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Abstract

Previous human study suggested that fresh-frozen
intervertebral disc allograft transplantation can relieve
neurological symptoms and restore segmental kinematics.
Before wide clinical application, research into the
pathophysiology of the postoperative disc allograft
is needed. One important question that remains to be
answered in disc allografting is the healing process of
the host-graft interface and the subsequent change of the
endplates. With the goat model for lumbar disc allografting,
histology, micro-computed tomography analysis, scanning
electron microscopy and energy-dispersive X-ray
spectroscopy mapping were applied to evaluate the healing
of'the host-graft interfaces, the remodelling of subchondral
bone, and the changes of the bony and cartilaginous
endplates after transplantation. It was found that healing
of the host-graft interfaces started at 1.5 months and was
completed at 6 months by natural remodelling. This bony
remodelling was also noted in the subchondral bone area
after 6 months. The bony endplate was well preserved
initially, but was gradually replaced by trabecular bone
afterwards; on the other hand, the cartilaginous endplate
became atrophic at 6 months and nearly disappeared at
the final follow-up. Collectively, after intervertebral disc
allograft transplantation, bony healing and remodelling
were seen which ensured the stability and mobility of
the disc-transplanted segment, but the integrity of bony
and cartilaginous endplates was gradually lost and nearly
disappeared finally.
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Introduction

Intervertebral disc (IVD) degeneration has been widely
recognised as the major generator of neck and back pain.
It was found that about 20 % of people in their teens had
mild IVD degeneration (Boos et al., 2002), and that IVD
degeneration increases significantly with age (Miller et
al., 1988). When the secondary sequels, such as neck
and back pain, are produced, treatment is required.
Currently, the only medical interventions available are
surgical measures to remove possible pain sources and to
restore IVD biomechanical function (Huang et al., 2013).
However, there has been a surge of interest in developing
alternative methods of treatment focussed on biological
methods of repairing or regenerating the IVD (Huang et
al.,2014; Sakai et al., 2015).

Recently, an innovative treatment for severe
IVD degeneration, using fresh-frozen IVD allograft
transplantation was successfully developed in primates
(Luk et al., 2008), and was finally used in 13 patients,
where the allografts have provided acceptable clinical
outcomes for up to 10 years (Ruan et al., 2007; Ding et al.,
2016). Here, the neurological symptoms, and the motion
and stability of the spinal unit improved significantly,
although degeneration of the transplanted IVD allograft
was observed in some cases at long-term follow-up (Ruan
et al.,2007). In patients who are asymptomatic after [IVD
allografting, it is not ethical to perform a biopsy, as this
could accelerate the degeneration of the allograft. Thus,
the natural history of the postoperative IVD allograft and
its degenerative mechanisms are still unclear.

Structurally, the IVD allograft usually carries 2-3 mm of
vertebral bone at both the cranial and caudal ends in order
to protect its integrity (Ruan et al., 2007; Luk et al., 2008;
Lam et al., 2012); a bony gap hence exists between the
allograft and the host recipient bone. Insufficient healing
and remodelling of the host-graft interfaces may affect
the success of IVD allografting as well as the stability
and mobility of the IVD-transplanted segment. Hence, the
first aim in this study was to investigate whether and how
the IVD allograft was healed with the host vertebral bone
using the newly-developed goat model for lumbar IVD
allografting (Xiao et al., 2015).

Bony and cartilaginous endplates (BEP and CEP)
have been demonstrated to play an important role in the
maintenance of IVD health by providing mechanical
support to the nucleus and annulus, preventing the
leakage of macromolecules, and facilitating the transport
of nutrient/metabolite into and out of the IVD (Moore,
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Fig.1. The surgery technique for lumbar fresh-frozen IVD allograft transplantation and the schematic anatomy of
lumbar spine after I[IVD allografting. (A-D) The “retro-psoas” approach was used for lumbar IVD exposure in goats
and the recipient slot was prepared at L4/L5; the IVD allograft with the most compatible size was selected, thawed
and implanted without internal fixation. The two temporary screws were removed and the goats were allowed free
mobilisation immediately after recovering from the anaesthesia. (E) In this technique, in order to protect the integrity
of disc, 2-3 mm vertebral bone and the subchondral bone were transplanted. Host-graft interfaces hence existed
between the IVD allograft and the recipient host bone until complete bony healing. Thus, healing and remodelling
of the host-graft interface was essential for the stability of the allograft-transplanted segment, and the change of the
bony and cartilaginous endplates may play a critical role in the reestablishment of nutrient channels in IVD allografts.
Abbreviations: SB, subchondral bone; CEP, cartilaginous endplate; BEP, bony endplate.

