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Cracks in dentin and enamel after cryopreservation
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Objective. The objective of this study was to investigate if cryopreservation of teeth for long-term storage leads to cracks in
enamel and dentin.
Study Design. Three teeth, which were extracted for orthodontic reasons, were cryopreserved in liquid nitrogen (temperature
–196°C) and thawed according to standard protocols after 4 months. Micro computed tomography using synchrotron
radiation was performed to detect cracks in the tooth hard tissues.
Results. Cracks were found in the enamel of all teeth, which are associated with forceps application during extraction. Cracks
with a width larger than 0.8 �m were not identified in dentin and cementum.
Conclusion. Although cryopreservation of teeth according to the standard protocol does not generate cracks more than 0.8

�m wide, the use of forceps can result in prominent cracks. (Oral Surg Oral Med Oral Pathol Oral Radiol 2012;113:e5-e10)
One major requisite for the success of tooth replanta-
tion or transplantation is the survival of the periodontal
cells (PDL) during extraoral tooth storage. Special cell
nutrient media are available in which the periodontal
cells can survive for about 24 hours and can be suc-
cessfully used to store teeth after avulsion.1

In some indications, such as the extraction of healthy
teeth for orthodontic reasons or tooth avulsion with ex-
tended damage of hard and soft tissues enabling an im-
mediate replantation and transplantation, long-term stor-
age of the extracted teeth (weeks up to years) is
desireable.2 Long-term storage of tissues and cells, with-
out the loss of biological activity, can be successfully
achieved by cryopreservation.2,3 When cells are cooled
under controlled conditions at temperatures lower than
–130°C, the biological time can effectively be stopped.4

Cryopreservation of tissues for transplantation is generally
performed at temperatures lower than –196°C, because
chemical reaction rates are massively elongated. At these
temperatures, intracellular crystallization can occur, which
is associated with the mechanical expansion of the intra-
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cellular liquid. To avoid intracellular ice crystallite forma-
tion with consecutive irreversible cell damage, cryopro-
tective agents, such as dimethyl sulfoxide or glycerol,
which have shown to successfully avoid this incidence,
are applied. The sufficient penetration of the pulp soft
tissue by cryoprotective agents represents a major prob-
lem during cryopreservation, as the apical foramen is
often too small to guarantee a sufficient inflow. Schwarz5

proved in the 1980s that, in contrast to PDL, the cells in
the pulp do not survive cryopreservation because of in-
sufficient penetration of cryoprotective agent and subse-
quent intracellular crystallization. The expansion of the
pulp tissue might directly cause irreversible cracks in the
hard tissues, having a negative impact on the prognosis of
cryopreserved teeth used for transplantation. It is un-
known whether cryopreservation causes cracks in dentin
and enamel, as the proof is technically challenging. His-
tologic methods provide only 2-dimensional (2D) infor-
mation; the sample preparation may result in a significant
alteration or destruction of the 3-dimensional (3D) integ-
rity of the specimen and as a result of sawing and grinding
procedures a considerable part of the sample is lost and
therefore inaccessible for evaluation.6 The identification
of cryopreservation-induced cracks is difficult owing to
the preparation artifacts. Modern sawing and grinding
techniques may avoid additional fractures but are ex-
tremely time-consuming and allow only 2D evaluation.
Therefore, nondestructive and 3D imaging methods are
needed. Micro computed tomography (�CT) allows for
the nondestructive visualization of hard tissues and there-
fore also for the cracks formed after treatments, such as
cryopreservation. Synchrotron radiation–based �CT

(SR�CT) takes advantage of highly intense, monochro-

e5



ORAL AND MAXILLOFACIAL SURGERY OOOO
e6 Kühl et al. February 2012
matic x-rays and, therefore, yields much better contrast
than conventional laboratory-based x-ray sources. Conse-
quently, cracks smaller than the voxel size cannot only be
made visible, but using the mean absorption values within
the crack area, one may deduce the average crack width
with subvoxel precision. This estimate gives a lower limit
for the detectable cracks of submicrometer width.

MATERIAL AND METHODS
One incisor (12) and 2 unfilled premolars (14 and 24),
termed tooth A, tooth B, and tooth C, were extracted for
orthodontic reasons from a 21-year-old female patient
and included in this investigation.

