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EPIGRAPH

O Captain! my Captain! our fearful trip is done,
The ship has weather’d every rack, the prize we sought is won,
The port is near, the bells I hear, the people all exulting,
While follow eyes the steady keel, the vessel grim and daring;
But O heart! heart! heart!
O the bleeding drops of red,
Where on the deck my Captain lies,
Fallen cold and dead.

O Captain! my Captain! rise up and hear the bells;
Rise up—for you the flag is flung—for you the bugle trills,
For you bouquets and ribbon’d wreaths—for you the shores a-crowding,
For you they call, the swaying mass, their eager faces turning;
Here Captain! dear father!
This arm beneath your head!
It is some dream that on the deck,
You’ve fallen cold and dead.

My Captain does not answer, his lips are pale and still,
My father does not feel my arm, he has no pulse nor will,
The ship is anchor’d safe and sound, its voyage closed and done,
From fearful trip the victor ship comes in with object won;
Exult O shores, and ring O bells!
But I with mournful tread,
Walk the deck my Captain lies,
Fallen cold and dead.

Walt Witman
O Captain! My Captain!
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ABSTRACT OF THE DISSERTATION

Centrifugal Cleansing of the Subchondral Bone of Osteochondral Grafts
by
Rebecca L Drake
Doctor of Philosophy in Bioengineering
University of California, San Diego, 2022

Professor Robert L Sah, Chair

Transplantation of an osteochondral allograft (OCA) is a generally effective treatment for
large chondral or osteochondral lesions. The effectiveness of OCAs is enhanced by the removal of
marrow from the subchondral bone and facilitated by the maintenance of viable chondrocytes.
Cleansing of OC is currently performed by pulsatile fluid lavage alone or in combination with
high-pressure gas/air, but limited by depth of removal, need for user manipulation, and collection
and disposal of large volumes of cleansing fluid. Centrifugation is an alternative method that has
been applied to massive, previously-frozen allografts, and large osteochondral fragments including
whole femoral heads, but has not been studied for osteochondral cylinders (OCs).

The aim of the present study was to determine if centrifugation could be used to cleanse
the marrow space of osteochondral cores (OCs) while maintaining viable chondrocytes. The
effects of centrifugation duration (0-900 s) and centrifugal force (RCF, 0-10,000xg) were assessed

on OCs from total knee arthroplasty (6 mm diameter, TKA) or OCA (8 mm diameter) tissue. Pellet

X1V



mass and OC mass were measured after centrifugation and after additional trypsin treatment to
loosen residual marrow. OC trabecular bone and marrow structure was characterized quantitatively
by micro-computed tomography (LCT), without and with Hexabrix contrast, and qualitatively by
photography and histology. Chondrocyte viability was assessed by live/dead imaging.
Centrifugation at 10,000xg for 300s removed most of the marrow from TKA-OC based on
estimates from pellet mass (88%) and uCT (73%), and from OCA-OC (72% and 86%,
respectively). Release from TKA-OC was lower at 3,000xg/300s (64% and 45%) or shorter
duration 10,000xg/30s (54%, pellet mass). The spatial variation in pCT images indicated that
release progressed from the bone base up toward the subchondral plate. Release from OCA-OC
was not affected by extending 10,000xg duration to 900s. Pellet mass correlated identically to OC
mass decrease, and also correlated strongly with empty marrow volume by uCT. Histology with
Oil Red O and Hematoxylin and Eosin confirmed the relative presence or absence of marrow. TKR
and OCA donors differed in age (71 vs 20 yr), and their OC bone varied in volume faction (28%
vs 38%), trabecular thickness (0.167 mm vs 0.188 mm), and trabecular separation (0.442 mm vs
0.371 mm). Chondrocyte viability throughout the cartilage was high for samples subjected to no
centrifugation (95%) and only slightly diminished by 10,000xg centrifugation for 300 s (to 90%).
Centrifugation provides a method of cleansing OCs that is similarly effective as the current
pulsatile lavage standard method in terms of marrow cleansing (~70%) while maintaining
chondrocyte viability (~90%). Centrifugation provides a controlled treatment, avoiding manual
manipulation with pulsatile lavage. Centrifugation also avoids the need to collect and dispose of
large volumes of lavage fluid. Additionally, with pellet mass measurement, centrifugation allows
a simple assessment of the degree of marrow cleansing. Finally, by varying centrifugation RCF

and duration, the extent of cleansing can be varied.
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Thus, centrifugation may provide a new effective method of cleansing OCAs that provides
similar degrees of marrow cleansing and chondrocyte viability, while allowing convenient

assessment by pellet mass and modulation of the degree of cleansing by varying RCF or duration.
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CHAPTER 1. INTRODUCTION

1.1 Osteochondral Allograft Uses

The use of fresh osteochondral allografts (OCA) is a generally reliable and effective
treatment for large chondral or osteochondral lesions, where the efficacy for treatment of the
osteochondral lesions is well established clinically.*”%2! Causes for such lesions include
osteochondral defects secondary to trauma, osteochondritis dissecans, osteonecrosis, and intra-
articular fractures.!®?! The grafting procedure is generally effective in restoring the joint surface
with the structural integrity and stability needed for rehabilitation and return to activity.*7-*
Remodeling of the allograft occurs over several months, where creeping substitution of the host
bone replaces the entire autograft with new tissue.?’ Fixation of grafts to the subchondral bone and
surgical management of subchondral cysts beneath surface lesions are critical technical
considerations that may affect graft success.?!' Sizing of the OCAs to have 4-10 mm of subchondral
bone and matching of graft geometry to defects have been shown to enhances resistance to pullout

and reduces subsidence, while cleansing OCAs to remove marrow elements and debris improves

the bone incorporation of the graft.?!

1.2 Factors Affecting OCA Effectiveness
1.2.1 Chondrocyte Viability

OCA survival depends on the viability of chondrocytes in the articular cartilage of the graft.
Reduced chondrocyte cellularity in osteochondral allografts at the time of implantation is
associated with poor graft survival at 12 months (Fig. 1.1).!%2240 The long-term efficacy of the

graft is due, in part, to the presence of viable chondrocytes in the graft cartilage, which are able to



preserve homeostasis and prevent degeneration (Fig. 1.2).*° The viability of chondrocytes within
the cartilage can vary with graft storage, with frozen storage (-20°C) Kkilling cells, while
refrigerated (4°C) or incubation (37°C) storage of allografts in various solutions is able to variably
maintain cell viability.3** In a canine model, the success of OCA repair was associated with >70%
chondrocyte viability.!” Histological analysis of early graft failures showed a lack of viable

chondrocytes and cartilage and matrix staining in such grafts.??

1.2.2 Effective Subchondral Bone Remodeling

The effectiveness of OCAs depends on effective subchondral bone remodeling. Unlike the
chondrocytes in the articular cartilage, the cells in the subchondral bone of fresh OCAs do not
survive the refrigerated storage process,*® so during remodeling, cells infiltrate from the host to
the bone of the OCA.'11%4:4244 Hyuman bone is a metabolically active organ that undergoes
continuous remodeling, where existing, damaged, or in this case foreign, bone is removed (bone
resorption) and new bone is added (bone formation, Fig. 1.3).!* In the case of OCA incorporation
into a host, host cells repopulate and remodel the subchondral bone, gradually replacing the graft
bone by creeping substitution. Both bone remodeling and creeping substitution are the result of
action from the osteoblasts and osteoclasts that move along the bone to repair defects or fractures.?
The osteoclasts move along the bone surface and resorb bone by acidification and proteolysis of
the bone matrix.?> The osteoblasts move in clusters following the osteoclasts and are responsible
for the production of the new bone matrix.?* Failure in the remodeling process often involve OCA

subsidence with subchondral bone collapse (Fig. 1.4).%2437



1.3 Factors Affecting OCA Bone Repopulation and Remodeling

The success of OCA bone repopulation and remodeling by host cells depends on the
osteoconductive, osteoinductive, and osteogenic characteristics of the graft. For a graft or construct
to be osteoconductive, the tissue must allow for vascular invasion and cell infiltration.® The
interconnectivity and pore size are especially important, as they not only provide support, but also
allow transport of nutrients via cells and vasculature.?®*® Although bone grafts and graft substitutes
are inherently osteoconductive due to their native structure, they are often occluded with marrow
that may block vascular and cell infiltration. Adipocytes, which are abundant in the bone marrow,
normally regulate the balance between bone formation and resorption,'* but when dead, as in the
case of OCA at transplant, may also hinder cell recruitment from the host. Osteoinduction refers
to the ability of a material to recruit and transform mesenchymal progenitor cells into mature,
bone-forming osteoblasts.?®*¢ For a material to be osteogenic, it must harbor cells that are capable
of laying down new bone matrix within the tissue.’® An OCA is thus osteoconductive and
presumably somewhat osteoinductive, as is typical of bone graft, but not osteogenic since the
indwelling bone cells do not survive the harvest and storage process. An OCA relies on recruitment

of nearby cells (from the graft recipient) to remodel the grafted bone after placement.