2006; Lotz et al., 2013). Immediately after surgery, the
IVD allograft existed in an ischaemic environment until re-
establishment of the nutrient pathway during bone healing
(Luk et al., 2008; Huang et al., 2014). Understanding the
change in the endplates (EPs) of the postoperative IVD
allograft is probably able to uncover the re-establishment
of nutrient channels. The second aim in this study is thus
to investigate the structural change of the EPs in the [IVD
allograft after transplantation.

Therefore, in the present study, using the newly-
developed surgical techniques (Xiao et al., 2015), we
performed IVD allografting in 15 goats (Fig. lA-D); then
we investigated how the IVD allograft was healed with host
bone and how the EPs were changed after transplantation.
Anatomically, the following steps (Fig. 1E) were included:
1) healing of the host-graft interfaces, 2) remodelling of
the subchondral bone, and 3) changes of the EPs.

Materials and Methods

Animals

The research proposal has been approved by the Committee
on the Use of Live Animals in Teaching and Research, the
University of Hong Kong (CULATR1872-09). Totally, 20
male goats between 6 and 9 months and weighing between
20 and 27.5 kg were used in this study. These goats are
sexually mature as early as 6 months, but they still have
growth capacity as the growth plates are still present. Out of
these 20 goats, 5 goats were used as IVD allograft donors,
and the remaining 15 goats as allograft recipients.
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Fresh-frozen IVD allograft transplantation in goat
lumbar spine

Five lumbar discs from L1/L.2 to L5/L6 levels were selected
as allografts, hence 25 IVD allografts were harvested from
the 5 donor goats. The allografts were cut with growth
plate and they were then immersed in the cryopreservative
solution; the temperature was decreased gradually to
—80 °C and finally the allografts were preserved in liquid
nitrogen for less than 1 month until transplantation.
During preparation of the recipient slot, the nucleus
pulposus, posterior annular fibrosus, the endplates and
the growth plates were removed. Before insertion, the
IVD allograft of the most compatible size was selected
and thawed completely at 37 °C. The mean lateral width,
anteroposterior width and height of the IVD allografts
after trimming were 20.2 mm, 13.4 mm and 10.0 mm,
respectively. Then, IVD allografting without internal
fixation was performed at lumbar L4-L5 (Fig. 1A-D)
using the previously developed surgical techniques (Xiao
et al., 2015). The goats were allowed free mobilisation
immediately after recovering from the general anaesthesia.

Animal sacrifice and specimen harvest

Groups of 5 goats were sacrificed at 1.5, 6 and 12 months
postoperatively (n = 5). The disc-transplanted segment,
along with the adjacent levels, were then harvested en bloc
and fixed in 4 % paraformaldehyde in phosphate-buffered
saline for 7 d.

Micro-computed tomography (CT) scanning and
analysis

The 15 spine specimens were scanned using the SkyScan
1076 micro-CT system (SkyScan, Kontich, Belgium) to
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Fig.2. Micro-CT analysis for the bony structure at the host-graft interfaces and that of the bony endplate. (A) Three
ROIs with the size of 1.73 x 1.57 x 1.73 mm? (indicated by the white rectangle) were selected at the anterior, centre
and posterior of the host-graft healing sites based on the CT images of the lumbar spine after IVD allografting;
two ROIs with the same size (indicated by the white rectangle) were used at the adjacent levels as controls. (B) A
cylinder with a diameter of 1.734 mm and a length of 5.184 mm was extracted at the centre of the vertebral body
crossing the IVD allograft for 3D reconstruction to grossly observe the healing process of the host-graft interface
after transplantation. (C) CT image illustrating the bony structure of IVD allograft before transplantation. Scale bar
=5 mm. (D-E) Both the cranial and caudal bony EPs were identified on the CT images and then extracted as ROIs
for 3D reconstruction. (F) A cylinder with a mean diameter of 4.49 mm and mean length of 0.344 mm was placed at
the centre of the bony EP to see the channels in the bony EP after IVD allografting. Scale bar = 1 mm. Abbreviations:

A, anterior; P, posterior; BEP, bony endplate.

investigate the healing of host-graft interfaces and the
change of bony EP after IVD allografting. Five fresh-
frozen IVD allografts without implantation were scanned
as control for bony EP evaluation. After micro-CT analysis,
the images were acquired at a scan resolution of 17.3 um,
a voltage of 60 kV, a current of 167 mA and an exposure
time of 4.4 s. Three-dimensional reconstructions were
generated using NRecon (SkyScan, Kontich, Belgium).
A total number of 2400 to 3200 coronal slices of micro-
CT images were acquired from each specimen. The total
scanning time for each specimen was approximately 6.0 h.
The raw data were reconstructed as Tag Image File Format
images.

