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This study developed an in vitro method to evaluate fluid ingress into the graft-host interface of osteochondral
grafts and mimetic constructs and the risk of graft subsidence, using porcine and ovine tibio-femoral models, to
investigate mechanisms associated with cyst development. Distal femurs were implanted with two osteochondral
grafts or mimetic constructs. One was implanted axially with the loading direction at the point of initial contact
of the femur and tibia (“loaded graft™); another on an unloaded portion of the opposite condyle (“unloaded
graft”). During testing under a uniaxial cyclic loading regime, the specimens were housed in a contrast medium.
Micro-CT scans taken before and after testing allowed the movement of the contrast fluid to be visualized. Fluid
ingress was quantified by comparing the greyscale distribution across line profiles between the pCT scans. Ingress
was calculated at six sites of interest: two at each graft site (“graft-host interface”, “graft centre”), one through
“loaded host bone”, and one through “unloaded host bone”. Graft presence and loading were key factors to
promote fluid ingress (p = 0.001). Fluid ingress at loaded graft-host interfaces relative to the unloaded host bone
of porcine-in-porcine was 2.4 + 8.9 mm, porcine-in-ovine was 9.9 + 3.1 mm, and mimetic constructs-inporcine
was 3.6 + 3.8 mm. A mismatch in material properties between the graft and host bone promoted ingress, driven
by host bone quality. Subchondral bone damage and fluid pooling below grafts was detectable from pCT images.
Results indicate host bone quality should be considered when assessing a patient’s suitability for surgery.

1. Introduction

As articular cartilage has a limited ability to self-repair in adults
(Davis et al., 2021), trauma or physiological changes can lead to the
development of chondral and osteochondral lesions, which have the
potential to progress into osteoarthritis. Options for the surgical repair
of such lesions include marrow stimulation techniques (e.g. micro-
fracture), autologous chondrocyte transplantation, and osteochondral
grafting (Gao et al.,, 2020). In osteochondral grafting (allograft or
autograft, mosaicplasty or single graft), local regions of cartilage dam-
age are removed and replaced with healthy tissue or biomaterials, with
the aim of re-establishing surface congruency and restoring joint
biomechanics (Solanki et al., 2021). Osteochondral graft procedures

have demonstrated good clinical outcomes, particularly for autologous
grafts with success reported in 72 % of patients at 10 years post-surgery
(Branam and Saber, 2023). Synthetic scaffolds are a promising off-the-
shelf clinical alternative to natural grafts and demonstrate positive
short and medium-term outcomes (Zeng et al., 2018). Synthetic scaf-
folds have the advantages of only requiring a single surgery and no
donor site morbidity (Hoveidaei et al., 2024).

Reported failure mechanisms include non-integration of the graft
with surrounding bone, delamination of the articular cartilage,
advancing osteoarthritis, and cyst formation with subchondral bone
necrosis and graft subsidence (Juels et al., 2020; Marom et al., 2020).
Chondral and subchondral formation of fluid-filled sacks, or cysts, is
associated with various cartilage treatment techniques (Beck et al.,
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2016; Gao et al., 2020). In osteochondral grafts, a 20 % prevalence of
subchondral bone cysts was observed six months post-operatively
(Ackermann et al., 2019b; Ackermann et al., 2019¢) with reported in-
cidences between 30 % and 80 % depending on the joint (Shimozono
et al., 2018; Shimozono et al., 2019; Ackermann et al., 2019a).

The development of subchondral bone cysts has also been observed
following cartilage treatment in several preclinical animal models
including horses, rabbits, goats and sheep (Vachon et al., 1986; Chen
et al., 2011; Pallante-Kichura et al., 2013; Beck et al., 2016). In sheep, a
92 % prevalence was observed six months post-operatively (Beck et al.,
2016). With cyst presentation differing between species, a question
arises concerning the respective influences of bone structure, specimen
anatomy and mechanical properties on cyst formation, which differ
widely between animal models (Olah et al., 2021). For example, the
bone mineral density of trabecular lumbar spine samples were reported
as 178 mg/cm3 in humans, 373 rng/cm3 in pigs, and 437 rng/cm3 in
sheep (Aerssens et al., 1998). Local biomechanical overload has also
been seen to contribute to the development of cysts (Wang et al., 2021).