1.4 Potential Benefits of OCA Cleansing
Effective cleansing of trabecular bone in OCAs potentially enhances graft incorporation
not only by enhancing osteoconductivity, but also by reducing antigenicity. The marrow portion

of bone grafts is antigenic,?>

so large, fresh cancellous allografts can elicit a vigorous immune
response within the first two weeks after graft placement.>* While OCA rejection is not an evident

clinical problem, such immunogenicity may affect the integration of the graft with the host. This



type of an immunogenicity increases with graft size,*”**% but can be minimized by OCA cleansing
prior to placement.?!* Thus, the removal of marrow components reduces the potential of an
immune response, while also enhancing the bone incorporation via increasing

osteoconduction,?!-26:29.38

1.5 Methods of OCA Bone Cleansing

The bone component of OCAs has been cleansed by three main strategies, chemical,
thermal, and mechanical (Table 1). Chemical cleansing via the application of soaps, detergents,
alcohols, and enzymes are widely used for bone grafts, but can damage cartilage, so are not
common for use in OCAs.!517314855 Freezing or heating OCA may improve or facilitate marrow
release, but they also are lethal to chondrocytes, so not used for OCA. 131731485155 Thysg, the most
common methods for OCA cleansing are by mechanical force either by irrigation by fluid or gas/air
or centrifugation, as these methods may locally affect the subchondral bone and leave the cartilage
and chondrocytes intact.**>! For each of these methods, quantification of cleansing varies, as is
described in subsequent text. Thus, qualitative descriptions of marrow removal—near 0 (0-5 %
removal), low (5-15 %), relatively low (15-40 %), moderate (40-60 %), relatively high (60-80 %),

high (80-95 %), and near complete (95-100 %)—are used.

1.5.1 Pulsed Lavage

Pulsatile lavage is the clinical standard for OCA cleansing, where pulses of high-pressured
saline are directed at the subchondral bone to remove marrow components.?® Cleansing may be
performed on entire donor joints or on individual grafts. When used with osteochondral cores, a

specialized irrigation tool that is manually oriented to direct fluid jets against the base of the OCA



is typically used. Controlled experimental protocols use ~1 L of saline over ~1 minute.?”-* Suction
ports help dispose of the saline-marrow mixture (Figs. 1.5, 1.6).2 When cleansing by this method,
the pressure of the saline wash is dependent on the distance between the nozzle and the marrow,
whereby deeper marrow would be more difficult to remove.*?* Thus, an OCA is more thoroughly
cleansed than an intact donor joint. The pulsed lavage method removes 61% of the marrow, based
on empty marrow volume estimates by micro-computed tomography (uCT)), after 120 s of
standard flow, and 78% after high flow.>! Such irrigation predominantly removes marrow from
the bone base and edges of the OCA, with marrow remaining in the deeper regions (closer to the

subchondral bone plate) of the OCA.3!

1.5.2 High Pressure Gas and Saline Irrigation

Bone cleansing by pressurized CO; gas has recently been combined with bulb irrigation or
pulsatile lavage.’ Both pressurized CO: gas and saline lavage involve the application of air or
saline to the trabecular bone from a nozzle. The bulb syringe is a precursor to the pulsed lavage
system, applying saline with less fluid pressure, thus having a lower cleansing efficacy (73 %
cement intrusion/3 mm) as compared to standard pulsed lavage (87-92 % cement intrusion/3
mm).2® In cleansing with CO; gas, the irrigation pressure is still related to the distance from the
device nozzle to the marrow, although the local mechanics are likely different due to the distinct
movement of air versus fluid through the trabecular bone network.*> The marrow remaining in the
superficial, middle, and deep bone regions (position relative to the exposed bone base) in 2D
histological sections after combined pulsed saline lavage and CO: (30, 21, and 16 % marrow fill
in deep, middle, and superficial zones) was less than those with pulsed saline lavage alone (59, 30,

and 17 % fill). Assuming approximately 1/3 volume of each region, pulsed saline lavage removed



65 % ((41 % + 70 % + 83 %)/3) overall, whereas the combination of pulsed saline lavage and CO»
removed 78 % (70 % + 79 % + 84 %)/3). These release percentages are similar to the empty
marrow space volume percentages found by uCT, noted above, for standard-flow (61 %) and high-

flow (78 %) pulsatile lavage.>!

1.5.3 Centrifugation

Centrifugation may cleanse OCA marrow gradually throughout the trabecular bone, while
also allowing for assessment of cleansing via pellet collection. As opposed to pulsed lavage, where
irrigation pressure on OCA marrow varies with distance between the device nozzle and position
of the marrow within the core, the force applied to marrow with centrifugation is governed by
differences in density between particles.!*>* The sedimentation of particles can be modeled by
Stoke’s law, where the sedimentation rate is proportional to the difference in density between the
particle and the medium. Centrifugation of OCAs involves the stabilization of a graft within a tube,
allowing applied force to separate marrow based on the density difference between the marrow
and air. The difference in the densities of marrow (density of fat = 0.9 g/cm?®)? and air (0.0 g/cm?)>
allows the marrow to easily separate from an OCA as air fills its place.

OCA cleansing by centrifugation has previously been performed in whole femoral heads!'¢
and blocks cut from the distal femur and tibia (Table 2).!” These methods of centrifugation have
been able to achieve up to 99 % of marrow removal when used with additional sonication, wash,
and alcohol treatments. !3-17-3148:35 Though these additional treatments are suitable for bone grafts,

they damage the cartilage. Thus, more extensive study on cleansing of osteochondral grafts, with

core geometry, and localization of cleansing in OCAs could be beneficial.



1.6 Characterization of Marrow Removal

The removal of marrow from OCAs has traditionally been characterized by assessment of
material disappearing from the OCA but might also be assessed by the mass released. Gross
visualization of the OCA is often used in the clinic, but is only able to show marrow removal at
the edge of the core, which does not allow for accurate approximation in central regions.’! In joint
resurfacing applications, the penetration of bone-cement is commonly used with radiograph or CT
imaging for localization of cleansed regions, though it is difficult to determine if bone-cement is
actually penetrating all empty spaces.?® As noted above, histology is also used, destructively with
samples, to assess release.®® pCT is useful in identifying and localizing tissue structures in three
dimensions at high resolution via the distinction of tissues by differences in x-ray absorption.>5!2
The use of contrast with uCT can help identify tissues that differ in adsorption of the contrast,
allowing quantitation of cleansed marrow space.’%#3! Allograft mass change before and after
cleansing has been used to give the percentage of allograft mass lost, though the method does not
allow for localization of mass removal.!>!73148 Combining non-destructive methods of mass

release and pCT imaging, with destructive but detailed methods such as histology, could help

delineate both the extent and patterns of marrow release for particular cleansing methods.

1.7 Synopsis

Cleansing of the bone component of OCAs potentially enhances the incorporation of the
allograft for repair of osteochondral lesions by enhancing osteoconduction and possibly by
reducing immunogenicity.?!262%3 The amount of marrow removal needed to achieve these
benefits is not fully understood and could be investigated with study of modulated marrow removal

and its effects on graft survival. The most common method of cleansing the bone component of



allografts is by pulsed lavage, which is moderately effective and causes difficulty in quantifying
cleansing because the removed material is dispersed.?®32435! This work seeks to evaluate
centrifugation as an alternative method of OCA cleansing that also allows for modulation of the

extent of release and also the convenient measurement of marrow removal.



1.8 Figures

Rx FRESH 4°C/14d 4°C/28d FROZEN

MFC

1+0+2=3 1+0+3=4 2+0+3=5 3+3+3=9

Figure 1.1. Structural analysis in retrieved allografts. (A-D) Gross macroscopic images of
representative knee joints. (E-L) Individual retrieved FROZEN (blue), FRESH (green), 4C/14d
(orange), and 4C/28d (purple) allografts at the medial femoral condyle (E-H) and lateral trochlea
(I-L) sites. Gross scores (and components) are indicated below each representative image as
surface 1 fill 1 integration = total. PROX, proximal; DIST, distal; MFC, medial femoral condyle;

LT, lateral trochlea. (from 4°)
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Figure 1.2. Effect of in vivo allograft storage on cellularity at selected depths from the
articular surface. Bars represent mean & standard error of the mean. ***P \ .001. MFC, medial
femoral condyle; LT, lateral trochlea; Non-OP, nonoperated controls. (from 4°)
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Figure 1.4. MRI of the right knee with complete graft failure. (A) sagittal T1 sequence and (B)
coronal fluid sensitive sequence showing complete failure of the graft, diffuse cartilage wear and
lateral meniscus deficiency. (from )
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irrigation

Figure 1.5. Schematic of pulsed lavage process. Nozzle fits to the base of an OCA and irrigates
saline into the graft (blue), while excess saline and marrow is collected in a reservoir (purple).>?
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Figure 1.6. Pulsed lavage systems for total joint procedures. (1) Fully-disposable and (2) semi-
disposable pulsed lavage systems for use in total joint procedures. Concurrent suction with soft
cone splash shield for optimal fluid containment without damaging soft tissue. (from

%)
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Figure 1.7. Representative pCT images of large contoured OCs after different storage and
lavage treatments. Samples, (A) OCT/FROZEN, (B) OCT/ FRESH, (C, D) OCA/FRESH, were
irrigated for (i, i1) 0 s, (iii) 45 s, and (iv) 120 s with (A, B, C) standard (std) flow or (D) high flow.
Samples were imaged (i) without contrast or with Hexabrix contrast (ii) before and (iii, iv) after
irrigation. (v, vi, vii) Post-treatment images (iii, iv, v) were masked to remove trabeculae and
surrounding tissues and fluid. All sequential images (i-vii) were registered. (from ')
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CHAPTER 2. CLEANSING OF OSTEOCHONDRAL CORES BY
CENTRIFUGATION DEPENDS ON CENTRIFUGE FORCE AND

DURATION

2.1 ABSTRACT

Background. Osteochondral allograft (OCA) is a generally effective treatment for large chondral
or osteochondral lesions. The effectiveness of OCAs is enhanced by the removal of marrow from
the subchondral bone and facilitated by the maintenance of viable chondrocytes. Centrifugation
may provide a new method for effectively removing marrow from OCAs.

Aims. The aims of the present study were to determine if centrifugation could be used to cleanse
the marrow space of osteochondral cores (OCs) while maintaining viable chondrocytes.
Methods. The effects of centrifugation duration (0-900 s) and centrifugal force (RCF, 0-10,000xg)
were assessed on OCs from total knee arthroplasty (6 mm diameter, TKA) or OCA (8 mm
diameter) tissue. Pellet mass and OC mass were measured after centrifugation and after additional
trypsin treatment to loosen residual marrow. OC trabecular bone and marrow structure was
characterized quantitatively by micro-computed tomography (LCT), without and with Hexabrix
contrast, and qualitatively by photography and histology. Chondrocyte viability was assessed by
live/dead imaging.

