Eur Spine J
DOI 10.1007/s00586-016-4535-z

=
@ CrossMark

ORIGINAL ARTICLE

Lumbar intervertebral disc allograft transplantation: long-term
mobility and impact on the adjacent segments

Yong-Can Huang' - Jun Xiao® - William W. Lu’ - Victor Y. L. Leung'

Yong Hu' - Keith D. K. Luk®

Received: 29 April 2015/Revised: 15 March 2016/ Accepted: 15 March 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract

Purpose Fresh-frozen intervertebral disc (IVD) allograft
transplantation has been successfully performed in the
human cervical spine. Whether this non-fusion technology
could truly decrease adjacent segment disease is still
unknown. This study evaluated the long-term mobility of
the IVD-transplanted segment and the impact on the
adjacent spinal segments in a goat model.

Methods Twelve goats were used. IVD allograft trans-
plantation was performed at lumbar L4/L5 in 5 goats; the
other 7 goats were used as the untreated control (5) and for
the supply of allografts (2). Post-operation lateral radio-
graphs of the lumbar spine in the neutral, full-flexion and
full-extension positions were taken at 1, 3, 6, 9 and
12 months. Disc height (DH) of the allograft and the
adjacent levels was calculated and range of motion (ROM)
was measured using the Cobb’s method. The anatomy of
the adjacent discs was observed histologically.

Results DH of the transplanted segment was decreased
significantly after 3 months but no further reduction was
recorded until the final follow-up. No obvious alteration
was seen in the ROM of the transplanted segment at dif-
ferent time points with the ROM at 12 months being
comparable to that of the untreated control. The DH and
ROM in the adjacent segments were well maintained
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during the whole observation period. At post-operative
12 months, the ROM of the adjacent levels was similar to
that of the untreated control and the anatomical morphol-
ogy was well preserved.

Conclusions Lumbar IVD allograft transplantation in
goats could restore the segmental mobility and did not
negatively affect the adjacent segments after 12 months.

Keywords Intervertebral disc - Allograft -
Transplantation - Mobility - Adjacent segments

Introduction

Spinal fusion and artificial disc replacement are the most
frequently employed salvage procedures for severe inter-
vertebral disc (IVD) degeneration [1]; they are generally
effective in pain alleviation, reduction of pain medication
consumption and improvement of life quality [2, 3]. As an
alternative to these two surgical techniques, fresh-frozen
IVD allograft transplantation has been successfully per-
formed in the cervical spine of 13 patients, where it pro-
vided acceptable clinical outcomes for up to 10 years [4,
5]. Although rapid degeneration of the transplanted IVD
allograft was observed in some cases, the neurological
symptoms, range of motion (ROM) and clinical stability of
the spinal unit were well preserved [4].

In goat lumbar spine, motion preservation potential of
IVD allografting has been partly validated by in vitro three-
dimensional kinematic analysis; it was reported that at
6 months post-operatively IVD allografting was able to
restore segmental motion and did not change the neutral
zone [6]. Nevertheless, the long-term results were not well
understood. Hence, the first aim in this work is to address
the sequential changes of the disc height (DH) and
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segmental motion of the lumbar spine after IVD allo-
grafting in goats.

After spinal fusion and artificial disc replacement, one
of the late sequelaec is adjacent segment degeneration
(ASD) [7-10]. ASD represents the radiographic changes of
the discs adjacent to the surgically treated segment [11],
and at present its etiology remains unclear [12]. In the
human cervical spine after IVD allografting, none of the
adjacent segments showed evidence of accelerated degen-
eration at a minimum follow-up of 5 years; this advantage
may be attributed to the biological remodeling potential of
the allograft thus preserving the natural global and focal
biomechanics of the spine [4]. The natural remodeling
potential was also observed in the mal-positioned IVD
allograft in a goat lumbar spine experiment [6]. It was
hence hypothesized that this remodeling potential of IVD
allograft might help prevent the adverse changes in the
adjacent segments, thus protecting them from ASD. To test
this hypothesis, the second aim of this study is thus to
investigate the mobility and histological changes of the
cranial and caudal discs after IVD allografting in a goat
lumbar spine model.

Materials and methods
Experimental design

In this study, using the newly developed surgical tech-
niques [13], fresh-frozen IVD allograft transplantation
was performed in the lumbar spine (L4/L5) of 5 goats
without internal fixation. DH and ROM in the IVD-
transplanted segment and in the adjacent levels were
measured after transplantation for 1, 3, 6, 9 and
12 months. Then, DHs of the three levels at different time
slots were compared with those immediately post-opera-
tion, respectively; ROMs of the IVD-transplanted seg-
ment and the adjacent levels were calculated at different
time slots and then compared with that of the untreated
control group at post-operative 12 months, respectively.
At the final follow-up, histological examination of the
adjacent discs was conducted.