Synovial fluid ingress, from the joint capsule into the graft-host
interface and subchondral bone, has been theorised to induce inferior
biomechanical and physiological conditions, contributing to an
increased risk of cyst formation and contribution to graft failure
(Pallante-Kichura et al., 2013; Ackermann, Merkely, et al., 2019; Gao
et al., 2020; Solanki et al., 2021). However, currently there is little ev-
idence on the level of fluid ingress at the graft-host interface or how this
is affected by the graft and host bone properties, bony architecture or
loading. Due to this gap in knowledge, there is a need for mechanistic
studies to assess modes of cyst development. In particular, there is a lack
of literature on fluid movement into subchondral bone to validate the-
ories of cyst formation. Porcine and ovine models have previously been
used in in vitro and in vivo tests for investigating osteochondral grafting
(Bowland et al., 2019; Meng et al., 2020; Suderman et al., 2024). Given
their differing bony architecture, then using the two species would allow
investigation of the influence of bone structure with different graft types
on fluid movement following osteochondral grafting.

The aim of this study was to develop a method to quantify fluid
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ingress and the risk of graft subsidence in vitro, and apply the method to
evaluate natural and synthetic grafts in porcine and ovine tibiofemoral
models.

2. Methods
2.1. Study Design

A method was developed to capture fluid ingress between graft and
natural tissue sites in a tibiofemoral model following axial cyclic testing.
The methods are described in detail below but briefly comprised the
implantation of grafts into loaded and non-loaded regions of the tibio-
femoral joint, cyclic axial loading of the specimen in the presence of a
contrast medium, and imaging to measure fluid ingress and graft sub-
sidence. Initial pilot studies were performed to iteratively change as-
pects of the cyclic testing procedure and to optimise post-processing
methods (Supplementary Data — Section A, B). An overview of the
experimental and post-processing methods is provided in Fig. 1.

Three types of specimens were used: natural porcine grafts in a
porcine model, natural porcine grafts in an ovine model, and biomimetic
synthetic constructs in a porcine model. These combinations were
selected to capture a range of graft-host property combinations, repre-
sentative of both clinical graft-host interface material mismatch and
those used in pre-clinical in vivo testing.

2.2. Specimens

Natural osteochondral grafts consisted of a cylindrical plug of
cartilage and subchondral bone (10 mm long and 6.5 mm diameter).
These were harvested from the trochlear groove of porcine specimens
with an Acufex™ Mosaicplasty surgical toolkit (Smith and Nephew, MA,
USA).

A layered biomimetic construct comprising of a chondral-like upper
layer and an osseous-like lower layer was designed to structurally
replicate the architecture of natural osteochondral grafts (8 mm long
and 7.5 mm diameter) (Zheng et al., 2022). This construct was provided

EXPERIMENTAL METHODS

pe e Pre PO
Ol€ »
eparatio esting esting esting
POST-PROCESSING METHODS l
Cyclic Testing Fluid Ingress

A Loaded Host

Bone

Loaded Graft

v

Specimen

Gator with
Contrast
Fluid

Water
Bath at
37°C

Bone
Volume
Fraction

Image
Registration

Analysis

Subsidence

MEASUREMENTS

Fig. 1. Flow diagram of experimental and post-processing methodology. Inset shows details of the cyclic testing: [A] Prepared specimen with six sites of interest.
“loaded graft-host interface™ at the interface of the loaded graft and host bone; “loaded graft centre” through the middle of the loaded graft; “unloaded graft-host
interface” and “unloaded graft centre” at the unloaded graft site; “loaded host bone™ at a location experiencing load but where no graft was implanted; and “unloaded
host bone” at an unloaded site where no graft was implanted. [B] Experimental test diagram showing a prepared specimen within testing apparatus, surrounded by a

gaiter containing contrast fluid and a water bath at 37 °C.
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by the Institute of Orthopaedics and Musculoskeletal Science, University
College London.