Results. Centrifugation at 10,000xg for 300s removed most of the marrow from TKA-OC based
on estimates from pellet mass (88+8%) and uCT (73+11%), and from OCA-OC (72+£11% and
86+2%, respectively). Release from TKA-OC was lower at 3,000xg/300s (64+11% and 45+14%)
or shorter duration 10,000xg/30s (54+7%, pellet mass). The spatial variation in pCT images
indicated that release progressed from the bone base up toward the subchondral plate. Release

from OCA-OC was not affected by extending 10,000xg duration to 900s. Pellet mass correlated
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identically to OC mass decrease, and also correlated strongly with empty marrow volume by uCT.
Histology with Oil Red O and Hematoxylin and Eosin confirmed the relative presence or absence
of marrow. TKR and OCA donors differed in age (71 vs 20 yr), and their OC bone varied in volume
faction (27.8% vs 38.3%), trabecular thickness (0.167 mm vs 0.188 mm), and trabecular separation
(0.442 vs 0.371 mm). Chondrocyte viability throughout the cartilage was high for samples
subjected to no centrifugation (95+2%) and only slightly diminished by 10,000xg centrifugation
for 300 s (90+2%).

Discussion/Conclusion. Centrifugation provides a method of cleansing OCs that is similarly
effective as the current pulsatile lavage standard method in terms of marrow cleansing (~70%)
while maintaining chondrocyte viability (~90%). Centrifugation provides a controlled treatment,
avoiding manual manipulation with pulsatile lavage. Centrifugation also avoids the need to collect
and dispose of large volumes of lavage fluid. Additionally, with pellet mass measurement,
centrifugation allows a simple assessment of the degree of marrow cleansing. Finally, by varying
centrifugation RCF and duration, the extent of cleansing can be varied.

Statement of clinical significance. Thus, centrifugation may provide a new effective method of
cleansing OCAs that provides similar degrees of marrow cleansing and chondrocyte viability,
while allowing convenient assessment by pellet mass and modulation of the degree of cleansing

by varying RCF or duration.
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2.2 INTRODUCTION

Transplantation of an osteochondral allograft (OCA) is a generally reliable and effective
treatment for large chondral or osteochondral lesions. Repair effectiveness depends, in part, on
OCA stabilization at the graft site, by primary healing of bone between implant and host.
3,7,19.28,35.45.52 For treatment of large osteochondral lesions (>2 cm? diameter) or bone involvement
(>5-9 mm depth), 85% and 74% graft survival was seen at 10 and 15 years, respectively.?® The
main steps of the process are recovery, testing, and storage of a donor joint and then preparation
of the donor graft for the recipient in the operating room.” These procedures restore the joint
surface with the structural integrity and stability of an osteochondral graft which allows the
application of loads early in the post-operative period, a faster rehabilitation and faster return to
activity.’* OCA subsidence with subchondral bone (ScB) collapse may be an indication of failure
during this post-operative period.®?*37” The marrow portion of bone allografts is antigenic>*-! and
can elicit an immune response after transplantation, where induction of humoral immunity
increases with the size of the graft.*¢*34° Though cells in the ScB of fresh OCA stored at 4C do
not survive the storage process,* the bone structure is preserved and acts as a graft for where the
bone cells are replaced during remodeling of the allograft over several months.!*!$20 During
remodeling, primary bone repair by creeping substitution of the host bone replaces the donor bone

11,20,21,39,40,

with new tissue. 42 Cleansing of allografts functions to remove marrow including the

abundant adipose cells from the trabecular bone of the graft. This cleansing enhances bone
integration into the host via improved osteoconduction.?>26-2947
The bone component of OCAs has been cleansed according to two main physical

principles, an applied pressure applied at the base of the sample, or a force acting on the whole

sample (Table S1). Pulsatile lavage is the standard method used for cleansing with the use of high-
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pressure PBS cleansing of the trabecular bone.?” The irrigation pressure diminishes with distance
between the device nozzle and the OCA .*** The pressure also diminishes with increased distance
within the marrow, so that deeper marrow (closer to the subchondral bone plate) experiences less
pressure and is more problematic to dislodge. Cleansing with high pressure air or gas is somewhat
similar,*® although the details of air versus fluid mechanics within the subchondral bone will differ.
The second physical approach is centrifugation, where the force applied to the marrow is governed
by differences in component density (Table S2).! The sedimentation of particles can be modeled
by Stoke’s law, where the sedimentation rate is proportional to the difference in density between
the particle and the medium. In this process, the bone may be held in place, and marrow is easily
removed from an OCA as it is denser than the air (medium), which would fill its place. Few studies
exist to assess the efficacy of centrifugation in removing marrow from fresh, unfrozen OCA ScB.

Marrow cleansing has been assessed previously using morphological, mechanical, and
biochemical measurements. Gross visualization is often used in the clinic and gives an
approximation of the extent of marrow removal at the edge of the sample but does not give
information about the center. Allograft mass change before and after cleansing has also been useful
in giving the percentage of allograft mass loss, but may reflect mass lost throughout the sample.!>-
17.3247 Use of radiograph or CT imaging to assess the penetration of bone-cement is common for
joint resurfacing applications as the bone-cement is radiopaque, allowing for easy localization of
the cleansed regions.?” The bone-cement functions well in localization, but it is unclear if the bone-
cement infiltrates fully into all regions of marrow removal. Micro-computed tomography (LCT) is
useful for identifying and localizing mineralized tissue structures at high resolution and in three
dimensions,* readily distinguishing between bone, fluid, and fat due to differences in X-ray

absorption.>!? When used with Hexabrix (Hex) contrast agent, uCT can provide both visualization
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and quantitation of a cleansed marrow space, where the contrast is able to help identify tissues that
differ in adsorption of contrast.3!*1°® This method provided localization and quantitation of
marrow cleansing of OCAs (without damage to the graft) via the pulsed-lavage cleansing but
similar quantitation has yet to be applied to centrifugal cleansing. Fig. 1 illustrates a workflow
with output measures.

The aims of the present study were to determine the effectiveness of centrifugation in
cleansing marrow space on osteochondral cores (OCs). For total knee replacement OCs (TKR-
OCs) and OCA-OCs, the effectiveness of centrifugation was evaluated for different (i)
centrifugation intensities and (ii) durations, in terms of (A) marrow removal by imaging and
histology, and (B) maintenance of chondrocyte viability. In addition, the differences in cleansing

of TKR-OCs and OCA-OCs and relationship to bone microstructure were assessed.

2.3 METHODS
2.3.1 Study Design

The effects of centrifugation duration (0-300 s) and centrifugal force (RCF, 0-10,000xg)
on the location and extent of OC marrow cleansing was assessed on human samples from total
knee arthroplasty remnants. 45 OCs (d = 6 mm, h = 5 mm) were prepared and distributed amongst
four groups (Fig. 1, Table TS1): (1) negative control--no centrifugation (n = 13), (2) centrifugation
at 1,000xg (n = 6), (3) centrifugation at 3,000xg (n = 6), and (4) centrifugation at 10,000xg (n =
14), Live/Dead and histological imaging (n = 6). Samples from groups 2-4 were centrifuged
sequentially for a total of 10, 30, 100, and 300 s. Then (as a positive control), samples of all groups
were incubated with 1 mL of 0.25 % tissue culture grade trypsin for 15 min and subsequently

centrifuged at 10,000xg for 300 s. The mass of each OC (with its support) and pellet (in its
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centrifuge tube) was taken initially and after each period of centrifugation (Table TS2). The
samples were also photographed and imaged by pCT for qualitative and quantitative
characterization of bone structure. Imaging by pCT was performed initially (without contrast),
after initial 300 s of centrifugation (without and then after equilibration with contrast), and after
final centrifugation (after equilibration with contrast). Selected samples were used for live/dead
imaging (n = 3 per group) or histology (n = 2 per group) with Oil Red O (ORO) and Hematoxylin
and Eosin (H&E).

From the mass measures of the samples, the supports, and the empty centrifuge tubes,
calculations were made for the initial OC weight (m©%), differences in OC weight from the initial
weight (m©Crcr 0), and pellet weights (mPrer0). From uCT data, images of each OC sample were
processed for bone volume, total volume, bone volume relative to total volume (BV/TV),
trabecular bone thickness (Tb.Th), and trabecular bone separation (Tb.Sp), the total volume of
subchondral bone (ScB.V), volume of bone trabeculae (Tb.V), and volume of contrast-infiltrated
marrow space (Hex.V).!* The images of live cells and of dead cells were processed to calculate
live cell density, dead cell density, and the percentage of viable cells. The relationship between
decrease in core mass and increase in pellet mass with centrifugation for various RCFs and
durations were assessed by linear regression. The effects of RCF and duration on cleansing
efficacy (m®rcry and mPrery, before trypsin) were analyzed via two-way repeated measures
ANOVA and one-way ANOVA for each duration with post-hoc Tukey test. The effects of 300 s
RCF on the extent of cleansing was assessed by comparing pre-trypsin and post-trypsin (cleansing
control) states by two-way repeated measures ANOVA and t-test for each duration. The effects of

bone morphology parameters (BV/TV, Tb.Th, and Tb.Sp) on cleansing efficacy (by mass and
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volume) were analyzed for TKR-OCs and OCA-OCs (grouped by tissue source and together) were
assessed by one-way ANOVA with post-hoc Tukey test at the terminal centrifuge time point.