To investigate the healing of host-graft interfaces,
three regions of interests (ROIs) with a size of
1.73 x 1.57 x 1.73 mm® were placed at the anterior,
centre and posterior of the host-graft interfaces; two
ROIs of the same size were selected at the centre of the
adjacent vertebral bodies near the epiphyseal line (Fig.
2A). The mean of the values at the three positions of the
host-graft interfaces was calculated and compared with
that of two adjacent vertebral ROIs as normal controls
to evaluate bone formation and architecture according to
the following parameters: bone volume over total volume
(BV/TV, %), trabecular thickness (Tb.Th, mm), trabecular
number (Tb.N, 1/mm), trabecular separation (Tb.Sp, mm),
trabecular pattern factor (Tb.Pf, 1/mm), structure model
index (SMI), degree of anisotropy (DA) and connectivity
density (Conn.Dn, 1/mm?). A cylinder with a diameter of
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1.734 mm and a length of 5.184 mm was extracted at the
centre of the vertebral body crossing the disc allograft for
3D reconstruction and gross observation of the healing at
host-graft interfaces after transplantation (Fig. 2B).

Furthermore, the bony EPs at both the cranial and
caudal ends were identified, and all of the contours (ROT)
were drawn on the CT images using a semi-automated
contouring approach (Fig. 2C-E) with the CT Analyser
software (SkyScan, Kontich, Belgium). The extracted EP
tissues were segmented using a global threshold for 3D
analysis and 3D reconstruction; from the 3D reconstructed
data, a cylinder with a mean diameter of 4.49 mm and
mean length of 0.344 mm was used at the centre of the
bony EP to observe the marrow contact canals (Fig. 2F).
During analysis, the cranial and caudal EPs were analysed
together to observe the continuous changes at 1.5, 6 and
12 months after disc transplantation. According to the
literature (Rutges et al., 2011; Wang et al., 2011; Fields
et al., 2012), the following micro-structural parameters
were calculated to evaluate the bony EP structure: BV/TV
(%), thickness (mm), Conn.Dn (1/mm?) and total porosity
(Po (tot), %). The thickness of the bony EP was defined
as the distance between the cranial and caudal surfaces;
this varies at different sites within the bony EP, so only the
mean thickness was measured. Total porosity is the volume
of all open plus closed pores as a percent of the total bony
EP volume.
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Scanning electron microscope (SEM) analysis

and energy-dispersive X-ray spectroscopy (EDX)
mapping

After micro-CT scanning, the transplanted allograft was
separated and cut mid-sagittally using a band saw (EXAKT
300CP Band System, Norderstedt, Germany). Para-mid-
sagittal tissue slices (2-3 mm thick) were then cut from
the half of IVD allograft specimen without decalcification;
these slices were air dried and gold sputtered for SEM and
EDX analysis (Hitachi S-3400N Variable Pressure SEM,
Hitachi, Tokyo, Japan) for morphological observation and
assessment of the distribution profile of Calcium (Ca) and
Phosphorus (P) at the bony structure of the IVD allograft.
Ca was noted by green dots while P was noted by red dots
in the SEM images.

Histological staining

The other half of the transplanted IVD allografts and the
five fresh-frozen IVD allografts without implantation were
decalcified, dehydrated, embedded in paraffin wax and
finally cut into 5 um-thick sections for haematoxylin and
eosin (HE), Masson-trichrome (MT) and Safranin O/fast
green (SF) staining. Picro-sirius red (PSR) staining was
conducted to observe the collagen profile using a polarised
light microscope (Leica DM 4000B, Leica, Mannheim,
Germany) following previous literature (Junqueira et al.,
1982).

Statistical analysis

All values were expressed as mean + standard deviation
(SD). Two-way ANOVA (two groups (host-graft interfaces
and adjacent controls) x 3 time points (1.5 months post-op,
6 months post-op and 12 months post-op)) was performed
to detect the effect of treatment and time on the changes
in bone morphological parameters (BV/TV, Tb.Th, Tb.N,
Tb.Sp, Tb.Pf, SMI, DA and Conn.Dn) as measured by the
micro-CT scanning; then, post-hoc comparisons using the
Least Significant Difference (LSD) model were used to
determine the difference between the groups at different
time slots. One-way ANOVA with a LSD post-hoc analysis
was conducted to compare the microstructural parameters
(BV/TV, thickness, Conn.Dn and Po (tot)) of the bony EP
at the different time slots after transplantation. Statistical
analysis was performed with SPSS 16.0 software (SPSS
Inc., Chicago, IL, USA), and significance was accepted
at p <0.05.