Grafts were implanted in porcine or ovine tibiofemoral specimens.
Skeletally immature (4 to 6 months) porcine tissue was obtained from
the food chain within 24 h of slaughter (John Penny & Sons, Leeds, UK).
Skeletally mature (6 years + ) ovine tissue was harvested from sheep
that were used as part of an in vivo study for a spinal intervention with
return to normal activity (approved by the NAMSA Ethical Committee
on January 4, 2016). The ovine tissue was also collected within 24 h of
slaughter (sacrificed at the University of Nottingham) under appropriate
UK Home Office licenses. Data was collected from three groups [N = 5
per group] (Table 1). Natural porcine osteochondral grafts were
implanted in porcine (P) and ovine (O) host bone. Biomimetic constructs
(B) were implanted in porcine host bone.

2.3. Experimental methods

Knee specimens were prepared for testing by potting the femoral and
tibial shafts in poly-methyl methacrylate (PMMA) cement. The joint
capsule was fully intact and was positioned in full extension, using a
custom rig that allowed the natural relative position of the femur and
tibia to be reproduced following dissection. The rig also allowed the
specimen to be fixed within testing apparatus, ensuring natural axial
force transmission through the joint during testing.

Following potting, the knees were further dissected to only retain the
bones and cartilage. Two defect holes were created in the femoral
component with a surgical drill bit to create recipient sites (Fig. 1[A]).
For the natural grafts, two porcine osteochondral grafts were implanted,;
for the biomimetic specimens, two constructs were implanted. A “loaded
graft” was implanted axially with the loading direction at the point of
initial contact of the femur and tibia, which was typically on the medial
condyle. An “unloaded graft” was implanted on a portion of the opposite
condyle that would not experience direct loading during testing. While
the natural and biomimetic grafts differed in diameter, the diameters of
both grafts were 0.15 mm oversized with respect to the recipient site.
Clinically, grafts are usually implanted perpendicular to the cartilage
surface, to restore surface congruency (Branam and Saber, 2023).

Table 1
Specimen group descriptions.
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However, grafts were implanted axially with respect to the loading di-
rection during experimental testing to ensure axial loading, which
resulted in grafts that were not always perpendicular to the cartilage
surface.

Specimens were imaged prior to dissection (“whole”), post-
preparation but prior to testing (“pre-testing”), and immediately
following testing (“post-testing™), using an isotropic resolution of 82 pm
(60 kVp and 900 pA), in a high-resolution peripheral-qCT scanner
(XtremeCT, Scanco Medical, Switzerland).

Experimental testing consisted of loading the specimen with a uni-
axial loading profile of the axial joint reaction force experienced during
gait, derived from knee simulators studies (Liu et al., 2015), for 5,000
cycles (1 Hz), using an ElectroPuls® E10,000 (10 kN load cell, Instron,
USA) (Fig. 1[B]). Testing ran between 0 N and peak axial loads of 1,000
N for porcine host bone (Liu et al., 2015; Liu et al., 2019), and 1,300 N
for ovine host bone (Taylor et al., 2011).

During testing, the specimen was housed in a gaiter containing a
contrast fluid (Fig. 1[B]); the fluid was heated to 37 °C with an external
water bath to replicate the in vivo environment. By performing the
testing in the presence of a contrast fluid, the fluid ingress could be
visualised by the change in brightness of individual voxels between pre-
and post-testing uCT scans. An in-house contrast analysis was under-
taken to develop a suitable contrast fluid, based on previous work (Bint-
E-Siddiq, 2019), using Sodium Iodide (Nal) as a contrast agent, also
ensuring that the contrast fluid did not damage the biomimetic con-
structs. A suitable concentration was determined for this application
containing 0.8 M Nal in PBS.

