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Objective : Cranioplasty using a cryopreserved skull flap is a wide spread practice. The most well-known complications of
cranioplasty are postoperative surgical infections and bone flap resorption. In order to find biological evidence of cryopreserved
cranioplasty, we investigated microorganism contamination of cryopreserved skulls and cultured osteoblasts from cryopreserved
skulls.

Methods : Cryopreserved skull flaps of expired patients stored in a bone bank were used. Cryopreserved skulls were packaged
in a plastic bag and wrapped with cotton cloth twice. After being crushed by a hammer, cancellous bone between the inner and
outer table was obtained. The cancellous bone chips were thawed in a water bath of 30°C rapidly. After this, osteoblast culture and
general microorganism culture were executed. Osteoblast cultures were done for 3 weeks. Microorganism cultures were done for
72 hours.

Results : A total of 47 cryopreserved skull flaps obtained from craniectomy was enrolled. Of the sample, 11 people were women,
and the average age of patients was 55.8 years. Twenty four people had traumatic brain injuries, and 23 people had vascular
diseases. Among the patients with traumatic brain injuries, two had fracture compound comminuted depressed. The duration of
cryopreservation was, on average, 83.2 months (9 to 161 months). No cultured osteoblast was observed. No microorganisms were
cultured.

Conclusion : In this study, neither microorganisms nor osteoblasts were cultured. The biological validity of cryopreserved skulls
cranioplasty was considered low. However, the usage of cryopreserved skulls for cranioplasty is worthy of further investigation in
the aspect of cost-effectiveness and risk-benefit of post-cranioplasty infection.
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INTRODUCTION

The most effective surgical method for increased intracra-
nial pressure not responding to medical treatments is craniec-
tomy, and the skull flap obtained from craniectomy is either
cryopreserved or banked in a subcutaneous pocket in the pa-
tient's abdominal wall**”'****

Cranioplasty using a patient’s autologous cryopreserved
skull flap is a widespread practice across the world. The merits
of using cryopreserved skull flaps are its inexpensive cost and
cosmetically natural output”™. The most well-known compli-
cations of cranioplasty are postoperative surgical infections
and bone flap resorption™. Bhaskar reported “bone flap non-
viability may be a contributing factor” of these complica-
tions”. For this reason, there are many opportunities to test
and see the viability of cryopreserved skulls”"****". However,
biological evidence of cryopreserved auto-bone cranioplasty is
obscure.

Cranioplasty with an autologous fresh skull flap leads to
very strong bony fusion. The osteogenic, osteoinductive and
osteoconductive materials are rich in fresh bone flap. Howev-
er, whether these three components are present in a cryopre-
served skull flap remains uncertain. There are few reports on
the osteogenic potential of a cryopreserved skull flap. It has
been reported that osteoblasts were not cultured from skull
flaps cryopreserved for more than 6 months”. There are very
few reports regarding the fate of a transplanted cryopreserved
skull. Would the cryopreserved skull become a transplanted
organ or just be a histocompatible scaffold containing osteo-
inductive and osteoconductive materials?

The prime objective of this study was to find biological evi-
dence of cranioplasty with autologous cryopreserved skull
flaps. The first step was to extract viable cells from cryopre-
served skulls. In this study, we tried to extract osteoblasts, an
essential cellular component of osteogenesis, from cryopre-
served skull flaps. The other objective was to investigate mi-
croorganism contamination while thawing the skull, a process

that may cause post-cranioplasty infection.

MATERIALS AND METHODS

The bone flaps from decompressive craniectomy were

stored in a freezer with a temperature of -70°C. Before cryo-
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preservation, the bone flaps were packaged in a plastic vinyl
bag and packaged two more times with sterile cotton cloths.
The skull flaps were collected from expired patients, and this
protocol was conducted after receiving deliberations of Insti-
tutional Review Board (2015-123).

The cryopreserved bone flap packages were crushed with a
hammer and the resulting bone fragments were used. Using
sterile surgical instruments, cancellous bone between the in-
ner and outer table was obtained. The cancellous bone chips
were put into sterile phosphate buffer saline (PBS) and thawed
in a water bath of 30°C for 10 minutes. After this thawing pro-
cess, osteoblasts culture and general microorganism culture
from bone chips were executed (Fig. 1A).