Results

Progressive healing of the host-graft interfaces
All of the IVD allografts were well seated and remained
so throughout the follow-up period without subluxation or
dislocation (Huang et al., 2016). After micro-CT analysis,
the bony interface was noted at 1.5 months, but it became
invisible after 6 months; and finally the architecture of
healing sites was similar with that of the normal adjacent
control with minor differences (Fig. 3A).

The dependent variables, the bone morphological
parameters, were normally distributed and there was
homogeneity of variance between groups as assessed
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by Levene’s test. These data were analysed by two-way
ANOVA to detect difference due to group and time.
The group differently affected the bone morphological
parameters: BV/TV (p = 0.000), Conn.Dn (p = 0.000),
Tb.N (p = 0.000), Tb.Th (p = 0.006), Tb.Pf (p = 0.001),
SMI (p =0.004) and DA (p =0.000), while the time affected
Tb.Th (p =0.008), Tb.Pf (p = 0.022) and SMI (p = 0.047);
but the interaction of group x time showed that only DA
was significantly regulated (p = 0.029). To understand
the healing process of host-graft interface over time, Fig.
3B showed that at 1.5 months the host-graft interfaces
had more new bone formation with a plate-like and well-
connected architecture, because the interfaces had higher
BV/TV (p = 0.002), Tb.Th (p = 0.014), Tb.N (p = 0.000)
and Conn.Dn (p =0.000), and lower Tb.Pf(»p =0.001) and
SMI (p =0.002) compared to the mean of adjacent controls.
The bony remodelling was undergoing after 6 months as the
means of Tb.N (p =0.037) and Conn.Dn (p = 0.042) were
greater than those of the adjacent control, and it remained
at the last follow-up with higher Tb.N (p = 0.031) and
Conn.Dn (p = 0.014), and lower DA (p = 0.000).

Resorption of the vertebral bones and extensive
immature bone formation were noted at the host-graft
interfaces after 1.5 months; thus, a bony bridge connecting
the allograft with the host bone was formed (Fig. 4A-D).
At this stage, the healing was not yet complete because
granulation tissues without the presence of Ca and P were
also present (white arrow in Fig. 4D). At 6 months, dense
and mature trabecular bone was identified (Fig. 4E-H);
complete healing was evident and bone marrow cavities
had reformed. At 12 months, typical trabecular bone was
present at the host-graft interface after continuous bony
remodelling (Fig. 4I-L).

Remodelling of the subchondral bone

After the fresh-frozen process, the osteocytes residing
inside the lacuna could survive in the subchondral bone,
but aggregation of the bone marrow stroma and even
destruction of the bone marrow architecture were evident
(Fig. SA-C). After 1.5 months, some empty lacunae were
found and the bone marrow cavity was full of granulation
tissues (Fig. 5SD-F). In the form of creeping substitution,
the subchondral bone was basically replaced by the new
bone, with many viable osteocytes lying in the lacunae
(Fig. 5G-I); additionally, typical bone marrow was formed
finally (Fig. 5J-L).

Disappearance of bony endplate

Goat bony EP is a thin layer of cortical bone with a nearly
oval shape and it is penetrated by many marrow contact
channels with a diameter less than 250 um (Fig. 6A); it was
preserved at 1.5 months; however, the structural integrity
at 6 months was found to be destroyed and finally the bony
EP was basically replaced by trabecular bone. As shown
in Fig. 6B, the mean BV/TV of bony EP decreased from
83.39 % to 68.72 % after 6 months (p = 0.000), although
no significant reduction was found at 1.5 months. The bony
EP thickness was decreased from 0.41 + 0.06 mm to 0.25
+0.03 mm at 1.5 months (p = 0.000) and was maintained
at this level afterwards. The connectivity density in the
bony EP increased remarkably, from 47.58 + 17.42 before
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Fig.3. Healing and remodelling of host-graft interfaces by micro-CT analysis after IVD allografting. (A) Bony healing
was found, but not completed yet; the host-graft interface (indicated by the white arrow) still existed after 1.5 months;
complete healing was seen after 6 months. Finally, the bony structure at the healing sites became similar to that of
adjacent controls after continuous remodelling. (B) Quantitative micro-CT analysis of the bony architectures at the
host-graft interfaces and at the adjacent controls at 1.5, 6 and 12 months after IVD allografting. Two-way ANOVA
analysis was done; “p < 0.05 host-graft interfaces vs. adjacent controls, “*p < 0.01 host-graft interfaces vs. adjacent

controls.

implantation to 95.05 £ 27.69 at 1.5 months (p = 0.013)
and to 133.63 +60.63 (p =0.000) at 6 months; additionally,
a mean total porosity of 31.27 % was found at 6 months,
which was much higher in comparison to preoperative
levels (p =0.001). At the final follow-up, most of the bony
EP had disappeared, so that the structural parameters of the
bony EP were no longer measured. Histological staining
and SEM-EDX mapping results further indicated the
disappearance of the bony EP (Fig. 7A-I). The integrity
of the bony EP was maintained at 1.5 months, but not
at 6 months. Defects of the bony EP were documented,
accompanied by extensive granulation tissue formation. At
12 months, new bone formation and bone loss were seen at
the EP area and no typical EP-like structure remained; also
bone marrow cavities were formed which opened directly
to the disc tissue (Fig.7G-I).