2.4. Post-Processing methods

Fluid ingress, graft subsidence and specimen bone volume fraction
were measured from pCT scans for each specimen type (using 32-bit
uncompressed DICOMS files), at sites with and without grafts present
and that did or did not experience loading during testing.

The pCT scans taken pre- and post-testing were registered using
landmarks and automation in Simpleware™ ScanIP (2018; Synopsys,
Inc., Mountain View, USA). Individual fluid ingress measurements were

Group Name Host Bone Host Site Diameter Graft Type Graft Dimensions (mm)
Species (mm)
Porcine (P) [N = 5] Porcine 6.35 Natural Graft: Porcine
Ovine (0) [N = 5] Ovine 6.35
Cartilage
Subchondral
Bone
Biomimetic Construct (B) [N = Porcine 7.35 Layered biomimetic

5]

construct
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quantified by comparing the greyscale distribution across a line profile
between pre- and post-testing pCT scans, where a difference in greyscale
value at the same location identified fluid presence. A Matlab script
(Matlab R2022a, Mathworks, USA) was written to visualise the grey-
scale distribution across the line profiles and identify key features: a
reference point and a convergence point. The reference point was
defined on the pre-testing uCT line profile, where the first greyscale
value became positive. The convergence point was defined where the
two line profiles converged (difference in greyscale < 0), as the location
where the fluid penetrated the tissue. Fluid ingress was identified as the
distance between the reference point and the convergence point (Fig. 2).
A Gaussian smoothing filter, with a kernel size of seven based on
sensitivity testing (Supplementary Data — Section B), was used to mini-
mise the effect of noise in the greyscale profiles. To ensure fluid ingress
was accurately calculated, the smoothed data was used to identify the
area of convergence, but the actual fluid ingress value was selected from
the original data at a position within + 3 pixels of the convergence
point.

Six sites of interest were identified on each specimen, at which fluid
ingress was derived (Fig. 1[A]) — two at the loaded graft site, at the
interface of the graft and host bone and at the centre of the graft
(“Loaded Graft-Host Interface”, “Loaded Graft Centre”), two at the
unloaded graft site (“Unloaded Graft-Host Interface”, “Unloaded Graft
Centre”), one at a location experiencing load but where no graft was
implanted (“Loaded Host Bone™), and one at an unloaded site where no
graft was implanted (“Unloaded Host Bone™). Each value was an average
of multiple measurements to represent variations within each site of
interest (Supplementary Data — Section B).

Fluid ingress results were normalised with respect to the specimen-
specific fluid ingress at the unloaded host bone site. As not all the data
for the six sites of interest followed a normal distribution (Shapiro Wilk
test), statistical significance between testing groups was determined
using a Friedman’s test and paired statistical significance between sites
of interest was identified using a two-way Dunn’s test with a Bonferroni
adjustment. All statistical analysis was conducted using SPSS Statistics
(Version 29.0, IBM Corp., USA) and a significance level o = 0.05.

To investigate whether it influenced fluid ingress, graft subsidence
was measured from pCT scans. For each loaded graft and biomimetic
construct, subsidence was measured as the axial displacement at the
centre of the graft between pre- and post-testing pCT images (Fig. 3).
Subsidence was measured at two locations along the length of the graft:
the articular cartilage-subchondral bone boundary, and the base of the
subchondral bone. It was not appropriate to use the external articular
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cartilage surface to measure subsidence between scans as the articular
cartilage was sometimes flattened following testing or enlarged due to
fluid absorption. Any difference that was equivalent to less than one
pixel was said to be zero.