We followed bone explant methods as reported by Bhaskar
et al.” “For bone explant cultures, the bone samples were ini-
tially rinsed with sterile PBS and transferred to a clean dish
containing 2 mL to 3 mL of PBS. The bone samples were fur-
ther diced into pieces measuring approximately 3 mm in
maximal dimensions. After decanting the PBS, the bone chips
were transferred to a sterile 50 mL tube with 15 mL to 20 mL
of PBS and placed in a vortex mixer for 30 seconds. The su-
pernatant was then decanted and the process repeated to wash
off marrow and fat debris. The washed bone fragments were
cultured as explants at a density of 0.2—0.6 gm of tissue/100
mm dish in 10 mL of Dulbecco’s Modified Eagle’s medium
enriched with 10% fetal bovine serum, 100 L/mL penicillin
and 100 pg/mL streptomycin and incubated at 37°C in 5%
carbon dioxide (CO,). These cultures were maintained undis-
turbed for 7 days, following which the culture medium was
replaced with an equal volume of fresh complete medium,
taking care not to dislodge the explants. After 14 days, the me-
dium was changed twice weekly thereafter. This process was
repeated and the cultures were subjected to microscopic ex-
amination for presence of cell growth at 7 days, 14 days, and
21 days.” (Fig. 1B).

To confirm osteoblast culture, alkaline phosphatase (ALP)
staining was performed with leukocyte alkaline phosphatase
kit (Sigma Aldrich, St Louis, MO, USA). The culture media
was aspirated and washed with PBS. Cells were fixed with 0.5
mL citrate, 1.3 mL acetone and 0.16 mg formaldehyde solution
at room temperature for 1 minute. After fixative removal, the
prepared staining solution with a water buffer was added to
cover the plate. After covering the plate with foil, the cells were

incubated for 15 minutes. The plate was rinsed with PBS
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Fig. 1. Osteoblast extraction method from cryopreserved skull. A : The cryopreserved skull flap packages were crushed by hammer and bone fragments
were used. Using sterile surgical instrument, cancellous bone between inner and outer table was obtained. B : Low power field polarization microscopic
examintaion 21 days after culture showed abundant spindle-like cells around bone chips (x40). C : High power field microscopic examination with
alkaline phosphatase staining showed purple colored stained cell as described in the Materials and Methods sections (ALP staining, x200).
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twice. ALP-positive cells showed purple or red stains under
microscopic examination (Fig. 1C).

For microorganism cultures, MacConkey agar plates,
Chocolate agar plates and Sabouraud Dextrose agar plates
were used in 37°C. For 72 hours, the colony cultures were ob-

served.

RESULTS

A total of 47 cryopreserved skull flaps obtained from crani-
ectomy between August 2002 and May 2015 was enrolled. Of
the sample, 11 people were women, and the average age of pa-
tients was 55.8 years at the time of surgery. Twenty three pa-
tients had vascular diseases, and 24 patients had traumatic

brain injuries. Among the patients with traumatic brain inju-
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ries, 2 patients had open fractures. From surgery to thawing,
the average cryopreservation period was 83.2 months. The
shortest period was 9 months and longest period was 161
months. During 21 days of observation, no cell growth from
cryopreserved skull flap was observed. No microorganisms

were cultured.

DISCUSSION

In this study, we attempted to extract osteoblasts and cul-
ture the microorganisms from cryopreserved skull flaps ob-
tained from decompressive craniectomy. We used the skull
flaps of 47 patients; however, neither osteoblasts nor micro-

organisms were cultured.
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Cranioplasty and bone flap cryopreservation af-
ter decompressive craniectomy

Decompressive craniectomy is a traditional, classic and evi-
dence-based surgical method for intractable increased intra-
cranial pressure”. Cranioplasty after decompressive craniec-
tomy is an essential and classic surgical method; we can even
find evidence of the ancient Incan civilization practicing cra-
nioplasty from historical records. The increase of decompres-
sive craniectomy is leading to an increase in cranioplasty”.