Atrophy of the cartilaginous endplate

The chondrocytes could survive with normal cellular
morphology and the cartilage matrix was also well
maintained at the 1.5-month follow-up (Fig. 7J-K). At 6
months, disruption of the cartilaginous EP can be seen and
most of the cartilage lacunae were empty, indicating that a
large proportion of the resident chondrocytes were necrotic

ey
&ma&aiau

220

(Fig. 7M-N). Only very few chondrocytes resident near the
bone marrow cavity maintained the normal morphology.
At the final stage, the cartilage matrix was remarkably
atrophic and basically disappeared after replacement by
the newly-formed matrix (Fig. 7P-Q).

The colours of collagen in the bony EP and cartilaginous
EP were quite different, where the former was green and the
latter was red which could be observed after PSR staining.
These differences could be found after 1.5 months (Fig.
7L); but followed by the disappearance of the bony EP and
cartilaginous EP, the collagen in the original cartilaginous
EP area (Fig. 70 and R) was mixed after replacement by
those with a yellow or green colour, which suggested that
the fibre diameter decreased. Thus, the obvious and regular
interface between the bony EP and cartilaginous EP was
not preserved any more.

Discussion
As a natural alternative to bone autograft, bone allograft
has long been widely used for filling bone voids and

augmenting facture healing (Bauer et al., 2000). The
bone allograft undergoes a repair and remodelling
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Fig.4. Histology and SEM-EDX mapping illustrated the healing and remodelling of the host-graft interfaces after
12 months. (A-D) At the 1.5-month follow-up, a large amount of immature woven bone formation (indicated by
the brackets) was found, but the healing was not completed yet, as the granulation tissue without distribution of Ca
and P (indicated by the white arrow) was presented in the healing sites. (E-H) Complete healing was found and the
host-graft interfaces disappeared after 6 months. (I-L) At final follow-up, the newly-formed bone architecture was
similar to the normal one. Scale bar for all the histology and SEM figures is 1 mm. Abbreviation: HE, haematoxylin
and eosin; MT, Masson-trichrome; SEM, scanning electron microscope; EDX, energy-dispersive X-ray spectroscopy;
Ca, calcium; P, phosphorus.
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Fig.5. HE staining results indicated the remodelling process of the subchondral bone and reformation of the bone
marrow at 12 months after IVD transplantation. After HE staining, figures with higher magnification of the areas at
the dotted boxes and at the full-line boxes were captured to illustrate the morphology of trabecular bone and the bone
marrow cavity, respectively. (A-C) In the fresh-frozen IVD allografts without implantation (Control allograft), the
osteocytes residing inside the lacuna of trabecular bone survived well, but aggregation of the bone marrow stroma
and even destruction of the bone marrow architecture were evident. (D-F) At 1.5 months postoperatively, granulation
tissue was observed at the bone marrow cavity and some empty lacunae were seen. (G-I) After 6 month, extensive
empty osteocyte lacunae in the trabeculae and new bone formation were found. (J-L) At the final follow-up, the
subchondral bone was replaced by trabecular bone and bone marrow was reformed. The black arrows point out the
empty osteocyte lacunae in the trabeculae. Abbreviations: FT, fibrotic tissue; NB, new bone; BV, blood vessels.

process to initiate a healing response from the host bed
that will produce new bone at the host-graft interfaces
and afterwards within the porous allograft (Delloye et
al., 2007; Di Bella et al., 2010; Messora et al., 2013).
Bony healing and remodelling were observed in the bony
structure of the postoperative IVD allograft, although the
amount of bone transplanted during IVD allografting was
very small. At the host-graft interfaces, although most of
the CT parameters and the morphology of newly-formed
trabecular bone were similar to that of adjacent controls,
the Tb.N, Conn.Dn and DA were different. At the bony
interface after IVD allografting for 6 months, a higher
amount of trabecular bone with more connections was
evident which may enhance the stiffness (Odgaard et al.,
1993). Meanwhile, the DA is one of the most important
determinants of mechanical strength (Kim et al., 2013);
a lower DA means that the structure of trabecular bone
at the healing sites was more anisotropic than the normal
adjacent controls, suggesting more resistance to external
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force. This bony healing and remodelling at the host-graft
interface is essential to restore the stability and mobility
of the lumbar spine after IVD allografting.