The teeth were removed under local anesthesia using
a forceps at balanced forces. For the extraction of tooth
A, the necessary forces were higher than for tooth B
and tooth C. A detailed value, however, cannot be
given. Immediately after extraction, the teeth were im-
mersed in cell nutrition medium (Dentosafe; Dentosafe,
GmbH, Iserlohn, Germany).

The teeth were cryopreserved within 2 hours after
extraction. The teeth were removed from the cell nu-
trition medium (Dentosafe box) and transferred into
Petri dishes filled with phosphate-buffered saline
(PBS). To wash out blood and proteins adjacent to the
tooth surfaces, the Petri dishes were gently agitated for
several seconds manually. This procedure was repeated
3 times per tooth. Then, the teeth were transferred into
special cryo-containers, filled with an optimized cell
nutrition medium, including 50% RPMI 1640 medium
(Invitrogen, Basel, Switzerland), 40% fetal-calf serum
(FCS; Invitrogen), and 10% cryoprotective agent in
form of dimethyl sulfoxide (DMSO, SIGMA, St. Louis,
MO). The cryo-containers were sealed by a screw cap
after immersing the teeth and stored in an isopropanol
container at –70°C for 12 hours for a slow and con-
trolled freezing procedure. Subsequently, the cryo-con-
tainers were stored in the gas phase above liquid nitro-
gen (–196°C).

After a storage period of 4 months, the cryo-contain-
ers were removed from nitrogen tanks and transferred
into a water bath with a temperature of 37°C. The
specimens were kept under continuous agitation until
the thawing process started. The teeth were subse-
quently removed from the cryo-containers and trans-
ferred to a Petri dish containing PBS to dilute and
remove the cryoprotective agent. After 3 sessions of
gentle agitation for 1 minute in PBS, the teeth were
stored in a Dentosafe box for transport to the location of
the synchrotron radiation source.

The SR�CT-measurements were performed at the
beamline W2 at HASYLAB (DESY, Hamburg, Ger-
many), operated by the HZG Research Center in the

standard absorption contrast tomography setup.7 The
teeth were removed from the Dentosafe box and each
tooth was transferred into a 1.5-mL Eppendorf tube
filled with Dentosafe solution. The teeth were clamped
into Eppendorf tubes based on their fitting size and
shape. The specimen containers were glued onto the
high-precision manipulator. Tooth A was measured at a
photon energy of 36 keV with an asymmetric rotation
axis.8 There were 1440 projections acquired over 360°
with a pixel size of 2.8 �m, resulting in a 3D dataset of
2988 � 2988 � 1020 isotropic voxels. Tooth B and
tooth C were measured at a photon energy of 41 keV
with an asymmetric rotation axis in 4 height steps each.
The 360° scan with a pixel size of 4.1 �m generated a
total of 1440 projections resulting in a dataset of 2884 �
2884 � 4966 and 2940 � 2940 � 4940 isotropic
voxels, respectively. The data reconstruction was car-
ried out by means of the filtered back-projection algo-
rithm and with a binning factor of 2.9

The dataset of each tooth was converted into DICOM
format to be visually analyzed. Two oral surgeons,
experienced in the evaluation of 3D data, scrolled
through the 3D data in x-, y-, and z-directions to detect
the cracks. After this evaluation, each examiner de-
scribed the cracks.

Selected cracks were further examined to determine
their average width. First, a volume of interest was
determined. The histogram of this region of interest
was quantitatively evaluated by means of dedicated
Matlab code (MATLAB, MathWorks, Natick, MA).

RESULTS
The composition of hard tissues of teeth (dentin and
enamel) are known and the related local x-ray absorp-
tion values allow segmenting dentin, enamel, and sur-
rounding PBS, as qualitatively illustrated in Figures 1
to 3. Consequently, cracks with a width above specific
thresholds become visible in the virtual cuts and 3D
representations of the computed tomography (CT) data
(see Figure 1).