The reason why we should perform cranioplasty after cra-
niectomy is to protect the brain, achieve a natural appearance
and prevent sinking skin flap syndrome (or syndrome of the
trephined). Furthermore, cranioplasty may improve neuronal
function after craniectomy. Many documents report cranio-
plasty enhances cerebral glucose metabolism, cerebrovascular
reserve capacity, postural blood flow regulation and cerebro-
spinal fluid circulation®*'"”. Clinically, cranioplasty improves
cortical perfusion’”. In animal study, these phenomena are
reproduced”.

How was the skull flap preserved sterilely after craniecto-
my? There are various methods to sterilize autologous skull
flaps for cranioplasty, such as subcutaneous layer placing,
cryopreservation or dumping"*'**”. The advancements in
freezing technology allows cryopreservation to become a more

economic and practical method; the most noteworthy devel-

opment being the deep-freezer'”. Biomechanical studies reveal
that the freezing and thawing processes have little effect on
the mechanical properties of the human skull’. However,
there is not a lot of information on how to cryopreserve skull
flaps. There is no protocol for bone flap cryopreservation. Ac-
cording to Bhaskar, 96% of 25 neurosurgical centers in Aus-
tralia have been using cryopreserved autologous bone flaps for
cranioplasty”. In his report, 88% of institutions used double
or triple bagged under dry, sterile conditions for packing bone
flaps. The bone flaps were cryopreserved at between -18°C
and -83°C”.

What happens after cranioplasty and why were
osteoblasts not extracted in this study?

The fresh bone flap is usually reinserted immediately after
craniotomy. Reinserted bone flaps undergo complex healing
processes to fuse with surrounding bones™. Capillary inva-
sion and osteoblast migration from surrounding bones are
important for the bone flaps survival. After reinsertion, no
blood is supplied to the bone flap, leading to ischemia. The
bone flap is surrounded by blood and inflammatory response
is initiated. Capillaries from surrounding bone, dura and peri-
osteum infiltrate the reinserted bone. As granulation tissue
proliferates, capillaries invade the reinserted bone flap.

Through the capillary, primitive progenitor cell migrates and

Fig. 2. Schematic figure of bone fusion process after craniotomy. A : Inflammatory phase. The bone flap is surrounded by blood and inflammatory
response is initiated. (Top to bottom) Capillaries from surrounding bone, dura and periosteum infiltrate to the transplanted bone. As granulation tissue
proliferated, capillaries invade the transplanted bone flap. Through the capillary, primitive progenitor cell migrated and bone remodeling occurred. If
this functional contact between the transplanted flap and surrounding bone is poor, re-inserted bone flap would be in ischemic necrosis, and be
absorbed. B : Callus formation phase. Cartilage and fibrous tissue is laid down and make new lamellar bone, which is remodeled with osteoclast-

osteoblast coupling activity to strong bone fusion.
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bone remodeling occurs”. Necrotic bone is gradually reab-
sorbed. If this functional contact between the reinserted flap
and surrounding bone is poor, the reinserted flap will be ab-
sorbed, partially or totally (Fig. 2)*”. In an animal study, free
skull flaps showed a 50% reduction in volume after reinser-

. 13
tion )

. Similarly, an experimental study on cranioplasty using
bone particles also showed that half of the on-lay graft is reab-
sorbed"”.

After decompressive craniectomy, bone flap reinsertions
were delayed. Bone flaps were stored in abdominal subcutane-
ous pockets or were cryopreserved. Oh et al, reported that
special freezing techniques were required to maintain osteo-
blast viability in frozen human iliac cancellous bone™. Simp-
son reported 3.1% of osteoblast-like cell cultures from frozen
cancellous bones were harvested from femoral head and
stored for more than 6 months™. However, the osteogenic ca-
pacity of skull is markedly deficient than that of long bone™.
Furthermore, cell damage occurs during the freezing and
thawing procedures™. Some reports recommend bone flap
cryopreservation with glycerol, known as cryoprotectant solu-
tions*". In another animal study, a specifically programmed
freezer is required for cranial bone regeneration from a cryo-
preserved skull'”. We recommend that operators reduce the
gap between cryopreserved flaps and viable skulls to encour-
age osteogenic progenitor cell migration to reduce bone re-
sorption. Wider contact surface would be promoting osteo-
genic progenitor cell migration from the host skull to the
cryopreserved flap, which has rich histocompatible osteoin-
ductive and osteoconductive materials. We think that perios-
teum preservation during craniectomy and cranioplasty is
also important to promote bone fusion between the cryopre-
served flap and the host skull.