To investigate whether fluid ingress is related to bone architecture,
the bone volume fraction (BV/TV) was calculated at the unloaded host
bone sites of all specimens. The difference in bone volume fraction be-
tween graft and host bone sites was also calculated and compared to the
fluid ingress at graft-host interfaces. Bone volume fraction was calcu-
lated from pre-testing pCT scans for cylindrical regions of interest with a
diameter half that of the bone graft (8.0 mm length and 3.175 mm
diameter) (Fig. 3). The bone region was manually determined visually to
produce a threshold that appropriately separated the bone and inter-
stitial space. This threshold was then used consistently within the same
species, but a different threshold was used for different species. Bone
volume fraction was calculated as the ratio of bone volume to total
volume (BV/TV).

3. Results

Visual analysis of post-testing uCT scans of each porcine (P) or ovine
(O) specimen allowed identification of subsidence (02), subchondral
bone damage (P2), fluid pooling below grafts (P2, 04, B1), delamination
of the articular cartilage following testing (01, O3), and orientation of
the recipient sites (4.3 + 1.6°) (Fig. 4; Supplementary Data - Section C).
In some porcine specimens (P3, P5), channels in the subchondral bone
were observed on the uCT scans that promoted fluid ingress throughout
the specimen, resulting in a lack of variation in recorded fluid ingress
between sites of interest.

Graft presence and loading had significantly greater fluid ingress
compared to unloaded host bone sites (Fig. 5). The fluid ingress at each
site of interest for each specimen is given with respect to the average
fluid ingress at the unloaded host bone site of each specimen which was
generally larger in the porcine host bone than the ovine host bone (P =
17.7 mm, O = 2.6 mm, B = 10.2 mm). Pairwise statistical analysis results
are presented in Table 2.

Subsidence was detected in nine specimens in total, with a maximum
subsidence of 1.1 mm observed (02). Non-zero subsidence values at the
bone base location [n = 6] were compared to corresponding relative
fluid ingress values (Supplementary Data — Section D) but presented no
clear relationship with fluid ingress.

There was a broad trend (R? = 0.57; p < 0.05) of reducing fluid
ingress with increasing bone volume fraction at host bone sites (Fig. 6).
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Fig. 2. Post-processing: Fluid ingress calculation at a graft site. [A] Fluid ingress as an average of measurements within each site of interest; [B] Line profiles
identified on pre- and post-testing uCT scans; [C] An example of a single fluid ingress measurement for a line profile with (a) reference point identified as the first pre-
testing pCT raw value to become positive, (b) convergence point identified as the first point where the difference between greyscales is less than zero, (c) fluid ingress

calculated as the difference between reference and convergence points.
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measurement. Cylindrical masks (half the diameter of graft sites) of bone volume (BV) and total volume (TV) at the unloaded host bone site used to calculate bone

volume fraction (BV/TV).

In general, the BV/TV of ovine host bone was larger (0.82 + 0.07) than
the porcine host bone (P specimens: 0.50 + 0.13, B specimens: 0.57 +
0.16). There was a weak correlation (R? = 0.33; p < 0.05) between the
ratio of bone volume fraction at graft and host sites, and fluid ingress at
graft-host interfaces, where fluid ingress tended to reduce as the bone
volume fraction of the graft tended towards the bone volume fraction of
the host (Fig. 7).

4. Discussion

The purpose of this study was to develop a method to study the early
mechanical performance of osteochondral bone grafts in a controlled in
vitro experiment in porcine and ovine pre-clinical models. Specifically,
the aim was to examine the potential for fluid ingress, which has been
linked to cyst formation, and early graft subsidence in the period before
any osseointegration has occurred. This work demonstrated that the
presence of a graft and loading both increased fluid ingress into osteo-
chondral tissue and highlighted the influence of graft and host bone
properties in limiting fluid ingress.

The skeletally immature porcine tissue (low mineralisation, low
stiffness) and skeletally mature ovine tissue (high mineralisation, high
stiffness, more brittle) represented a range of bone properties. Similarly,
the choice of natural grafts and biomimetic constructs represented what

can be used clinically. The mismatch of materials at graft-host interfaces
represented where material properties can differ clinically, for example
by adopting allografts or decellularized grafts.

