatment effects
between the groups at each follow-up time point was summarized by
calculating the mean along with a 95% CI. All 95% Cls were calculated
using Student’s t-distribution. Spearman’s rank correlation test was
performed to analyze the correlation between the injected UPAL
volume and various clinical scores. A two-tailed probability level of
0.05 was considered significant. No multiple error rate correction was
applied for the between-group tests, despite the number of time
points, because this was an exploratory phase 1/2 trial. Data analysis
and curation was conducted using Microsoft Excel (2021, ver 2502,
Build 16.0.18526.20168 64 bit), BellCurve for Excel (ver 4.07), and
SAS (ver 9.4).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

No data for this study have been deposited elsewhere. All data that
support the finding of this study are available in this article and are
provided from the corresponding author upon request. Source data
are provided in this paper.
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