As a structural shield, the EP prevents the bulging of
IVD into the adjacent vertebral bodies (Roberts et al.,
1996). As mechanical interfaces, the EP disperses the
compressive loading experienced by the vertebra-disc
complex (Ferguson et al., 2003). Importantly, the EP is the
predominant regulator for nutrient transportation, as the
nutrient supply to most of the disc cells has to pass through
the EP canal network by diffusion (Urban et al., 2004;
Yamaguchi et al., 2015). Both bony and cartilaginous EPs
were preserved initially, but their integrity was gradually
lost over time. Possible interpretations are as follows:
First, this phenomenon is a normal bone remodelling
process, similar to that found in the host-graft interfaces
and the subchondral bone; the bony EP of the allograft
was replaced by the host trabecular bone in the form of
creep substitution as new bone formation and bone loss
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Fig.6. Micro-CT data determined the change of the bony EP after IVD allografting. (A) The bony EP (indicated by
the white arrow) was a thin layer of cortical bone with a nearly oval shape and it was penetrated by many marrow
contact channels. The bony EP was well preserved after 1.5 months, but it was gradually replaced by trabecular
bone after continuous remodelling; obvious defects (indicated by the red arrow) were seen based on the CT images
and 3D reconstructed model after 6 months. Finally, most of the bony EP was replaced by trabecular bone; direct
contact of the IVD with the vertebral bone was generated, as the diameter of the bony EP canal was increased. (B)
Quantitative micro-CT analysis of the bony EP at 1.5, 6 and 12 months after IVD allografting. Both the cranial and
caudal bony EPs were included for quantitative analysis, thus the total number of bony EP in each time slot was
10. At 12 months postoperatively, the typical bony endplate structure could not be found, thus the analysis was not
performed. “p < 0.05 vs. preoperative value, ™ p < 0.01 vs. preoperative value. Abbreviation: BEP, bony endplate.

was seen. The second reason may have to do with micro-
fractures. As the structural transition between the hard
vertebral bone and the soft disc tissue, the EP is a region
of high stress (Rodrigues et al., 2012), and it is the ‘weak
link” in the lumbar spine (Yoganandan et al., 1994; Adams
et al., 2011). Alterations in compressive stress may result
in micro-fractures in the bony EP during surgery or after
implantation, thus leading to cell apoptosis and increasing
the possibility of disc disruption and degeneration
(Haschtmann et al., 2008; Dolan ef al., 2013). One should
see micro-callus if micro-fractures happened in normal
bone; however, in this case the micro-fractures occurred
in the allograft in which the vascularity has not yet been
re-established fully. The absence of micro-callus therefore
cannot exclude micro-fractures.

Beyond the mechanical and nutritional functions, the
EP provides secure anchorage for the collagen network
arising from the nucleus and annulus in order to realise
the structural integration (Rodrigues et al., 2012; Wade
etal.,2012; Wade et al., 2014). In the ovine disc, the EP-
nucleus integration was achieved by nodal fibrils to provide
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the nucleus with a form of tethered mobility (Wade ef al.,
2012; Wade et al., 2014); the EP-annulus was integrated by
annular fibre bundles subdividing into sub-bundles to form
a three-dimensional multi-leaf morphology (Rodrigues et
al., 2012). These intrinsically nodal anchoring systems
should be the results of the adaptive response to the
biomechanical environment in the disc. Owing to the
difference in the methods of sections preparation, the nodal
attachment points were not easy to be observed in the
junction of the bony and cartilaginous EP, but many aligned
collagen fibres inserting in the bony EP were found after
disc transplantation. These fibres may belong to the nodal
anchoring systems, but they became loose and irregular
in the EP region after defects were formed at 12-moth
follow-up. Such changes are important because they may
lead to an uneven distribution of the loading across the
nucleus and annulus, and thus may contribute to the mild
degeneration of disc allograft after transplantation.