The effects of centrifugation for removing marrow in OC samples was assessed on human
samples prepared from OCA remnants. 9 OCs (d = 8 mm, h =5 mm) were prepared and centrifuged
sequentially at 3,000xg for 300, 600, and 900 s and at 10,000xg for 300 s. The mass of each OC
(with its support) and pellet (in its centrifuge tube) was taken initially and after each period of
centrifugation. The samples were also photographed and imaged by pCT for qualitative and
quantitative characterization of bone structure. Imaging by nCT was performed initially (without
and then after equilibration with contrast), after 900 s of centrifugation at 3,000xg (after
equilibration with contrast), and after final centrifugation (after equilibration with contrast). Mass

measures and uCT data were processed as was done for initial measurements for 6 mm OCs.

2.3.2 Osteochondral Samples

OCs (6 or 8 mm diameter, 5 mm subchondral bone length)® were harvested from femoral
condyles of discarded knee fragments from patients undergoing total knee replacement (TKR)
surgery, n = 45 (6 mm samples) and cadaveric tissue bank donors, n = 9 (§ mm samples);
harvesting received institutional review board approval. OA cores were harvested within 24 h of
surgery and graded by visual inspection as having no or partial erosion of the cartilage (18 patients,
6 male, 12 female, 70 + 9 years). Tissue bank donor cores were processed for 21-24 days at the
tissue bank prior to surgery and harvested within 17-35 days of surgery and graded by visual
inspection as having no erosion of the cartilage (4 patients, all male, 20 + 2 age). TKR fragments
were used after storage at 4 °C for 1-2 days in a mixture of 10% Dulbecco’s Modified Eagle’s

Medium and 90 % phosphate-buffered saline (PBS). OC samples were prepared to a diameter of
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6 mm with a 7 mm allograft donor harvester from the Osteochondral Autograft Transfer System
(Arthrex, Naples, Florida) and stored 4 °C thereafter, except when centrifuging and scanning. The
cores were stored overnight (14-16 hours) in PBS supplemented with 100 U/mL penicillin, 100
pg/mL streptomycin, and 0.25 pg/mL fungizone (PBS+PSF). Then, the core was trimmed at the
base with an oscillating saw (Stryker, Kalamazoo, Michigan) to leave a 4-5 mm length of
bone. OCs used were screened to ensure intact articular cartilage, integrity of the subchondral
bone, and straightness of the OC.

OCs from cadaveric tissue bank donors are referred to as OCA, since they are identical to
those used clinically. OCA samples were prepared to a diameter of 8 mm with an 8§ mm allograft
coring reamer (Arthrex, Naples, Florida); the coring reamer was used for the OCA samples to
account for the harder bone. While being cored, an osteochondral fragment was irrigated with PBS
to dissipate heat. The cores were stored (1-2 weeks) at 4 °C in PBS+PSF. Then, the core was

trimmed at the base with an oscillating saw to leave a 5 mm length of bone.

2.3.3 Centrifugation

TKR-OCs were centrifuged at varying RCF and subsequently imaged and weighed to
analyze marrow removal. OCs were centrifuged in 1.5 mL microfuge tubes at 1,000, 3,000, or
10,000xg repeatedly for a total of 10, 30, 100, and 300 s. OCs were gently pat dry with a kimwipe
prior to centrifugation to remove excess droplets while maintaining moisture in the cartilage. Gross
images were taken initially and after the final centrifugation to demonstrate the OC and pellet.
Mass of the OC and pellet were determined initially and after 10, 30, 100, and 300 s of
centrifugation. The difference between initial sample or container mass and the final mass was

taken as an index of the marrow removal.

32



For positive control samples, OCs were centrifuged at 10,000xg and then subjected to a
trypsin treatment with additional centrifugation for 300 s at 10,000xg to remove any remaining
marrow (T + 10,000xg). For the trypsin treatment, OCs were rehydrated via placement in a syringe
containing ~3 mL of PBS with the application of negative pressure to remove air pockets.
Rehydrated OCs were placed in 1 mL of 0.25 % tissue culture grade trypsin (Gibco/Invitrogen,
Waltham, Massachusetts) for 15 min at 4 °C to allow for diffusion of the trypsin into the OC and
then transferred to a tube rotator at room temperature for 15 min. The OC was placed in 10 % fetal
bovine serum (FBS) in PBS and then centrifuged at 10,000xg for 300 s. Gross images were taken
pre- and post-centrifugation, and also post-trypsin treatment, of the OC and pelleted output. Mass
of the OC and pelleted output were taken as repeated measures initially, after 10, 30, 100, and 300
s of centrifugation, and T+10,000xg, to assess marrow removal. Mass measures of the OC and
pelleted output were normalized by the pellet mass after trypsin treatment.

OCA-OCs were centrifuged at varying RCF and subsequently imaged and weighed to
analyze marrow removal. OCs were centrifuged in 2 mL cryovials at 3,000 or 10,000xg repeatedly
for a total of 300, 600, and 900 s at 3,000xg and an additional 300 s at 10,000xg. Gross images
were taken initially, after 900 s of centrifugation at 3,000%g, and after the final centrifugation to
demonstrate the OC and pellet. Mass of the OC and pellet were determined initially and after 300,
600, and 900 s at 3,000xg and an additional 300 s at 10,000xg centrifugation. The difference
between initial sample or container mass and the final mass was taken as an index of the marrow

removal.
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2.3.4 Viability

Throughout centrifugation and scanning procedures, care was taken to minimize
manipulations that would diminish cartilage viability. The samples were stored in PBS before and
after centrifugation. In preparation for centrifugation, the cartilage surfaces were gently dabbed to
remove excess fluid with a moist Kimwipe. During centrifugation and uCT scanning the samples
were within a capped container to maintain a humid environment. Cartilage exposure to air and
drying were minimized during initial gross imaging, initial weighing, and weighing after repeated
centrifugation. The total duration of exposure cartilage to air (not including time in a capped tube)
was <l min.

Viability and cellularity were assessed at the articular surface, depthwise, and near the
circumferential edge in OCs with Live / Dead staining. Each OC was cut vertically in half and
stained with 2.67 uM calcein-AM and 5 pM ethidium homodimer-1 (LIVE/DEAD™
Viability/Cytotoxicity Kit; Molecular Probes, Eugene, Oregon) in culture medium (Dulbecco’s
Modified Eagle Medium + 10 % Fetal Bovine Serum) for 15-20 min at 37 °C and rinsed in
phosphate-buffered saline solution for five minutes. The samples were imaged with a fluorescence
microscope (Eclipse TE300; Nikon, Melville, New York), a mercury arc lamp (Nikon
HB10103AF), G-2A (for “dead” images; Nikon) or B-2A (for “live” images; Nikon) filter cubes,
a Plan Fluor 10x objective lens (NA = 0.3; Nikon), and an AmScope camera ((317 um)? /px, FOV
=1.56 mm x 1.17 mm; United Scope LLC, Irvine, California) at central and edge regions. Each
disk was imaged en face and at the cut vertical surface over an area of 90 um? and a depth of ~200
um beyond the surface in order to see past cells affected by the blade. Images were analyzed for
the number of live, dead, and total cells within regions that contain ~100 cells to achieve adequate

cell sampling. To sample similarly radially and depthwise, central regions were analyzed in 300 x
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300 um? regions, whereas edges were analyzed in 450 x 200 pm? regions so as to represent the
edge region that would be influenced by the coring reamer or razor blade. Live and Dead cell
numbers within the image areas were counted manually, and the percentage of live cells was

computed.

2.3.5 Histology

The correspondence of features in histology and nCT images were assessed. 8 OCs were
prepared from two TKR donors (62 and 63 years old M) and distributed amongst four groups (Fig.
1, Table TS1): (1) negative control—no centrifugation (n = 2), (2) centrifugation at 3,000xg (n =
2), (3) centrifugation at 10,000xg (n=2), and (4) centrifugation at 10,000xg for 300 s followed by
incubation with trypsin for 15 min and subsequent centrifugation at 10,000xg for 300 s (n = 2).
The samples were processed for histology by fixing with 4% paraformaldehyde in PBS for 72-96
hr, rinsing in PBS for 72 hr, and bisecting through the central vertical plane. Half of the OC was
stained with 0.6% Oil Red O in water (ORO) and imaged grossly and by fluorescence microscopy.
The other half of the OC was decalcified with formic acid (TBD-2, Fisher Scientific, Pittsburgh,
Pennsylvania) for 72 hr and were embedded in paraffin, stained with Hematoxylin and Eosin
(H&E), and slide scanned. H&E and ORO images were then compared to assess the relationship

between marrow content and centrifugation.

2.3.6 uCT
OCs were pCT scanned following centrifugation to assess marrow removal. Samples were
uCT scanned in PBS prior to centrifugation (scan a), to maintain hydration in the cartilage of the

OC, then scanned again in Hex after centrifugation (300 s total) and rehydration of the sample and
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equilibration in 20 % Hex in PBS (scan b), and finally after T+10,000xg rehydration of the sample
and equilibration in 20 % Hex in PBS (scan c). In all scans, samples were held in a 2 mL
microcentrifuge tube with a circumferential tube support or styrofoam holding the OC in place
within the microcentrifuge tube. Samples were rehydrated via placement of the sample in PBS
with application of negative pressure to remove air pockets. Each incubation in Hex-containing
bath solution was at 4 °C for 24 h (duration calculated as t, from the radius of an OC and diffusivity
of a 3,000 Da solute diffusing into intact bone, T = 1>/D = (3 mm)?/(10-4 mm?/s))*® to ensure
equilibration and improved visualization of empty marrow spaces. Imaging was performed with a
uCT scanner (Skyscan 1076, Bruker, Kontich, Belgium) at (18 pum)? voxel resolution, applying
electric potential of 100 kVp and a current of 100 pA, using 0.038 mm copper + 0.05 mm

aluminum filters.>°

2.3.7 Image Visualization and Analysis

For each sample, pCT images were visualized as 2D cross-sections and analyzed in areas
of interest (AOIs) for Hex penetration into the marrow spaces. pCT datasets were displayed as
three orthogonal 2D (30V) images with two vertical and one horizontal cross-sections intersecting
at the center of the subchondral bone region. An AOI was defined within each image to be 0.5 mm
from the bottom and circumferential edges and at the bottom edge of the subchondral bone plate.
This resulted in two rectangular AOIs and one circular AOI. Following a presentation template,
sample images and ID were inserted. Then, Hex infiltration within the AOIs were initially
estimated by visually comparing to standard sample images representative of 0, 10, 30, 50, 70, 90,

and 100 % Hex infiltration and the value was noted for each vertical cross-section on the slide.
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These visual estimates were used as checks against quantitative values, determined from image
processing as described below.