In terms of limitations, it was difficult to prepare specimens exactly
as theorised, for example creating a perfectly axial graft site to a
perfectly bottomed depth. This resulted in loading not always being
entirely axial to the graft (4.3 + 1.6°). However, this demonstrates the
clinical challenge of performing osteochondral graft surgery as
intended.

Joint loading was simplified to uniaxial loading which is not entirely
representative of the in vivo environment. However, this was deliberate,
to simplify loading, making the test reproducible, with a focus on
simulating the pumping action of a graft in vivo. The effect of shear
loading on fluid ingress was not captured. This could be done in the
future with a similar method used with full joint simulation, with the
additional benefit not to require axial implantation of grafts.

For bone volume fraction measurements calculated from pre-test uCT
scans, it was observed that a single threshold value did not always
accurately capture the trabecular structure between specimens of the
same species, likely due to differences in tissue mineralisation between
specimens. It may therefore be more appropriate to use inconsistent
thresholds within each species, dependant on the region of interest.
Also, fluid ingress at the top of the subchondral bone often made it
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Fig. 4. Visual analysis of uCT scans allowing visualisation of subchondral bone damage (P2), fluid pooling below grafts (P2, B1) and delamination of articular
cartilage following testing (O1).
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difficult to identify the articular cartilage-bone boundary in the post-test greater fluid ingress compared to the unloaded host bone, indicating
uCT scan, limiting the subsidence measurements that could be obtained that the presence of osteochondral grafts increased fluid ingress. With

at this point.

fluid sometimes present in the interstitial space below grafts following

Graft sites, particularly loaded graft sites, produced significantly testing, it appeared that pressure on the fluid from the loaded graft
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Table 2

Statistical significance: Statistical significance was identified using a Friedman
test (p = 0.0001948). Pairwise statistical significance was calculated using a
post hoc Dunn’s test and statistical significance indicated with an adjusted
Bonferroni correction applied, resulting in an adjusted significance value of p <
0.003.

Loaded Loaded
Graft-Host Graft
Interface Centre

Unloaded Unloaded Loaded
Graft-Host Graft Host
Interface Centre Bone

Loaded 0.419 0.015 0.106 0.003
Graft-
Host
Interface

Loaded 0.419 0.001 0.015
Graft
Centre

Unloaded 0.015 0.001 0.419 0.614
Graft-
Host
Interface

Unloaded 0.106 0.015 0.419 0.189
Graft
Centre

Loaded 0.003
Host Bone

Unloaded 0.001
Host Bone

<0.001

<0.001 0.614 0.189

<0.001 0.419 0.106 0.762

promoted further ingress into the subchondral bone.

Loading alone tended to increase fluid ingress, though a combination
of loading and graft presence promoted ingress the most. This suggests
that the repeated loading overcomes the natural structural barriers to
fluid movement and, given the loads in this study represented those
experienced during gait, supporting existing clinical protocols to avoid
weight bearing activities for a minimum of eight weeks following sur-
gery (Haber et al., 2019). At graft sites, this effect was most evident for
the porcine grafts in ovine host bone specimens where there was a
mismatch in the trabecular structure between the host and graft, while
the porcine grafts in porcine bone appeared to most closely match
ingress naturally through the host bone. This suggests that matching the
material and structural properties of the graft and host may be effective
at limiting fluid ingress.

There was greater difference in fluid ingress between regions with
and without grafts in the porcine graft in ovine bone samples than the
biomimetic constructs or porcine grafts in porcine bone. This may
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indicate that the constructs provide a good match of structural and
mechanical properties to the porcine host bone or that host bone
properties are a more significant factor in indicating fluid ingress than
graft properties. Previous research suggested that the stability of
osteochondral grafts is driven by the host bone quality (Casper-Taylor
et al., 2019).