The concept of IVD allograft transplantation has been
developed for nearly 20 years; this is the first study to
determine the bony healing and remodelling process of IVD
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Fig.7. Morphological changes of the bony and cartilaginous EPs after [IVD allografting. (A-C) The integrity of bony
EP was well maintained at 1.5 months, and it was easy to be distinguished from the CEP. (D-F) After 6 months,
defects at the bony EP were seen and the integrity was not preserved anymore. (G-I) At the final follow-up, the bony
EP was replaced by newly-formed trabecular bone (NB, indicated by black arrows) and bone remodelling was clearly
evident by HE and MT staining. (J-L) Similarly, the cartilaginous EP was well preserved at 1.5 months, and typical
chondrocytes embedded in the Safranin O-positive matrix could be clearly identified. (M-O) Empty cartilage lacunae
were notably determined (indicated by black arrows) in the Safranin O-positive matrix at 6 months postoperatively;
the junction between the bony and cartilaginous EPs was not easily distinguishable. (P-R) After 12 months, typical
chondrocytes resident in the cartilage lacuna were not found, and the cartilage matrix was remarkably atrophic (the
area within dotted line) and basically disappeared after replacement by the newly formed matrix. Abbreviations: BEP,
bony endplate; CEP, cartilaginous endplate; NB, new bone; HE, haematoxylin and eosin; MT, Masson-trichrome;

SF, Safranin O-Fast green; PSR, Picro-sirius red.

allografting although the findings in goats cannot be easily
extrapolated to that in humans because of the difference
in anatomy and biomechanics. We should acknowledge
that healing and remodelling of the bony structure is not
equivalent to the reestablishment of nutrient channels
into the IVD allograft; the revascularisation and nutrient
perfusion of the postoperative IVD allograft is still unclear
which need further investigation. During transplantation,
the growth plate in the recipient slot was removed while
it was preserved in the IVD allograft. The growth plate
could be found in the allograft after transplantation for
1.5 months and it disappeared completely after 6 months;
nevertheless, it is still unclear whether the presence
of growth plate will affect the healing of host-graft
interface, the revascularisation as well as the nutrition
reestablishment of the IVD allograft. The third limitation
was that the cranial and caudal EPs were considered
together; the difference between these two EPs was also
controversial, especially in their thickness (Rodrigues et
al., 2012). For IVD allograft transplantation, damage in
whichever EP would result in loss of the integrity; hence,
it should be reasonable to consider them together. Another
limitation was that longitudinal morphological information
(such as in-vivo magnetic resonance imaging (MRI) or
in vivo CT scanning data) of the lumbar spine after [IVD
allografting was unavailable; these data will be meaningful
to understand the loss of endplate integrity.
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Conclusions

After intervertebral disc allograft transplantation, healing
and remodelling of the bony structures ensured the stability
and segment motion of the lumbar spine, but the integrity
of'bony and cartilaginous endplates was gradually lost and
basically disappeared at the final follow-up.
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Discussion with Reviewers

Reviewer I: The most striking result of this study was
the loss of osseous endplate integrity at 6 and 12 months.
The authors speculate that this could have been a result of
normal bone remodelling or micro-fractures. However, in
both cases, one would expect to also see quite a bit of new
bone formation which would offset the loss of bone mass
or bone integrity. With micro-fractures, micro-calluses
should be evident. With remodelling, there should be new
bone formation in the same regions as bone loss. Such a
large amount of bone loss over 6 months is more likely
a response due to a physical or biological environment
unfavourable for bone. For example, could the non-viable
allograft disc release factors causing bone resorption.
Hence, did the authors look for further evidence of bone
repair or turnover in the endplates and why do they think
that this will eventually reverse or continue to degrade?

Authors: After cryopreservation, the metabolic activity
was preserved in approximately 70 % of the disc cells
(Chan et al., 2010); in our previous primate study, viable
cells in the postoperative disc allograft were recorded by
histological results (Luk et al., 2003); in this goat study,
cells with normal morphology in the subchondral bone,
bony and cartilaginous endplates were also illustrated.
Hence, the postoperative disc allograft is not a dead
tissue-spacer to restore the spinal mobility only. But we
still did not perform the study to investigate whether the
disc allograft will release factors causing bone resorption
in the bony endplate. In the Discussion section, we pointed
out that bone remodelling or micro-fractures in the bony
endplate may induce the loss of endplate integrity in the
postoperative disc allograft. With remodelling, the first
evidence was that new bone formation and bone loss in
the bony endplate area were seen (Fig. 7G); nevertheless,
the adjacent cartilaginous matrix did not provide an
osteoinductive microenvironment for the local progenitor
cells, leading to the imbalance of new bone formation and
bone loss. This notion was supported by many studies in
which the differentiation of progenitor cells in the disc-
derived matrix was investigated; these scaffolds included
extracellular nucleus matrix (Yuan et al., 2013), native (Liu
etal.,2015) and decellularised nucleus matrix (Mercuri et
al., 2013), and the whole decellularised disc organ (Chan
et al., 2013). With micro-fractures, in this series of goat
studies, we did not have evidence to show the formation
of micro-calluses. Before the surgical technique of disc
allografting was refined, micro-fracture in the bony endplate
was found because of forceful insertion of allografts into
the recipient slots. Hence, punching no matter how gentle
is not acceptable in this surgery; however, at present we
still do not have evidence to exclude that micro-fracture
will not happen immediately after transplantation or before
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complete healing. We should acknowledge that loss of the
endplate integrity should be multifactorial which needs
further investigation. In our next research proposals, the
factors related to bone remodelling and micro-fracture
will be firstly considered based on our previous research
experience; and in vivo CT scanning and ultrashort echo
time (UTE)-MRI sequence will be utilised to observe the
continuous changes of bony and cartilaginous endplates,
respectively, after disc allografting in goats.