To determine sample changes between states, imagesets were registered to match
translation and rotation of the initial scan (scan a). Imagesets were cropped from registered (scan
a) normal and (scan b-c) post-centrifugation volumes to encompass the entire OC. The post-
centrifugation scans were registered and cropped using DataViewer v1.5.4.6 [Bruker, Kontich,
Belgium]. The full registered volumes were saved and subsequently cropped to a 700x700x700
voxel (~12.3x12.3x12.3 mm?) VOI for d = 6 and 8 mm OCs.

For each sample, scan a was processed to define a cylindrical volume of interest (VOI)
containing most of the ScB, including trabecular bone (TB) and marrow volume (Ma.V). From
scan a, bone was segmented by thresholding, using a gray scale value midway between the average
gray scale values of bone and of marrow. The VOI was set to span axially from the basal bone
surface to the subchondral plate, and radially outwards to a diameter of 5 mm and a height of 3
mm (0.5 mm from the circumferential edge and base); this was achieved by creating a mask,
beginning with the segmented bone, dilating, eroding, applying a shrink-wrap in 3D to close the
trabecular space, and then applying a circumferential erosion in 2D.

Scan a was analyzed within the VOI for bone volume, total volume, bone volume relative
to total volume (BV/TV), trabecular bone thickness (Tb.Th), and trabecular bone separation
(Tb.Sp). Scans a-c were then analyzed within the VOI for empty marrow space (volume), EMa.
V, relative to Ma.V. For each sample, the total volume of marrow space, Ma.V within the VOI,
was defined by masking out the bone (determined in scan a) expanded by one voxel to account for
partial volume effects. Within the marrow space, EMa.V was then determined as voxels with gray

scale values and distribution similar to that of the Hex-containing solution surrounding the sample
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using Excel (Microsoft, Redmond, WA). Empty marrow volume fraction was then calculated as
EMa.V/Ma.V. To illustrate the bone and marrow structure of individual samples, vertical cross-

section images from scans a-c were displayed.

2.3.8 Statistical Analysis

The following general statistical procedures were followed. Data of individual
experimental groups is presented as mean + SE. Percentage data were logl0 transformed before
ANOVA or t-test. Statistical significance was set at a. = 0.05.

The effects of centrifuge force and duration on cleansing efficacy (by mass and volume)
were analyzed for TKR-OC:s. First, the effects of centrifuge force and duration were assessed by
two-way repeated measures ANOVA. When the effects of centrifuge force were significant, their
effect at each centrifuge time point was assessed by one-way ANOVA with post-hoc Tukey test.
Comparisons of cleansing efficacy pre- and post-trypsin treatment groups and RCF were analyzed
by two-way ANOVA and Dunnett’s multiple comparison post-hoc test.

The effects of centrifuge force and extended time on cleansing efficacy (by mass and
volume) were analyzed for OCA-OCs. The effects of extended time (300, 600, 900s) were assessed
by one-way repeated measures ANOVA with post-hoc Tukey test. When the effects of extended
time were not significant, the final time point at 3,000xg RCF was assessed with 300 s at 10,000xg
RCF by one-way repeated measures ANOVA with post-hoc Tukey test.

The effects of centrifuge force (0 or 10,000xg for 300s) on percentage cell viability in
TKR-OCs were analyzed by t-test. The effects were assessed separately for en face,

superficial/middle (S/MZ), and deep zones (DZ). The effects were also assessed for averaged en
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face with S/MZ and DZ by one-way ANOVA and also for an overall average (en face with S/MZ
and DZ).

Patient (TKR) and donor (OCA) characteristics, age and bone morphology parameters
(BV/TV, Tb.Th, and Tb.Sp), were compared by t-test.

The effects on cleansing efficacy (mass and volume metrics) of bone morphology
parameters (BV/TV, Tb.Th, and Tb.Sp) were analyzed for TKR-OCs and OCA-OCs (separately
by tissue source, and also together) by linear regression. For pellet mass, the combined analysis of
TKR-OCs and OCA-OCs were performed by scaling OCA-OC mass down by the relative cross-

sectional areas of TKR-OC to OCA-OC.

2.4 RESULTS
2.4.1 Effect of centrifugation on appearance of OC and pellet

Marrow removal from OCs appeared sensitive to centrifugation for 300s and at 10,000xg
based on gross images of OCs (Fig. 2A-J) and pelleted output (Fig. 2K-0). Without
centrifugation, the ScB of the OCs was pink overall, with small ~0.5 mm wide areas that were
light-pink, consistent with marrow space, and thinner, irregular white structures, consistent with
bone trabeculae (Fig. 2A-E). After 300 s of centrifugation at 10,000xg, areas extending from the
bottom edge were white-light pink, with some remaining pink near the bone-cartilage interface
(Fig. 2G-J). In parallel, the pellet of the OCs appeared to have greater volume with increasing
RCF. For samples centrifuged at 1,000, 3,000, and 10,000xg, the pellet had three distinct layers—
(1) a superficial, clear, yellow fluid, (2) a clear fluid, and within the clear fluid was (3) a red,
opaque, solid (Fig. 2L-N). For samples treated with trypsin and subsequently centrifuged, a

smaller red, opaque solid was present, surrounded by clear, pink fluid (Fig.20).
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Marrow removal from OCA-OCs also appeared sensitive to centrifugation for 300 s at
10,000xg based on gross images of the OCs (Fig. 9A-E) and pelleted output (Fig. 9F-J). Without
centrifugation, the ScB of the OCs was beige overall, with small ~0.5 mm wide areas that were
yellow-beige, consistent with marrow space, and thinner, irregular white structures, consistent with
bone trabeculae. After 300 s of centrifugation at 3,000xg, areas extending from the bottom edge
were white-light yellow, with some remaining yellow-beige near the center and bone-cartilage
interface. After 600 and 900 s of centrifugation at 3,000xg, OCs appeared similar to that of 300 s
with areas extending from the bottom edge were white-light yellow. After 300s of centrifugation
at 10,000xg, areas extending from the bottom edge were white-light yellow, with little remaining
yellow-beige near the bone-cartilage interface. In parallel, the pellet of the OCs appeared to have
greater volume with increasing RCF. The three pellet layers, appeared similar to those of the TKR-
OCs. The pellet did not have a detectable difference in volume with extended centrifugation time
at 3,000xg. Thus, the macroscopic appearance of samples indicated cleansing extended toward the

bone-cartilage interface with high (10,000xg) RCF.

2.4.2 Effects of centrifuge force and duration on the location and extent of marrow removal in
OC samples

Registered pnCT images of OCs (scan a and c¢) showed spatial patterns after centrifugation
at different forces (Fig. 3) that were consistent with the qualitative photos (Fig. 2). In the ScB of
the uncentrifuged sample, without Hex contrast (Fig. 3A), trabeculae were evident as thin irregular
(~0.1-0.3 mm thick) bright stripes, with marrow evident as interspersed dark areas. Visible above
the ScB was the subchondral plate, a bright horizontal strip (~0.2-0.5 mm thick). With Hex contrast

(scan c, Fig. 3F-J), the ScB trabeculae and marrow regions were variably brightened, as compared
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to the initial scans of the sample. In 0xg and 1,000xg groups, brightening was localized to the base
and circumferential edges of the sample. In 3,000xg, 10,000xg, and T+10,000%g groups, samples
were increasingly bright throughout the ScB with few darkened regions in the central region of the
sample.

The pellet mass, an index of absolute (Fig. 4A) and normalized (Fig. 4C) marrow release
resulting from centrifugation, of TKR-OCs was affected by RCF (p < 0.001) and duration (p <
0.001), with interaction (p < 0.01, Fig. 4A). After 300s, the pellet mass varied with RCF (p <
0.001) being higher (50.7 mg, p < 0.001) at 10,000xg and (41.5 mg, p < 0.005) at 3,000xg,
respectively, than that (15.7 mg) at 1,000xg. In contrast, the overall (T+10,000xg) marrow release
(averaging 58-67 mg), after trypsin treatment and 10,000xg RCF for 300 s, was not affected by
the preceding centrifugation RCF (p = 0.64, Fig. 4B), and used as a sample-specific normalization.
Normalized pellet mass (Fig. 4C) followed trends similar to absolute pellet mass (Fig. 4A), being
affected by RCF (p < 0.001) and duration (p < 0.001), with interaction (p < 0.01), with absolute
and normalized pellet mass increasing with RCF intensity and duration. Thus, after 300s RCF, the
normalized pellet mass indicated nearly complete marrow release (88 %) at 10,000xg, high
marrow release (64 %) at 3,000xg, and slight release (25 %) at 1,000xg.