We believe there were several reasons why osteoblasts were
not extracted in this study. The average age of enrolled pa-
tients was 55.8 years (min 20, max 87), having a relatively low
regeneration power. The cryopreservation period was longer
than 6 months. There was little cancellous bone marrow in
the skull flap rather than femoral heads™. There were no spe-
cial cryopreservation protocols such as cryopreservation time
interval from bone flap extraction to cryopreservation, deep
freezing technique, duration, and cryoprotectant use.

In this study, no culture of an osteoblast was the same as in
the Bhaskar’s study”, and we think it is meaningful to repro-

duce the existing negative results. And Bhaskar's study” had
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27 samples, but the number of samples in this study was 47,
and the cryopreservation was frozen at -30 degrees in Bhas-
kar's paper”, but we kept it at -70 degrees. In addition, this pa-
per differs from previous papers in that it performed not only
osteoblast cell culture but also bacterial culture. The use of
non-viable tissue as well as contamination in relation to post-
operative infection may be a bigger problem. However, after
reviewing published papers, we think that it is difficult to
conclude that the cryopreserved skull is a non-viable tissue.
Therefore, it would be meaningful to suggest that the bacteri-

um was not cultured in the cryopreserved skull.

Economics of cryopreserved skull flap™

Cryopreserved skull flaps have osteoinductive and osteo-
conductive characters biologically. If we could extract osteo-
blasts from cryopreserved skull flaps, we can prove this is an
ideal material for cranioplasty. We think cranioplasty with
cryopreserved autologous skulls is valuable in two aspects.

First, biologically cryopreserved skull flaps are the best scaf-
fold for autologous osteoblasts. In the concept of tissue-engi-
neered constructs, cryopreserved skull flaps are filled with os-
teoconductive and osteoinductive materials, which were
completely matched with the recipient immunologically™”.
Cryopreserved skulls are the most ideal substitute for cranio-
plasty.

Seconds, the cryopreserved skull flaps are economic. There
are many reports about new substitute for cranioplasty, re-

2622262730 Phe difference of the clinical outcome between

cently
synthetic materials and autologous bone graft in cranioplasty
is very small. Some authors report lower complication with
synthetic materials"*". Many researchers emphasize the eco-
nomic merit of cranioplasty with autologous cranioplas-
ty">*"*. However, opposing viewpoints do exist, such as re-
ports from USA & Canada that report the total cumulative
cost, including possible complication treatments between tita-
nium cranioplasty and autologous cranioplasty, was not sig-
nificantly different'®*”. It is only natural that the surgical cost
of cranioplasty is different in each country because the medi-
cal service systems are different. In the Republic of Korea, cra-
nioplasty using synthetic materials is three times more expen-
sive than cranioplasty using a cryopreserved skull. Thus,
cranioplasty using cryopreserved skull flaps is more economic
than synthetic materials in Republic of Korea.

In this study, the minimum duration of cryopreservation
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was 9 months. If there were bone flaps cryopreserved for peri-
ods shorter than 6 months, the result may have been different.
However, we maintain that the possibility of osteoblast extrac-
tion would still be very low, even if the cryopreservation peri-
od was shorter than 6 months because there was no report
about osteoblast explant from cryopreserved skull in human
study. Unfortunately, we could not find any reports on the re-
generative potential of skulls. However, we know that the skull
has an inner and outer cortical table, and the cancellous bone
between them is very small. As patients get older, the hemato-
poietic potentials of bone marrow decrease. Most patients are

adults, not children.

CONCLUSION

In this study, neither microorganisms nor osteoblasts were
cultured. On the positive side, no evidence of frozen skull
contamination, even during the thawing process, was found.
No cultured osteoblasts were found in the cryopreserved
skulls. The biological validity of using cryopreserved skulls for
cranioplasty was considered low. However, the usage of cryo-
preserved skulls for cranioplasty is worthy of further investi-
gation in the aspect of cost-effectiveness and risk-benefit of

post-cranioplasty infection.
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