Reviewer I: In the discussion, the authors point out that the
caprine vertebral endplate is different from that in humans.
Unlike humans, goats have physes and epiphyses. Thus,
the caprine allograft also contained these structures, which
the human allograft would not have, and it is possible that
revascularisation or lack thereof of such structures cause
the loss in endplate integrity. However, this is not the only
difference. In humans, the cartilaginous endplate is the
growth plate and with skeletal maturation and closure of
the apophyseal ring, this growth plate becomes quiescent.
Hence, could the differences in the cartilaginous endplate
between goats and humans lead to difficulties in translating
these results to the human and why not or how?
Authors: Notably difference has been determined in the
endplates across animal species and that of humans (Zhang
et al., 2014). During transplantation, the growth plate in
the recipient slot was removed while it was preserved
in the IVD allograft; the growth plate could be found in
the allograft after transplantation for 1.5 months and it
disappeared completely after 6 months. We have pointed
out this issue in the Discussion section; nevertheless, we
have no idea whether the presence of growth plate causes
the loss of endplate integrity in the postoperative IVD
allograft. As mentioned in our previous paper (Huang et
al., 2016), the goats are quadruped and do not reproduce
the anatomy, loading, intradiscal pressures of the lumbar
spine in the humans. Hence, we cannot easily extrapolate
the results in this study to humans. The anatomical and
functional difference in the cartilaginous endplate between
goats and humans may be one of the major reasons;
nevertheless, further investigation is required.

Reviewer II: How do the bony changes seen here — and
the time scale — compare to those found in other bone
allografts?

Authors: An IVD allograft usually carries 2-3 mm of
vertebral bone at both the cranial and caudal ends in
order to protect its integrity. Although the amount of bone
transplanted during IVD allografting was very small, the
continuous process of bone resorption and formation at
the host-graft interface should result in the vertebral bone
and the subchondral bone being similar with that of bone
allografts. At 12-month follow-up, obvious differences in
the Tb.N, Conn.Dn and DA were found when compared
with the normal adjacent controls, suggesting constant
remodelling at the bony structure to ensure the stability
and mobility of the transplanted allograft. The dramatic
change was the loss of endplate integrity, which has not
been reported previously.

www.ecmjournal.org



Y-C Huang et al.

Reviewer II: Can the authors suggest another mechanism,
apart from micro-fractures, why the original architecture
of the subchondral bone and bony endplate is destroyed
during remodelling?

Authors: In the “Discussion” section, normal bony
remodelling and micro-fractures were regarded as the
major mechanisms for the loss of endplate integrity. The
Reviewer was interested in the released factors from the
allograft and their role in bone resorption of the bony
endplate. We should acknowledge that loss of the endplate
integrity should be multifactorial and at present we do not
have solid evidences to unravel the underlying mechanisms
of this phenomenon, especially the three mechanisms
mentioned above. Further investigation is thus required.

Reviewer II: Would similar changes in the subchondral
bone and endplate be expected in mature animals?

Authors: The life expectancy for goats is about 8 years,
and goats at the age of 0.5-4 years are often used for
preclinical studies in the area of disc degeneration and
vertebroplasty. The goats are sexually mature as early
as 6 months; and the 4-year goats still have the growth
plates (Zhang et al., 2011), suggesting that the goat may
still have growth capacity. Hence, we cannot easily define
the skeletally mature in goats according to the age. It is
still unclear about the natural history of intervertebral disc
degeneration in goats; we thus do not know the natural
change of subchondral bone and endplate with time and its
effect on IVD allografting. The other difference between
the young goats (used in this study) and mature ones comes
from the presence of growth plates. During transplantation,
the growth plate in the recipient slot was removed while it
was preserved in the IVD allograft. The growth plate could
be found in the allograft after transplantation for 1.5 months
and it disappeared completely after 6 months; nevertheless,
it is still unclear whether the presence of growth plate will
affect the healing of the host-graft interface, the changes in
the subchondral bone and endplate, the revascularisation,
as well as the nutrition reestablishment of the IVD allograft.
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