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Summary. Especially for neuroscience and the

development of new biomarkers, a direct correlation
between in vivo imaging and histology is essential.
However, this comparison is hampered by deformation
and shrinkage of tissue samples caused by fixation,
dehydration and paraffin embedding.
We used magnetic resonance (MR) imaging and
computed tomography (CT) imaging to analyze the
degree of shrinkage on murine brains for various
fixatives. After in vivo imaging using 7 T MRI, animals
were sacrificed and the brains were dissected and
immediately placed in different fixatives, respectively:
zinc-based fixative, neutral buffered formalin (NBF),
paraformaldehyde (PFA), Bouin-Holland fixative and
paraformaldehyde-lysine-periodate (PLP). The degree of
shrinkage based on mouse brain volumes, radiodensity
in Hounsfield units (HU), as well as non-linear
deformations were obtained.
The highest degree of shrinkage was observed for
PLP (68.1%, P<0.001), followed by PFA (60.2%,
P<0.001) and NBF (58.6%, P<0.001). The zinc-based
fixative revealed a low shrinkage with only 33.5%
(P<0.001). Compared to NBF, the zinc-based fixative
shows a slightly higher degree of deformations, but is
still more homogenous than PFA.
Tissue shrinkage can be monitored non-invasively
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with CT and MR. Zinc-based fixative causes the smallest
degree of brain shrinkage and only small deformations
and is therefore recommended for in vivo ex vivo
comparison studies.
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Introduction

Molecular imaging allows for the in vivo elucidation
and characterization of disease processes and
mechanisms in humans and small animals, in many
cases without or with only marginal interference with the
underlying physiology. However, newly developed
imaging biomarkers need a histopathological correlation
for a comprehensive understanding and validation. This
is particularly true for disease of the central nervous
system.
It is well known that histological fixatives alter the
tissue characteristics and cause shrinkage. Different
fixation methods exist and are used. Each of them has

Abbreviations. 3V, 3rd ventricle; 4V, 4th ventricle; BC, bottom
cerebellum; CT, computed tomography; F, lobes frontal lobes; GFA,
glial fibrillary acidic protein; HU, Hounsfield units; IH, interhemispheric;
L-R, cerebellum left and right cerebellum; MR, magnetic resonance;
NBF, neutral buffered formalin; PFA, paraformaldehyde; PLP,
paraformaldehyde-lysine-periodate; TE, echo time; TR, repetition time;
T, lobes temporal lobes; UTE, Ultra Short Echo Time

602

Assessment of murine brain tissue shrinkage

different strengths and weaknesses (Howat and Wilson,
2014). The changes in tissue characteristics and
shrinkage make an exact comparison between in vivo
imaging techniques and ex vivo histological methods
difficult. Regarding the frequently used formalin-based
fixations, the changes in tissue parameters are caused by
cross-linking between proteins, proteins and nucleic
acids as well as formation of coordinate bonds for
calcium ions (Werner et al., 2000). For alcohol- and
acetone-based fixations, coagulation of tissue proteins is
initiated (Werner et al., 2000). Zinc salts can react with
tissue end-groups such as amino and carboxyl groups,
forming reversible reaction products (Eltoum et al.,
2001). Picric acid, a coagulation fixative, changes the
charges on ionizable protein side chains and can break
electrostatic and hydrogen bonds (Eltoum et al., 2001).
Finally, shrinkage effects are aggravated by dehydration
linked to graded alcohol solutions and paraffin
embedding (Overgaard and Meden, 2000).
Especially for the brain, these fixation artifacts are
complex and can be described with three-dimensional
strain fields (Schulz et al., 2011). It is well known that
accurate registration of magnetic resonance brain images
and histology slides is difficult due to the highly
convolved structures of the brain (Liu et al., 2010).
During histological processing, even more stereological
problems occur that complicate a co-registration of in
vivo imaging and ex vivo histology (Dorph-Petersen et
al., 2001). However, stereological methods are of great
importance for quantitative information (Dorph-Petersen
et al., 2001).
In the first five days of tissue fixation using
formalin, an increase in weight and volume can be
measured, followed by a steady decrease (Quester and
Schröder, 1997). Applying a formalin fixation for up to
70 days post mortem to the human brain causes global
volume shrinkage of 8.1% (Schulz et al., 2011). Taking
the effects of dehydration and embedding in paraffin into
account, volume shrinkages of 42% in the cerebellum
and 45% in the cerebrum have been calculated (Gellért
and Csernovszki, 1971; Quester and Schröder, 1997).
These differences cause a non-linear shrinkage which is
probably linked to different water and myelin contents
between cerebellum and cerebrum (Quester and
Schröder, 1997). This might exhibit an even more
significant problem in diseased versus healthy brain
regions.
Nowadays, formalin is classified as a carcinogen
(Zanini et al., 2012) and regarded as toxic (Werner et al.,
2000). It is associated with nasopharyngeal carcinoma
and leukemia (Zanini et al., 2012). Zinc-based fixatives
are more and more used as non-toxic alternatives. These
agents provide superior morphology (Zanini et al., 2012)
and similar DNA, RNA and protein preservations
compared to formalin (Tbakhi et al., 1999; Wester et al.,
2003).
The type and length of fixation causes different
characteristics of brain tissue shrinkage. While the
degree of shrinkage is well known for formalin, the other