Animals

The research proposal has been approved by Committee on
the Use of Live Animals in Teaching & Research, the
University of Hong Kong (CULATRI1872-09). Twelve
male goats (Hainan East Goats) between 6 and 9 months
weighing between 17.5 and 25 kg were used in this study.
Two goats served as the IVD allografts donor, 5 goats as
allograft recipients and the remaining 5 untreated goats as
normal controls.
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Fresh-frozen intervertebral disc allograft
transplantation

Fresh-frozen IVD allograft transplantation without internal
fixation was performed at lumbar L4/L5 as previous
description [13]. In short, after intravenous injection of a
mixture of Ketamine (10 mg/kg) and Xylazine (0.1 mg/kg)
and endotracheal intubation, the IVD was exposed using
the “retro-psoas” approach. The nucleus pulposus, the
cartilaginous and bony endplates, and the posterior annulus
fibrosus were removed completely to form a recipient slot.
The fresh-frozen IVD allograft with the most compatible
size was selected, thawed and thumbed into the slot with
only finger pressure; no internal fixation of any form was
used. The psoas muscle was then repositioned and the
wound was closed routinely. In the five goats of the
untreated group, lumbar disc (L4/L5) exposure was con-
ducted using the “retro-psoas” approach and then the
wound was closed routinely. All these ten goats after [IVD
allograft transplantation and disc exposure only were
allowed free mobilization immediately after surgery in an
open field and they were followed up with a final radiog-
raphy at 12 months.

Lateral radiography

Digital radiography system (SIEMENS, Germany) was
used for images acquisition with the exposure factor:
100 mA, 85 kV and 500 ms. Immediately after surgery,
left lateral radiography was taken to observe the position of
the IVD allograft in the 5 goats. At 1, 3, 6, 9 and 12 months
after the IVD allografting, the 5 goats were fasted for about
48 h before lateral radiographs of the lumbar spine at the
neutral, full-flexion and full-extension positions were taken
under general anesthesia. Radiographs at these positions
were also taken in the five goats of untreated control after
follow-up for 12 months. As shown in Fig. 1a, b, full
flexion was achieved by securing a rope above the carpus
of forelimbs and the tarsus of hindlimbs by binding the four
limbs together with the lumbar spine held in the maximally
flexed position [6, 14]. For the extension radiograph, the
goat was placed supine with a customized bolster placed
directly under the operated segment with both forelimbs
tied to one end of the table while both hindlimbs were tied
to the opposite end, according to the previous literatures [6,
14]. No standardization to the loads or displacements was
applied during the radiographs’ collection.

Measurement of disc allograft height
Definition of DH of the disc allografts is an average of the

intervertebral distances between the two bony endplates
after transplantation as measured on the lateral plain
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Fig. 1 a, b Methods for taking radiographs of the goats at full flexion and full extension. ¢, d Methods of Cobb’s angle calculation and ROM

measurement

radiographs. The average DH was calculated with the
measurements obtained from the anterior, middle and
posterior portions of the disc allograft and the adjacent
levels according to the methods previously described [15,
16].

Measurement of ROM

ROM of the disc-transplanted segment and the adjacent
levels was calculated using the lateral radiographs of the
goats at full flexion and full extension using the Cobb’s
method (Fig. 1c, d). In detail, a straight line was drawn to
connect the anterior and posterior corners of the superior
vertebral body; the other line was drawn on the top of the
inferior vertebral body; the Cobb angle was then formed by
these two lines. Kyphotic angle was considered to be a
positive value. Using quantitative measurement analysis
software (DICOM), the segmental ROM can be calculated
by the difference between full-flexion and full-extension
angles of lumbar segments. The segmental ROM was
measured three times by two blinded assessors with spine
research experience and the mean value was determined.
Segmental ROMs at the normal untreated controls were
calculated as well. Interobserver reliability was assessed by
intraclass correlation coefficient (ICC) which was calcu-
lated using a two-way random model and characterized by
absolute agreement.

Histological staining of the adjacent levels

All the five goats were killed by overdosed Pentobarbi-
tone at 12 months post-operatively. The disc-transplanted

segments were harvested en bloc along with the adjacent
levels and fixed in 4 % paraformaldehyde in phosphate-
buffered saline for 7 days. The adjacent discs were sep-
arated and cut mid-sagittally using a band saw (EXAKT
300CP Band System, Germany), and one half of them
were decalcified, dehydrated, embedded in paraffin wax
and finally cut into 5-pum-thick sections and stained with
hematoxylin and eosin (HE), Masson-trichrome (MT) and
toluidine blue (TB).

Statistical analysis

All values were expressed as Median and Range. Non-
parametric statistical analysis was performed to assess the
DH and ROM in the allograft and in the adjacent levels
after transplantation for 12 months by Kruskal-Wallis
test. To compare the ROM of the disc-transplanted segment
and the adjacent levels with those from the untreated
control at post-operative 12 months, the Mann—Whitney
test was used. A P value <0.05 was considered statistically
significant.