Without grafts or loading, there was more fluid ingress in the porcine
model than in the ovine model. With large differences between the fluid
ingress in the unloaded host bone between species, this was theorised to
be a result of differences in trabecular structure and bone density that
exist in different animal models. Previous studies identified differences
in bone density and mechanical stiffness of porcine and ovine vertebral
specimens (Zapata-Cornelio et al., 2017). When investigated, there was
a broad trend of increasing bone volume fraction with reduced fluid
ingress (Fig. 6) at host bone sites which was largely species driven.

However, the trend were not strong correlations R? = 0.57), sug-
gesting BV/TV does not consider enough of the structural and me-
chanical properties to be used as an indicator for fluid ingress. As well as
bone volume fraction, other material property differences exist between
animal models. For example, porcine bone is softer and less mineralised
and, while ovine and porcine have similar trabecular spacing, ovine
bone has higher average and maximum trabecular thicknesses. This
difference in material properties may result in different effects at graft-
host interfaces during graft implantation. Brittle trabeculae (more likely
for ovine bone) may fracture while more elastic bone (more likely for
porcine bone) may deform in response to graft implantation which
would result in structurally different graft-host interfaces. There was
also more variation in bone volume fraction in the porcine host bone
than the ovine host bone. Despite sharing structural features with
human tissue, animal models also differ to human bone. One study
showed the bone plates of several animal models (including sheep) were
thicker than human bone plates with denser and thicker trabeculae
(Chevrier et al., 2015).

Additionally, a greater the ratio of bone volume fraction between
graft and host materials correlated with a reduction in fluid ingress at
the graft host interface, suggesting developers of biomimetic constructs
should seek to match the mechanical properties to that of the intended
host bone to limit fluid ingress (Fig. 7).

Approximately eight of 15 loaded graft sites had a space below the
graft (unbottomed), which tended to increase subsidence at the bone
top. This supports existing clinical preference to use bottomed grafts,
with the subsidence of unbottomed grafts also observed clinically (Kock
etal., 2011; Bowland et al., 2019). Less subsidence was seen at the base
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Fig. 6. Evaluation of bone volume fraction (BV/TV) against absolute fluid ingress (mm) at unloaded host bone sites of all specimens (except P3 and P5 due to their

absolute fluid ingress measurements equalling zero).
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Fig. 7. Ratio between graft and host bone volume fraction (BV/TV) against absolute fluid ingress (mm) at loaded and unloaded graft-host interface sites on all
specimens (except P3 and P5 due to their absolute fluid ingress measurements equalling zero). (Note: Ratio < 1 when graft BV/TV < host BV/TV).

of the grafts compared to the top due to partial compression of the grafts.

While graft presence and loading were shown to promote fluid
ingress, further links need to be made between fluid ingress and cyst
development to validate this theory. Going forward, this method can be
translated to cadaveric human tissue and used to investigate the effect of
clinical variables such as graft type and surgical technique. The meth-
odology enables evaluation of other factors such as the effect of limiting
weight bearing activities before graft integration with bone by assessing
the effect of lower loads, or understanding the effect of shear or graft
size, by investigating these parameters systematically.

5. Conclusion

A novel method was developed to measure subsidence and fluid
ingress over multiple loading cycles to evaluate osteochondral grafting
in vitro.

A significant increase in fluid ingress was observed from a combi-
nation of graft presence and following loading. This finding suggests that
limiting fluid ingress at graft-host interfaces may be key to reducing the
incidence of cyst development, alongside other surgical features such as
graft oversizing, which have previously been shown to reduce
subsidence.

Mechanisms of cyst formation associated with fluid ingress are
shown to be exacerbated by loading with a dependence on graft and host
material properties, especially host bone quality, which has previously
been linked to graft stability. The success of biomimetic constructs may
be driven by matching the material’s mechanical properties with the
host bone. Clinicians are also encouraged to consider host bone quality
when assessing a patient’s suitability for surgery.

This study provides a novel methodology for the pre-clinical
assessment of grafts with the potential for translation to human tissue
and other pre-clinical applications.
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