fixatives have not been fully characterized (Quester and
Schröder, 1997). The assessment of the shrinkage degree
is crucial for the correlation between in vivo imaging and
histology. Less shrinkage and consecutively lower
volume reduction can be better compensated with rigid
and non-rigid co-registration algorithms. Although there
is some literature regarding the effect of fixative
solutions on tissue properties (Shepherd et al., 2009;
Schulz et al., 2011), these studies are usually performed
on non-embedded tissue, which is often not suitable for
dedicated histological staining methods. Therefore, we
set out to compare the impact of different tissue fixation
methods on murine brains using magnetic resonance
(MR) and computed tomography (CT) imaging.
Materials and methods

Animals

BALB/c mice (Charles River, Germany) with an age
between 8 to 12 weeks were used for the experiments. A
total of 72 animals were used; the animals were also part
of other study projects. The animal studies were
conducted according to the German animal protection
law protocols for animal use and care and were approved
by the local authorizing agency (Regierungspraesidium
Tuebingen).

In vivo MR imaging

MR imaging (MRI) was performed using a 7 T small
animal MR scanner (ClinScan, Bruker, Germany). The
mice were anesthetized using 1.5% isoflurane vaporized
in 100% oxygen (flow 1.5 L/min) and placed on a
warmed animal support. A four-channel mouse brain coil
was applied for signal reception. A T2-weighted
turbospin-echo sequence (repetition time: TR=3,000 ms,
echo time: TE=205 ms, turbo factor=161 a matrix size of
160×256×120, a voxel size of 0.22×0.22×0.22 mm3) was
used.
Brain tissue fixation, dehydration and paraffin-embedding