Tooth A contained numerous characteristic features
identified as cracks in the enamel. The CT slices in
Figure 1 reveal discontinuities of the gray-scale–related
x-ray absorption values within the enamel, identified as
micrometer-wide cracks. The cracks are generally
aligned perpendicular to the dentin-enamel junction
and seem to stop at this internal interface. In the diag-
onally opposite periapical regions, a high density of
cracks is present, as distinctly demonstrated by the 3D
image to the right in Figure 1.

Figure 2 shows slices and 3D renderings of tooth B.
Again, one can perfectly discriminate between enamel
and dentin as well as surrounding PBS. The virtual cut
along the tooth axis shows areas of reduced intensity,

which originated from the stacking and can be regarded
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as artifacts. There are a fewer number of cracks, how-
ever, than in tooth A. These cracks are visible only
within the enamel and are almost perfectly perpendic-
ular to the dentin-enamel junction.

The cracks within the enamel usually show higher
local x-ray absorption values than the PBS, indicating
partial volume phenomena. This means that the cracks
are significantly thinner than the voxel length. Because
the SR�CT data of the hard tissues are quantities rep-
resented by strong contrast, the width of the crack can
be reasonably estimated by means of the local x-ray
absorption. To determine the precision of this approach,
the histogram of the local x-ray absorption values, as
represented by gray values in Figures 1 and 2, is ana-
lyzed and shown in Figure 3. The PBS and enamel
peaks are well approximated by Gaussians.10 The po-
sition of these Gaussians along the x-axis exhibits the
mean x-ray absorption of PBS and enamel, whereas the
half width relates to the photon statistics and variations
of the x-ray density. For the PBS, a homogeneous
medium, density variations can be excluded, which
means that the full width at half maximum (FWHM)

Fig. 1. On the left, the 5.6-�m thin, horizontal slices throu
characteristic morphology and x-ray absorption of cracks. T
generated by the forceps used for tooth extraction. The scale
yields the density resolution or the maximal possible
contrast.11 A crack can be identified if its presence
reduces the local absorption coefficient by a value
larger than the FWHM. The histogram of tooth B in
Figure 4 shows the enamel peak at the x-ray absorption
of 2.50 cm–1 with an FWHM of 0.15 cm–1 and the PBS
peak at 0.24 cm–1 with an FWHM of 0.10 cm–1. This
means that cracks with a width of one-tenth voxel
length can be quantitatively evaluated. The photon sta-
tistics, however, result in a noise level that does not
permit the measurement of the width at each position.
Reasonably large subvolumes, as indicated in Figure 4,
however, enable us to measure the mean crack width
within this region of interest, analyzing the histogram
of the local x-ray absorption values. Figure 4 elucidates
the procedure. First, only the right part of the enamel
peak is fitted using a Gaussian, because the left one
(toward lower x-ray absorption) is affected by the
crack. Second, the difference between the measured
histogram and the Gaussian fit yields the voxels of the
crack. Third, the mean local x-ray absorption of these
voxels (2.26 � 0.25 cm–1) can be related to the differ-
ence between the average x-ray absorption of enamel

3D-data of Tooth A contain microstructures exhibiting the
ated 3D rendering on the right indicates that the cracks are
orrespond to 300 �m.
gh the
he rel
and PBS. Consequently, the mean width of the crack(s)
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within the region of interest corresponds to less than
one-tenth of the isotropic voxel length, namely to the

Fig. 2. The 3 orthogonal slices through Tooth B together w
perpendicular to the dentin-enamel junction. One recognize
transition regions. The length bar corresponds to 2 mm.