The pellet mass, an index of absolute (Fig. 11A) and normalized (Fig. 11C) marrow release
resulting from centrifugation, of OCA-OCs was affected by RCF (p < 0.01), without a detectable
effect with extended time (p = 0.21). After repeated centrifugation for a total of 1,200 s, the pellet
mass varied with RCF (p < 0.01), being higher (98.6 mg, p < 0.01) after 300 s at 10,000%g than
that (79.8 mg) after 900 s at 3,000xg. In contrast, the marrow release (averaging 72.9-79.8 mg) at
3,000xg, was not affected by extended duration of centrifugation for a total of 600 or 900 s (p =

0.24, Figl1A). Normalized pellet mass (Fig. 11C), with sample-specific normalization by the
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volume of the trabecular bone according to the height of the sample, followed trends similar to
absolute pellet mass (Fig. 11A), being affected by RCF (p < 0.01), without detectable effect with
extended time (p = 0.21). Thus, the normalized pellet mass indicated nearly complete marrow
release (72.1 %) after 300 s of centrifugation at 10,000xg and high marrow release (64.4 %) after
900 s at 3,000xg.

Quantitative image analysis of TKR-OCs confirmed that absolute (Fig. 8B) and normalized
(Fig. 8D) marrow removal, as indicated by % Hex infiltration into empty marrow space, was
affected by RCF (p <0.001). After 300s, the empty marrow volume varied with RCF (p < 0.001),
being higher (27.8 mm?, p < 0.005) at 10,000xg and (19.9 mm?, p = 0.29) at 3,000xg, respectively,
than that (9.7 mm?®) at 1,000xg or without centrifugation (5.0 mm?). In contrast, the controlled
(T+10,000xg) marrow release (36.1 mm?) after trypsin treatment and 10,000xg RCF for 300 s,
was similar to that at 10,000xg. Normalized empty marrow space (Fig. 8D) followed trends similar
to absolute empty marrow space (Fig. 8B), being affected by RCF (p < 0.001), with absolute and
normalized empty marrow space increasing with RCF intensity. Thus, after 300 s RCF, the
normalized empty marrow space indicated relatively high marrow release (72.8 %) at 10,000xg,
moderate marrow release (45.2 %) at 3,000xg, and relatively low release (24.6 %) at 1,000xg.

Quantitative image analysis of OCA-OCs confirmed that absolute (Fig. 14B) and
normalized (Fig. 8C) marrow removal, as indicated by % Hex infiltration into empty marrow
space, was affected by RCF (p < 0.005). Much like TKR-OCs after 900 s at 3,000%g or 300 s at
10,000xg, the empty marrow volume varied with RCF (p < 0.005), being higher (53.7 mm?, p <
0.05) at 10,000xg and (42.1 mm?, p < 0.05) at 3,000xg, respectively, than without centrifugation
(7.5 mm?). Normalized empty marrow space (Fig. 8D) followed trends similar to absolute empty

marrow space (Fig. 8B), being affected by RCF (p < 0.001), with absolute and normalized empty

42



marrow space increasing with RCF intensity. Thus, after 300 s RCF, the normalized empty marrow
space indicated high marrow release (86.2 %) at 10,000xg, moderate marrow release (74.5 %) at

3,000xg, and relatively low release (18.1 %) at Oxg.

2.4.3 Effects of centrifugation on fat staining

Qualitative images with ORO staining supported that marrow was removed by
centrifugation, as indicated by reduced reddening of the marrow regions after centrifugation (Fig.
6). In gross images of OC halves without staining (Fig. 6A-C), certain features were evident for
different RCF values. Without centrifugation, the ScB of the OCs were yellow overall, with small
~0.5 mm wide areas that were yellow, consistent with marrow space, and thinner, irregular white
structures, consistent with bone trabeculae. With 10,000%g and also with T + 10,000xg groups,
described above, areas extending from the bottom edge were white-light yellow, with some
remaining yellow near the bone-cartilage interface. In gross images with ORO staining (Fig. 6D-
F), other features were evident for the different RCF values. Without centrifugation, the ScB of
the OCs was red overall, with ~0.5 mm wide areas that were bright red, consistent with stained
marrow space, and thinner, irregular dark red structures, consistent with stained bone trabeculae.
With 10,000xg and T + 10,000xg groups, areas extending from the bottom edge were dark red,
with some bright red spaces remaining near the bone-cartilage interface. In fluorescent images
with ORO staining (Fig. 7A,C,E, S3), similar features were seen without centrifugation where
~0.5 mm wide areas stained bright red, consistent with ORO-stained fat, surrounded by unstained
irregular structures, consistent with bone trabeculae. With 10,000xg and T + 10,000xg groups,

little reddening appeared in marrow regions as compared to those of uncentrifuged samples. Thus,
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the bright red staining of marrow regions appears lessened in centrifuged samples as compared to
uncentrifuged OCs.

Qualitative images of OCA-OCs with ORO staining supported that marrow was removed
by centrifugation, as indicated by reduced reddening of the marrow regions after centrifugation
(Fig. 12). In gross images of OC halves without staining (Fig. 12A-C), certain features were
similarly evident in OCA and TKR-OCs (Fig. 6A-C). Without centrifugation, the ScB of the OCs
were yellow overall, with small ~0.5 mm wide areas that were yellow, consistent with fatty
marrow, as is typical of the distal half of long bones.?® Thinner, irregular white trabecular structures
bordered the yellow regions. In gross images with ORO staining (Fig. 6D-F, 12D-F), other
features were evident after the different RCFs. Without centrifugation, the ScB of the OCs was red
overall, with ~0.5 mm wide areas that were bright red, consistent with stained marrow space, and
thinner, irregular pink structures, consistent with stained bone trabeculae. With 10,000xg and T +
10,000xg groups, areas extending from the bottom edge were dark red, with some bright red spaces
remaining near the bone-cartilage interface and center of the OC. With T+10,000xg groups, OCs
appeared pink overall in OCA samples as compared to TKR samples that appeared dark red,
consistent with lessened staining of bone in OCA samples. In fluorescent images with ORO
staining (Fig. 7A,C,E, 13A,C,E), similar features were seen without centrifugation where ~0.5
mm wide areas stained bright red, consistent with ORO-stained fat, surrounded by unstained
irregular structures, consistent with bone trabeculae. With 10,000xg and T + 10,000xg groups,
little reddening appeared in marrow regions of OCA-OCs as compared to those of uncentrifuged
samples, where 10,000xg samples had dark red staining throughout marrow spaces and

T+10,000xg samples had dark red staining on the edges of trabeculae. Thus, the bright red staining
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of marrow regions appears lessened in OCA-OCs in centrifuged samples as compared to

uncentrifuged OCs.

2.4.4 Effects of centrifugation on cell viability

Cell viability throughout the bulk of the OC was high initially and after centrifugation (Fig.
5). In en face images, the typical pattern of cells in pairs and strings was evident, with viability
being high (99+1%, n=3) for the Oxg group and also high (90£1%, n=3) for the 10,000xg group,
with a slight reduction (p<0.01). In the vertical section images, cells had the expected depth
variation typical of articular cartilage, with the superficial zone showing cells in a relatively high
density and orientation parallel to the surface, and the deep zone showing cells at a lesser density
and oriented perpendicular to the surface and subchondral plate. In these vertical sections,
superficial/middle zone chondrocyte viability was 95+2% for the Oxg group and 88+6%, for the
10,000xg group, without a distinguishable difference (p=0.34), and deep zone chondrocyte

viability was 924+4% for both the Oxg and the 10,000xg group (p=1.00).

2.4.5 Effects of bone morphology on marrow release

The patient and donor ages for TKR and OCA samples, as well as their subchondral bone
properties, differed (Table 1). Compared to OCA samples, the TKR samples were older, had less
dense bone with lower BV/TV, lower trabecular thickness, and higher trabecular spacing.

There were certain correlations between marrow removal parameters and subchondral bone
properties. Absolute pellet mass (Fig. 11A), marrow release resulting from centrifugation, of TKR-
OCs was affected by trabecular separation (p < 0.05), and also BV/TV (p < 0.05) and trabecular

thickness (p < 0.001) within the OCA-OCs (Table 1, Fig. S4-6). Pellet mass, absolute and
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normalized, appeared to vary, though not significantly, with BV/TV (p = 0.08 and 0.06,
respectively), being higher with lesser bone volume. Similarly, the absolute pellet mass varied
with trabecular separation (p < 0.05), being lower with lesser trabecular separation and higher. The
pellet mass and empty marrow space were not affected by the trabecular thickness (p = 0.96, 0.18,

and 0.19 for absolute and normalized pellet mass and empty marrow space, respectively).

2.5 DISCUSSION

These results demonstrate that centrifugation cleansing of OC by is fast and effective, also
allowing for quantification of marrow removal. Other methods of OC cleansing, namely pulsed
lavage, can achieve marrow cleansing in a similar timeframe (2-5min), but require a specialized
tool and do not allow for quantification of the marrow removed.** Centrifugation resulted in
cleansing that used a common laboratory instrument and materials and Centrifugation was
quantifiable by both the mass of the marrow removed (Figs. 4, 14) and by visualization of the
cleansing depth (Figs. 2, 3, 9, 10).! Marrow cleansing of each of the groups increased sequentially
with centrifuge force and longer durations of centrifugation. Visually, the marrow clearance started
at the sample base and progressed upwards. The location of cleansing within the OCs was not
quantified, but could be assessed in the future by defining regions radially and with depth in the
sample and performing similar quantification of EMa.V/Ma.V for the defined regions.

The present study was designed to allow study of a number of human samples from both
OCA and TKR remnants due to the scarcity of OCA remnants and ready availability of discarded
fragments from TKR surgery with relatively preserved articular cartilage. In addition, most
samples were tested repeatedly, at 0, 10, 30, 100, and 300 s or 0, 300, 600, 900, and 1,200 s (900

+300 s) of centrifugation time, both to conserve samples and to increase the power of elucidating
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differences between time points. Relatively small, 6 mm TKR samples and 8§ mm OC samples
were used for an initial assessment of the effects of RCF and duration due to the limited size of
the fragments and the limited OCA remnants. In the future, OC samples representative of clinical
samples, up to 30 mm diameter and subchondral bone lengths ranging from 3-10 mm edge height,
could be evaluated.” At the center of larger grafts, the thickness of the subchondral bone would be
substantially greater than the bone height at the circumferential edge.