The animals were sacrificed after MR imaging. The
mouse brains were carefully dissected and immediately
placed in different immersion fixatives, respectively:
-Standard zinc-based fixative: 0.5% zinc chloride
(Carl Roth, Germany), 0.5% zinc acetate (Carl Roth,
Germany), 0.05% calcium acetate (Carl Roth, Germany)
in 0.1 M Tris–HCl pH 6.4-6.7 (Lykidis et al., 2007).
-Neutral buffered formalin (NBF): 10% neutral
buffered formalin solution (SAV LP GmbH, Germany),
which has a content of 4.5% formaldehyde.
-Paraformaldehyde (PFA): 4% paraformaldehyde in
0.1 M phosphate buffer pH 7.4 made from freshly
depolymerized paraformaldehyde (Sigma Aldrich,
Germany) (Sakanaka et al., 1987).
-Bouin-Holland fixative: stock solution: 4% (mass
concentration w/v) picric acid (Applichem, Germany),
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2.5% (w/v) copper acetate (Sigma Aldrich, Germany),
distilled water; working solution: 100 mL of BouinHolland stock solution, 10 mL of 37% paraformaldehyde
solution (Sigma Aldrich, Germany), 10 mL of a
saturated solution of mercury chloride (Sigma Aldrich,
Germany) (Benerini Gatta et al., 2012)
-Paraformaldehyde-lysine-periodate (PLP): 8%
(w/v) paraformaldehyde (Sigma Aldrich, Germany),
distilled water, 0.04 M lysine in twice concentrated (i.e.,
0.2 M) PBS (Merck Millipore, Germany), 0.55 g/L
sodium periodate (Sigma Aldrich, Germany) (Pieri et al.,
2002).
The brain tissue fixation process was continued with
an ascending ethanol gradient (Sigma Aldrich,
Germany) and immersion in Clear-Rite 3 (Microm,
Germany). All fixation processes were carried out at
room temperature. No further dedicated handling of the
tissues was performed (e.g. suspension of the brain, high
density fixation mixtures) to minimize gravitational
effects. Finally the tissues were embedded in paraffin
(Carl Roth, Germany).
As a function of the fixation type and duration the
following groups were defined: Zinc-based fixative for 6
h (n=3), zinc-based fixative for 24 h (n=10), zinc-based
fixative for 48 h (n=10), NBF for 48 h (n=10), PFA for
48 h (n=10), Bouin-Holland fixative for 48 h (n=10) and
PLP for 48 h (n=10).
Osmolarity of the fixatives as well as of NaCl and
NBF that was diluted (85% aqua, 15% NBF solution)
were measured using an Osmometer (Osmomat 030,
Gonotec, Germany). Each measurement was repeated
three times. In addition, three animals per group were
used for experiments using NaCl (48 h, instead of a
fixative) and diluted NBF followed by the continuation
of the fixation process and paraffin embedding as
described above. In addition, a direct comparison
between in vivo measurement with MRI and ex vivo
measurement of the extracted brains using MRI was
performed in three animals. No paraffin embedding was
performed for the direct in vivo to ex vivo comparison.
Ex vivo CT imaging

Due to the loss of water by the fixation process and
also the paraffin embedding, which is the main
constituent for the MR signal, MR imaging was not
suitable ex vivo. Trials of ex vivo MR imaging resulted in
low signal to noise ratio images, which did not allow
reliable determination of tissue outlines. Therefore, the
embedded tissues needed to be scanned with a microCT.
CT scans of the embedded samples were performed
using a combined high-resolution single-photon
emission computed tomography scanner (Inveon
SPECT/CT, Siemens Healthcare, USA) operating with
an X-ray source at 80 kVp and 500 mA tube current.
Exposure time was set to 1000 ms and a binning factor
of 2 was used resulting in a reconstructed isotropic pixel
size of 52 µm.
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Volume and density changes

Mouse brains derived from in vivo and ex vivo
imaging were manually segmented using the software
package Amira 5.4 (VSG, USA). Outlines of the mouse
brain surface for volume determination were drawn by
hand, and also based on thresholds; finally the outcome
of this manual segmentation process was visually
checked. Brain volumes (measured in mm3) from MR
and CT images were recorded. Fig. 1A shows an
example of a segmented MR scan, Fig. 1B a CT scan
after PFA fixation and Fig. 1C after zinc-based fixation.
The corresponding brain three-dimensional volumes
rendered from the corresponding MR and CT data are
represented by Fig. 1D-F. Additionally, ex vivo brain
tissue density (radiodensity measured in Hounsfield
units: HU) was analyzed for each sample. Density values
(HU) give an indication for image contrast changes
caused by different fixatives.
Descriptive statistics including mean and standard
deviation (SD) were calculated with JMP 8.0.2 (SAS
Institute Inc., USA). Corresponding in vivo and ex vivo
brain volumes of each fixation group were compared
with paired Student’s t-tests. Shrinkage of the brain
volumes was calculated using the following equation:
Shrinkage values were multiplied by 100 to yield a
percentage value. Differences were considered to be
significant if P<0.05.