Fig. 3. Absorption histogram of the entire Tooth B. PBS
(green-colored peak) and enamel (red colored) were fitted
with Gaussians. In black, the total fit of the 4 components is
given. The recolored fit exhibits an asymmetry with respect to
the measured values, indicating a few cracks or other density
inhomogeneities.
average crack width of (0.71 � 0.19 �m).
DISCUSSION
Schwarz5 showed that periodontal cells can survive
cryopreservation if the cooling has been performed in
an appropriate manner. Oh et al.4 observed 96% via-
bility of PDL cells after cryopreservation. The cells in
the pulp, however, were severely damaged during the
cryopreservation, because the agent only insufficiently
penetrated into the pulp cavity through the apical orifice
of the root.12 Intracellular crystallization increases not
only the width of the cells in the pulp but also the size
of the odontoblastic dendrites localized in the dentinal
tubules. The expansion owing to the ice crystallization
usually results in the formation of cracks in hard tissue.
The question arises whether the crack formation can be
suppressed or not. Therefore, SR�CT was applied to
investigate cryopreserved teeth for cracks after the
thawing procedure according to the given proto-
cols.4,12-16 As the spatial resolution and the contrast of
SR�CT are limited, one can observe cracks with a
width only above a certain threshold. In agreement with
previous studies, the width of the cracks can be much
smaller than the isotropic pixel length,16 namely in the
present case about one-tenth. This is a rather pessimis-

D rendering show only a limited number of cracks oriented
eight steps because of the reduced photon statistics in the
ith a 3
s 3 h
tic estimate, as experienced dentists can identify cracks
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with an even smaller width in our 3D datasets. In
general, however, not only the width but also the mor-
phology of the crack should be made visible. Here, the
application of deformable contour models was shown
to yield reasonable results.17 The present study demon-
strates that tooth B and tooth C (not shown) exhibit
only a small number of micrometer-wide cracks in
enamel and no such cracks in the dentin. This indicates
that the freezing procedure has been already developed
to a high level. It would probably have been advanta-
geous to perform SR�CT before and after cryopreser-
vation and to compare the width and length of visible
cracks. The location and course of the cracks, however,

Fig. 4. A subvolume of 1.97 � 105 voxels containing part of
a crack is extracted from the dataset of Tooth B (red area in
the topmost image). Magnification of a cut through the se-
lected volume is shown in the center image. Because of noise,
the crack (yellow-orange) cannot be unequivocally seg-
mented from the sound enamel (gray). The diagram shows the
histogram of the extracted volume, including data treatment.
clearly show that they rather result from the applied
forces during extraction than from expansions during
cryopreservation. Cryo-related cracks would probably
have affected enamel and dentin. The numerous cracks
of tooth A that were mostly generated during tooth
extraction reveal the necessity to significantly improve
the extraction procedure, maybe by using a force-con-
trolled forceps, which better distributes the applied
force onto the tooth surface. On enamel fracture, Sogn-
naes18 showed that teeth that have been in use are often
riddled with enamel lamellae (cracks), even in the
young. These cracks probably start from tufts from
inside to outside.19 The cracks in our study begin at the
dentin-enamel junction, where the forceps was applied.
It has been suggested that enamel is actually designed
to crack in ways that prevent loss of tooth function.20

The forceps application may have opened preexisting
cracks. However, the perpendicular alignment of the
cracks seems not to be related to cryopreservation but is
the result of mechanical forces from the forceps. Cracks
in the dentin should have a higher clinical impact than
in enamel, because the enamel leakages affect only the
coronal part of teeth. As after cryopreservation, end-
odontic treatment is inevitable,13 leakages in enamel
are not the focus of treatments. Leakages in the dentin,
however, might have a significant impact on trans-
planted teeth, as the leakages are localized in the bony
level of teeth affecting the periodontal tissues. It is well
known that such leakages may cause chronic inflam-
mation with consecutive bone loss. Especially in trans-
planted teeth, where higher regenerative capacities of
the periodontal tissues are required, cracks probably
have even more negative long-term effects.

The sample size of reviewed teeth is rather low. This
weakens the general statement on the formation of
cracks after cryopreservation. Nevertheless, the results
of the present study indicate that the risk of crack
formation owing to the applied forces for tooth removal
is significantly higher than as the result of cryopreser-
vation. Fortunately, no crack was found within the
dentin. As the threshold for the cracks in the dentin can
be estimated to be between one-fourth and one-fifth of
the pixel length, we conclude that the cracks in dentin
are absent or smaller than 1.84-�m wide. Cryopreser-
vation as performed may lead to only a very few cracks
in the enamel, whereas inappropriate tooth removal can
generate numerous cracks. Future studies with a higher
number of examined teeth and a direct comparison of
high-resolution SR�CT at 2 different stages (before
and after cryopreservation) are needed to confirm the
findings of this study.
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