The use of OCs from two sources allowed for variation in bone morphometry that affected
the marrow release. BV/TV and trabecular thickness yielded more marrow release with larger bone
volume and trabecular thickness, while marrow release was less with larger trabecular separation.

The use of contrast-enhanced pCT allowed visualization and localization of the initial and
remaining marrow. As would be expected, marrow released began at the sample base and
progressed upwards (Fig. 3, 10). Some volumes with retained marrow appeared to be bounded
below by horizontal bone struts. Additional studies could examine the release pattern in more
detail.

The present study took particular care to maintain hydration of the articular cartilage to
minimize detrimental effects on cell viability. Even at high RCF (10,000%g), chondrocyte viability
could be maintained at high levels (~90 %) in TKR specimens. Viability was not assessed in OCA
samples because they were subjected to repeated bouts of centrifugation, and also, as discarded
tissue handled to prepare clinical OCA, it is likely that the tissue surface was somewhat
compromised. Since the viability was maintained in superficial, middle, and deep zones of the
cartilage are well over 70%, the long-term efficacy of a graft cleansed by centrifugation is
promising.!%?3-8 In the future, more detailed chondrocyte functionality should be assessed to

provide a more comprehensive examination of the possible effects of centrifugation.
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The present study developed centrifugation for use in removing marrow from OCAs using
common laboratory materials and a desktop centrifuge. The measurement of marrow removal via
the pellet mass allows for sample-specific quantification of cleansing that can be quickly measured
or estimated visually. The extent of marrow release by centrifugation, 7311 % cleansing of TKR
and 8612 % of OCA, is comparable to the 65% marrow removal via standard pulsed saline lavage
and 78 % marrow removal by combination pulsed saline and CO; lavage.>®

The gradual and controlled release of marrow from OCs during centrifugation at various
RCF and duration extend the previous studies on large tissue segments, and have implications for
potential applications. Previous studies used centrifugation for removing marrow and blood
components from massive allograft (93-99 % removal of marrow components, methods not clearly
specified), previously frozen femoral heads for ~15 min at 1,850xg.!5-17-3247 The present study
showed that the centrifuge duration could be substantially less for OCs with the use of higher RCF.
Centrifugation conditions to achieve intermediate amounts of marrow release may be useful to

assess the ideal amount of marrow cleansing for graft effectiveness.

Chapter 2, in full, is being prepared for submission for publication. Rebecca L Drake, Yang

Sun, Alyssa M Collins, Caroline G Bullard, Van W Wong, Albert C Chen, William D Bugbee,

Robert L Sah. The dissertation author is the primary investigator of this work.
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2.6 FIGURES

C10,30,100 D300s Ft=300s G +15min H +300s |
> Rod
cartilage
Osteo. Weight: OC+S, T OC+S,P+T  OC+S, P+T - oc+s, T - OC+S, P+T
chondral Photo:  OC - OC, P+T - - - oC, P+T -
Core MCT: ocC - ocC OC+Hex - OC+Hex

Figure 2.1. Procedure to analyze effect of centrifugation on marrow removal from
Osteochondral Core (OC). (A) OC (bone, cartilage, and marrow) within a circumferential
Support (S). (B-D,F,H) OC+S in centrifuge Tube (T). (C-D,H) OC+S with Pellet (P) in T after
being subjected to centrifugal force (RCF) from time (B) t=0 to (C) 10 s, 30 s, or 100 s, and then
to (D) 300 s, and for (H) an additional 300 s after (G) digestion with Trypsin. (E,I) OC equilibrated
with 20% Hex in PBS (Hex). Weight, photo, and pCT taken at indicated states (B-I).
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RCF: 0xg 1,000xg 3,000xg 10,000xg T+10,000%g

OC Post- OC Pre-cent

Pellet

Figure 2.2. Representative gross images of TKR-OC:s after centrifugation at different forces.
Images of gross core appearance (A-E) before and (F-J) after centrifugation for 300 s at varying
RCF with (K-O) pellet at base of centrifuge tube.
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RCF: 0xg 1,000xg 3,000xg  10,000xg  T+10,000xg
C

Hex -

Hex +

Figure 2.3. Representative pCT images (2D slices) of TKR-OCs after centrifugation. Samples
centrifuged for 300 s at (A,F) 0, (B,G) 1,000, (C,H) 3,000, (D,I) 10,000xg, and (E,J) trypsin
treatment before 10,000xg RCF (T+10,000%g). Samples imaged (A-E) pre-centrifugation without
contrast or (F-J) post-centrifugation after equilibration with Hex contrast (Hex). Image analysis
was for region bounded by dotted green line and subchondral plate above.
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Figure 2.4. Effects of centrifugation RCF, duration, and trypsin treatment on indices of
marrow removal from TKR-OCs. Effects of centrifugation duration (10, 30, 100, 300 s), RCF
(1,000, 3,000, 10,000%g), and trypsin treatment before 10,000xg RCF (T+10,000xg). Pellet mass
(A) after initial centrifugation, (B) after T+10,000%g, (C) from A relative to that from B, (D) Pellet
mass after T+10,000xg relative to initial OC mass. Mean+SE. n=6-14.
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RCF: Oxg 10,000%g
Live Dead Live Dead

.
..

Figure 2.5. Effect of centrifugation on Live/Dead™ staining of TKR-OCs. (A,C,E,G,LK) Live
and (B,D,F,H,J,L) Dead images of articular cartilage of OCs (A-B,E-F,I-J) without and (C-D,G-
H,K-L) after centrifugation at 10,000xg for 300s. (A-D) En face images, from the center of the
sample. (E-L) Cross section images, at (E-H) superficial and (I-L) deep zones of the sample.
Percentage values represent live / total cells.
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Superficial

Cross
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RCF: 0xg 10,000%g T +10,000%g

No Stain

ORO

Figure 2.6. Effect of centrifugation on ORO staining of TKR-OCs. Gross images taken of
bisected TKR-OCs (A-C) as prepared (no staining) and (D-F) after ORO staining, following (A,D)
0 or (B,C,E,F) 10,000xg centrifugation without (B,E) or with (C,F) prior trypsin treatment
(T+10,000%g).
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10,000xg T +10,000%g
RGB Red RGB Red

Blue Green

Figure 2.7. Representative fluorescence microscopy of effects of centrifugation on ORO
staining of TKR-OCs. DAPI/FITC/Texas Red filtered microscopy of bisected OC surface after
ORO staining with (A-D) 0, (E-H) 10,000xg, or (I-L) trypsin treatment before 10,000xg RCF
(T+10,000xg) in (A,E,I) composite and (B,F,J) red (Texas Red), (C,G,K) blue (DAPI), and
(D,H,L) green (FITC) signal.
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Figure 2.8. Effects of centrifugation RCF and trypsin pre-treatment on indices of marrow
removal from TKR-OCs. Effects of RCF (0, 1,000, 3,000, 10,000xg), and trypsin treatment
before 10,000xg RCF (T+10,000xg). (A) Total marrow volume. Empty marrow volume (B) after
300 s centrifugation and (C) after T + 10,000%g. Empty marrow space (D) from B relative to that
from A and (E) from C relative to that from A. Mean+SE. n=3-13.
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RCF: 0xg 3,000xg 3,000xg 3,000xg 10,000%g

tt  0Os 300 s 600 s 900 s +300 s
F |

Figure 2.9. Representative gross images of OCA-OC:s after centrifugation at different forces.
Images of (A-E) gross core appearance after centrifugation for 0, 300, 600, or 900 s at varying
RCF with (F-J) pellet at base of centrifuge tube.

oC

Pellet
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Figure 2.10. Representative pCT images (2D slices) of OCA-OCs pre- and post-
centrifugation. Samples imaged (A) without and (B-D) with equilibration in Hex contrast (A,B)
before and (C,D) after centrifugation for (C) 900 s at 3,000xg and (D) 300 s at 10,000%g. Image
processing determination of empty marrow space indicated by percentage (green).
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Figure 2.11. Effects of centrifugation RCF and duration on indices of marrow removal from
OCA-OCs. Effects of centrifugation duration (300-900 s) and RCF (3,000, 10,000xg). (A)
Marrow volume. Pellet mass (B) normalized by ROI volume and (C) from B relative to that from
A. Mean£SE. n=7-9.
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10,000xg T +10,000xg

No Stain

ORO

Figure 2.12. Effect of centrifugation on ORO staining of OCA-OCs. Gross images taken of
bisected OCA-OCs (A-C) as prepared (no staining) and (D-F) after ORO staining, following (A,D)
0 or (B,C,E,F) 10,000xg centrifugation without (B,E) or with (C,F) prior trypsin treatment
(T+10,000%g).
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RCF: 0xg 10,000xg T +10,000%g
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Figure 2.13. Representative fluorescence microscopy of effects of centrifugation on ORO
staining of OCA-OCs. DAPI/FITC/Texas Red filtered microscopy of bisected OC surface after
ORO staining with (A-D) 0, (E-H) 10,000xg, or (I-L) trypsin treatment before 10,000xg RCF
(T+10,000xg) in (A,E,I) composite and (B,F,J) red (Texas Red), (C,G,K) blue (DAPI), and
(D,H,L) green (FITC) signal.
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Figure 2.14. Effects of centrifugation RCF on indices of marrow removal from OCA-OCs.
Effects of RCF (0, 3,000, 10,000xg). (A) Total marrow volume. (B) Empty marrow volume after
0, 900, or 1,200 s (900 +300 s) centrifugation. (C) Empty marrow space from B relative to that
from A. Mean+SE. n=5-9.
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Figure 2.S1. Linear regression of mass difference in core vs. pellet mass. Mass decrease in core
vs. increase in pellet with effects of centrifugation time (10, 30, 100, 300 s), RCF (1,000xg (A),