Results

All the IVD allografts were well seated and remained so
throughout the follow-up period without subluxation or
dislocation (Fig. 2). No complication relating to the sur-
gery or wound healing was found in the five goats after
IVD allografting.

Immediately post-operation, the median DH of the disc
allograft was 2.8 mm. This decreased slightly to 2.4 mm at
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6m post-op 9m post-op 12m post-op

Fig. 2 Serial follow-up radiographs of the lumbar spine after IVD allograft transplantation. The disc-transplanted segments (L4/L5) are shown

in the red dotted rectangular area

1 m post-operation which was not significant statistically
(P = 0.117). Significant decrease of the DH started at 3 m
post-operatively (P < 0.01) and at the final follow-up, the
median DH of the allograft was 1.4 mm (Table 1). No
notable decrease was recorded among the values of DH at
3, 6,9 and 12 months post-operatively (P = 0.493). DH of
the cranial disc exhibited no significant change throughout
the entire observation period (P = 0.444); the median DH
in the cranial segment ranged from 3.2 mm at 1 m post-
operation to 3.0 mm at the final follow-up (Table I).
Similar finding was seen in the caudal level; the DH was
not influenced by disc allografting which was well main-
tained without notable change (Table 1).

For the assessment of ROM data, the average of ICC was
0.90 (95 %CI 0.83-0.94) which indicated an excellent
agreement. As shown in Table 2, the median ROM of the

transplanted segments was 5.4° at 1 m post-transplantation
and at the final follow-up its value was 4.9°; no significant
difference in the ROM of the disc-transplanted segment was
seen during the whole observation period (P = 0.862). The
ROM of the transplanted disc was comparable to that of the
L4/L5 disc in the untreated control (4.9°, 3.1-9.2°) at the
12-month follow-up (P = 0.834). Additionally, no obvious
change in the ROM of the cranial segment was recorded
(P = 0.943) after disc allografting for 12 months. At the last
follow-up, the median segmental ROM of the cranial seg-
ment was 7.2° which was comparable to that of the normal
L3/L4 segment (P = 0.602). Similar finding was seen in the
caudal level, the segmental ROM was not influenced by disc
allografting. As shown in Table 2, the ROM at the caudal
segment was comparable to that of the normal L5/L6 seg-
ment at post-operative 12 months (P = 0.076).

Table 1 Change of the DHs at

the allograft and the adjacent Time

Group

segments

DT segment (L4/L5, mm)

Cranial segment (L3/L4, mm) Caudal segment (L5/L6, mm)

0m 2.8 (2.3-3.4)
1 m 2.4 (2.0-3.3)
3m 2.0 (1.4-2.1)"
6 m 1.5 (1.1-2.6)""
9m 1.5 (0.8-2.5)""
2m 1.4 05-2.1)"

3.2 (2.6-3.6) 3.6 (3.1-4.1)
2.8 (1.7-3.5) 3.2 (2.8-3.9)
3.2 (2.8-3.6) 3.4 (2.6-4.1)
3.2 (2.8-3.6) 3.8 (3.04.7)
3.5 (2.6-3.7) 3.9 (3.1-4.4)
3.0 (2.3-3.8) 3.4 (2.9-4.0)

After transplantation, DH of the disc allograft could be maintained for 1 month but was obviously
decreased at 3 months post-operatively (P < 0.01); it was then preserved until completion of the follow-up
(P > 0.05). IVD allografting did not change the DH of the cranial and caudal segments after 12-month

follow-up (P > 0.05)
DT disc-transplanted

** P < 0.01, vs. DH of the IVD allograft immediately post-operation
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Table 2 Motion preservation at

Cranial segment (L3/L4, °)  Caudal segment (L5/L6, °)

the IVD-transplanted and the Time Group

adjacent segments DT segment (L4/L5, ©)
1 m 5.4 (3.9-12.0)
3m 4.4 (2.8-7.1)
6 m 4.7 (2.4-6.5)
9m 6.7 (2.7-6.5)
12 m 4.9 (2.4-8.5)
Untreated control 4.9 (3.1-9.2)

5.9 (2.9-10.8) 5.8 (3.6-8.9)
5.3 (4.4-11.8) 9.1 (2.1-10.2)
8.6 (3.8-8.7) 6.0 (3.3-13.4)
6.9 (2.3-9.1) 6.4 (0.6-14.0)
7.2 (1.3-12.6) 11.0 (5.1-16.9)
6.1 (2.9-9.4) 6.2 (3.5-9.5)