3,000xg (@), 10,000xg ( ®)), and trypsin (T) treatment on Human samples. Means (A,0, ) +
SE.
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Figure 2.S2. Linear regression of empty marrow space vs. pellet mass. Empty marrow space
(in VOI) vs. pellet mass with effects of RCF (A 1,000, @3,000, ¢ 10,000) on TKR samples. Means
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Figure 2.S3. Representative histograms from fluorescence microscopy images after ORO
staining of TKR-OCs. Histograms from (A) composite and (B) red (Texas Red), (C) blue (DAPI),
and (D) green (FITC) signal for 0 (blue), 10,000xg (yellow), or trypsin treatment before 10,000xg
RCF (T+10,000%g, red) OCs.
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Figure 2.S4. Linear regression of bone morphometry vs. cleansing parameters on TKR-OCs
without outliers. Bone morphometry parameters (A,D,G) bone volume relative to total volume,
(B,E,H) trabecular thickness, and (C,F,I) trabecular separation vs. cleansing parameters (A-C)
pellet mass, (D-F) pellet mass relative to T+10,000xg pellet mass, and (G-I) empty marrow space
on TKR samples.
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Figure 2.S5. Linear regression of bone morphometry vs. cleansing parameters on TKR-OCs
with outliers. Bone morphometry parameters (A,D,G) bone volume relative to total volume,
(B,E,H) trabecular thickness, and (C,F,I) trabecular separation vs. cleansing parameters (A-C)
pellet mass, (D-F) pellet mass relative to T+10,000xg pellet mass, and (G-I) empty marrow space
on TKR samples.
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Figure 2.S6. Linear regression of bone morphometry vs. cleansing parameters on OCA-OCs.
Bone morphometry parameters (A,D,G) bone volume relative to total volume, (B,E,H) trabecular
thickness, and (C,F,I) trabecular separation vs. cleansing parameters (A-C) pellet mass, (D-F)
pellet mass relative to T+10,000xg pellet mass, and (G-I) empty marrow space on OCA samples.
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2.7 TABLES

Table 2.1. Trabecular bone morphometry for TKR-OCs from normal post-mortem femoral
condyles of adult human total knee arthroplasty (TKR) and osteochondral allograft (OCA).
Bone parameters from OCs prior to centrifugation at 0, 1,000, 3,000, or 10,000xg. Mean +/- SE.

n=6-14.
. Bone
Tissue| RCF |Total VOI| Bone Trabecular | Trabecular Age
Type | [ Xg] | volume | volume volume thickness | separation n Donors [yrs] M/E
fraction
TV BV |[BV/TV| Tb.Th Th.Sp
mm?> mm?> % mm mm
TKR 0 55.1+6.6 [13.9+1.8]25.7+2.1|0.162+0.005(0.465+0.029(13| 13 | 71+£3 |3/10
TKR | 1,000 | 65.9+5.4 [18.6+1.9(28.6+2.6{0.167+0.006{0.432+0.031| 6 7242 | 0/5
TKR | 3,000 | 71.3+6.1 [18.4+3.3|25.3+3.0{0.160+0.012{0.444+0.015| 6 4 72£5 | 3/1
TKR (10,000 63.8+3.1 [20.0+1.9|30.4+1.9(0.174+0.005[0.426+0.018{14| 10 | 71+3 | 4/6
TKR | Total | 62.4+2.8 |17.5+1.1|27.8+1.2|0.167+0.003|0.442+0.013(39| 16 | 71+3 |4/12
OCA | Total |104.3+16.0({37.9+4.6(38.3+2.6(0.188+0.006|0.371+0.019| 9 4 20+1 | 4/0
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Table 2.S1. Table of experimental groups. OCs from normal post-mortem femoral condyles of
adult human total knee arthroplasty (TKR). Each sample subjected to Radial Centrifugal Force
(RCF) for a total of 0, 10, 30, 100, or 300 s, and an additional 300 s at 10,000%g post-trypsin.
RCF |RCF*
Grp|Type| [*g] | [*g]
1 |TKR| O [10,000
2 |TKR| 1,000 |10,000
3 |TKR| 3,000 {10,000
4

TKR|[10,000{10,000(14

NN ||

70



Table 2.S2. Table of experimental groups. OCs from normal post-mortem femoral condyles of
osteochondral allografts (OCA). Each sample subjected to Radial Centrifugal Force (RCF) for a

total of 0, 300, 600, 900, and 1,200 s (900 +300 s).
RCF
Grp|Type| [ %g] t= n
1 |OCA|l O 0s 9
2 |OCA| 3,000 {300, 600, 900 s|9
9

3 |OCA|10,000 300 s
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CHAPTER 3. CONCLUSIONS

3.1 Summary of Findings

The aims of this work were to determine the effectiveness of centrifugation in cleansing
marrow space on osteochondral cores from both total knee remnant and osteochondral allograft
sources. For TKR-OCs and OCA-OCs, the (A) effectiveness was evaluated for different (i)
centrifugation intensities and (ii) durations, (B) histological representation of marrow cell elements
(blood, hematopoietic, and adipose cells) present, and (C) maintenance of chondrocyte viability
post-centrifugation, and pre- and post-centrifugation. To address these aims, novel approaches

were taken. In summary, the novel methodologies were:

1. The development of a tidy centrifugation method, using a common desktop centrifuge and
sample holder, for use in removing marrow from OCAs.

2. The measurement of centrifuged pellet mass for sample-specific quantitation of removed
marrow.

3. The use of trypsin treatment and additional centrifugation for a biochemical positive

control for the mass measure of OCA cleansing.

The major findings related to the scientific objectives were:
1. A dose-dependence of centrifuge force and duration for OC cleansing.
a. Marrow was gradually released from OCs with longer durations of centrifugation
for all RCF, though the marrow release reached a plateau after ~300 s of
centrifugation. The duration of centrifugation could potentially allow for

modulation of marrow release.
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b. The marrow release from both TKR and OCA-OCs was higher with high RCF,
allowing for a tailored approach in future OCA cleansing.

2. Cleansing of TKR and OCA-OCs by centrifugation at high RCF (10,000xg) achieved
moderately high marrow removal after 300 s of centrifugation (7311 % in TKR-OCs and
86+2 % in OCA-OCs), which is comparable to the 65 and 78 % marrow removed via
standard pulsed saline lavage and combination pulsed saline and CO2 lavage, respectively.’

3. High chondrocyte viability was maintained with centrifugation at high RCF (10,000xg).

a. In en face images beyond the first ~200 pm from the cut edge, both live and dead
cells were prominent, with 99+1 and 90+1 % cell viability (Live / Total cells) in 0
and 10,000xg groups, respectively.

b. Live and dead cells were prominent beyond the edge of the cartilage, with 9342
and 90+3 % cell viability, in superficial and middle/deep zones, for both 0 and
10,000xg groups.

4. A relationship between bone morphometry and the release of marrow from OCs.

a. BV/TV and trabecular thickness yielded more marrow release with larger bone
volume and trabecular thickness, while marrow release was less with larger
trabecular separation.

b. Visually, horizontal bone struts were often observed below pockets of remaining

marrow.

3.2 Discussion

The present work can be expanded in the future in a number of ways. The dose-dependence

of centrifuge force and duration could be assessed for larger or thicker OC samples to determine
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if the patterns of marrow removal remain similar across samples of all sizes. This work studied
OCs with a 6 or 8 mm diameter and 5 mm subchondral bone height, but OCs with diameters of up
to 35 mm diameter and subchondral bone heights ranging 3-10 mm (at the edge) are used
clinically.!® Pulsed lavage cleansing of OCAs, had marrow removal that started in the center of
the sample base and progressed upward and towards the edges of the sample.!® Cleansing by
centrifugation had marrow cleansing that started at the sample base and progressed upwards. Once
the trends in marrow removal are fully characterized for centrifugal cleansing, marrow removal
can be tailored in both quantity and locally.

The use of trypsin as a method to loosen the marrow to achieve functional empty marrow
space by centrifugation was effective. However, in measurement of the functional empty marrow
space, since uCT has a finite voxel size and effective resolution, the image processing sequence
will also effect the exact numbers. However, the correlation between pellet mass and empty
marrow volume (Fig. 2.S2) indicate a linear relationship, though the relationship reflects in a slope
of 1.65 due to the measurement of empty marrow volume within a defined VOI that is ~45 % less
(total subchondral bone volume ~ 127 mm?, VOI ~ 69 mm?) than the full subchondral bone region
(Table 2.1).

Since the marrow release from OCs was influenced by the bone morphometry parameters,
future studies could investigate methods of releasing remaining marrow from OCs. For marrow to
release from trabecular bone, channels must exist within the subchondral bone for which the
marrow can escape. Visually, pCT after centrifugation showed pockets of retained marrow in OCs
that were often above horizontal bone struts. Centrifugation in this and previous studies used
sample setups that allowed for RCF to be along the vertical axis of an upright OCA sample, thus

allowing for marrow to release along the same axis.>*° For a marrow pocket that is blocked by a
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horizontal strut, the marrow may be better released by modifying the orientation of the sample.
Thus, further studies can assess this modification and potentially develop a centrifugation method
that involves centrifuging a sample in multiple orientations.

These studies examined the effects of centrifugation in removing marrow as a potential
method of enhancing the bone incorporation of a graft. Marrow removal functions to both mitigate

the risk of an immune response®®!!

and improve the osteoconduction of the graft so that host cells
might be able to move in and remodel the bone. It is unclear how much marrow removal is needed
to achieve these benefits and there is study indicating that some remaining marrow may aid in
bone remodel.? Thus, future analysis could assess the controlled cleansing mechanisms to

modulate the amount and pattern of marrow release and their effect on the efficacy of bone

incorporation.
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