The segmental ROM of the IVD-transplanted segment was well preserved, and no significant difference
was found when compared with the normal untreated control at the final follow-up (P > 0.05). Similarly,
ROM of the cranial and caudal segments was comparable to that of normal untreated control (L3/L4 and
L5/L6) at the final follow-up (P > 0.05), respectively

DT disc-transplanted

Cranial segment

: al 9 ey BEE 2

e\ anl

On gross examination, the architecture of the adjacent
discs was well maintained at 12 months after disc trans-
plantation (Fig. 3). No tearing or cleft formation was
found. Normal gelatinous appearance was observed in the
nucleus pulposus. The fibrocartilage lamellae without
ruptured fibers of both the anterior and posterior annulus
fibrosus could be clearly seen, and the border between the
nucleus pulposus and annulus fibrosus tissue was well
defined. Additionally, the thickness of the bony and carti-
laginous endplates was uniform and normal.

Discussion

In our previous monkey study, DH of the disc allograft at
3 months decreased quickly to 73.1 % of the original
allograft height [17]. In the present study, a similar
decrease occurred at 3 months after transplantation in

. '_\f ‘ E
RO Mo Ll%!-c IR O

Fig. 3 The structure of the adjacent levels was well preserved after disc transplantation for 12 months. Scale bar 1 mm. A anterior, P posterior,
AF annulus fibrosus, NP nucleus pulposus, CEP cartilaginous endplate, HE hematoxylin and eosin, MT Masson-trichrome, 7B toluidine blue

Caudal segment

-

Ny _,_;

goats. There are a number of possible reasons that may
explain this loss of DH in the fresh-frozen allograft. First, it
was previously determined that a proportion of disc cells
will die after the cryopreservation of bovine and porcine
IVD allografts [18, 19]. Second, during the process of
fresh-frozen IVD allograft transplantation, osteotomies are
performed on the adjacent vertebral bodies, rendering the
IVD allograft in an ischemic state until the nutrient supply
is reestablished. During this period, some of the disc cells
die as they are deprived of nutrients, which in turn leads to
disc degeneration [20-22].

The etiology of ASD after spine arthroplasty or
arthrodesis remains unclear [10, 23]. The most commonly
accepted postulations include abnormal biomechanical
stress after fusion or disc replacements, natural history of
degeneration in the adjacent discs, and disruption of
anatomy during surgery [11]. Interestingly, ASD was
not encountered after IVD allograft transplantation at
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12 months in the large animals [17], and also in the human
cervical spine at the 5- to 10-year follow-ups [4, 5]. During
surgery, only one targeted level was exposed and no
internal fixation was used, so that the soft tissue sur-
rounding the adjacent segments was not disrupted. In the
case of mal-positioned disc allografting in human cervical
spine, relocation of the annulus fibrosus and preservation of
nucleus were found after 5-year follow-up, indicating that
biological remodeling may take place [4]. This similar
biological activity was also seen in the goat lumbar spine,
where the kinematic parameters of the segment with mal-
positioned allograft transplantation became comparable to
that of the normal spine after 6 months [6]. The anatomical
and kinematical remodeling of the allograft thus may not
have induced abnormal stresses in the adjacent segments.
Therefore, disc allografting did not negatively affect the
DH, ROM and anatomy of the adjacent segments after
12-month follow-up.

We acknowledge that the goats used for disc trans-
plantation were young and that the sample size was small.
The small sample size may increase the opportunity of type
Il statistical error or result in lack of statistical power.
Hence, in future study, a larger simple size should be
considered. In a goat model of spinal fusion, a 6-month
follow-up was enough to observe the development of ASD
[24]. But whether a 12-month follow-up is sufficient
enough for the ASD to develop after IVD allografting
needs further investigation. Functional flexion—extension
radiography is commonly used clinically for the assess-
ment of vertebral stability and mobility. The second limi-
tation in this study is that the full-flexion and full-extension
positions of the goats were made passively under general
anesthesia, although this method has been accepted also by
other researchers [6, 14]. The third limitation is that the
goats are quadruped and do not reproduce the exact anat-
omy, loading and intradiscal pressures of the lumbar spine
in the humans [25, 26]. In large animals such as goats,
sheep, pigs and dogs, loading of their lumbar spines is
probably higher than that of human since much more
muscle forces and passive tension are required to stabilize
the horizontally aligned spine than the vertically one [26];
in addition, the in vivo intradiscal pressure in the ovine disc
was reported to be much higher than that of the human disc
[27]. Nevertheless, the goat model at present is the closest
alternative short of the primates for fresh-frozen IVD
allografting.

To conclude, we have confirmed that fresh-frozen inte-
rvertebral disc transplantation could maintain the mobility
of the functional spinal unit at a long-term follow-up in a
large animal model. Importantly, adjacent segment
degeneration is not observed after this motion preservat-
ion technology, most likely because of the biological
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remodeling potential and restoration of near-normal seg-
mental mobility.
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