Evaluation of non-linear deformations due to fixation

We performed an evaluation of non-linear
deformations caused by the fixatives on 3 different
fixatives (48 h NBF, 48 h PFA and 48 h zinc-based
fixative), each subset including 3 datasets. Two methods
were used: a landmark-based distance evaluation and an
evaluation of the contour deformations using non-rigid
registration.
For the landmark-based evaluation, we placed 10
landmarks in corresponding locations in the MR and CT
datasets. These landmarks are shown in Fig. 4A.
Specifically, they are the left and right frontal lobes (F
lobes), the left and right temporal lobes (T lobes), the
point between the F lobes, indicating a position at the
interhemisphere (IH), the 3rd ventricle (3V), the 4th
ventricle (4V), the left and right cerebellum (L-R
cerebellum) and the bottom cerebellum (BC). From
these 10 landmarks a total of 7 distances were computed.
Four distances were in frontal - caudal direction between
the 3rd ventricle and the bottom cerebellum (3V-BC),
between the 4th ventricle and the interhemisphere (4VIH), between the frontal and temporal lobes on the left
side (F-T lobes left) and the frontal and temporal lobes
on the right side (F-T lobes right). In addition, three
distances were in the left-right direction, running from
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the left to the right cerebellum (L-R cerebellum),
between the left and right frontal lobes (L-R frontal
lobes) and between left and right temporal lobes (L-R
temporal lobes). Subsequently, mean and SD for relative
differences of the distances as measured in in vivo MR
and ex vivo CT images were computed, and the tissue
shrinkage between in vivo and ex vivo images assessed.
For the evaluation of the contour deformations, a
binary mask was applied on the in vivo MR and ex vivo
CT data to remove the background and non-brain tissues.
Placing the points of origin at the brain centers of gravity
aligned the MR and CT datasets. Subsequently, the CT
images were non-rigidly co-registered to the MR data
using Statistical Parametric Mapping (SPM 8, Wellcome
Department of Cognitive Neurology, University College
London, http://www.fil.ion.ucl.ac.uk/spm). After
registration, the lengths of deformation vectors were
computed for surface voxels of the co-registered CT
image. Subsequently, histograms (each including 3
datasets), quantiles (25%, 50% (median) and 75%) for
the deformation vector lengths were computed. We used
these non-parametric characterisations (quantiles instead
of mean and SD) since the distributions appeared to be
non-Gaussian.
Histology

To assure a constant quality of the histological
procedures random samples were cut into 3 μm sections,
stained with hematoxylin and eosin (H&E) and analyzed
by two experienced pathologist (L.Q-M., U.K.).
Immunohistochemistry was performed on an automated
immunostainer (Ventana Medical Systems, Inc., Tucson,
AZ, USA) according to the company’s protocols for
open procedures with slight modifications. All slides
were stained with the primary monoclonal mouse
antibody GFAP (glial fibrillary acidic protein; clone 6F2;
Dako Deutschland GmbH; Germany; dilution 1:1000).
Appropriate positive and negative controls were used to
confirm the adequacy of the staining.

Results

Changes of in vivo and ex vivo brain volumes as a
consequence of different fixatives

Osmolarity values for the used fixatives and for
NaCl are reported in Table 1, for NaCl no significant
shrinkage effect was observed (P=0.072). The in vivo
brain volumes measured by MRI of the different
experimental groups of mice ranged from 428.7 mm3 to
495.7 mm3 (Table 1). The ex vivo volumes measured by
CT ranged from 150.9 mm3 for the PLP fixative (48 h)
to 358.1 mm 3 for the zinc-based fixative (6 h). The
comparison between the in vivo brain volumes measured
by MR imaging and the corresponding ex vivo CT brain
volumes revealed a significant decrease (P<0.05) as a
consequence of the fixation regardless of which fixative
was used. The highest degree of shrinkage was observed
with PLP (68.1%, 48 h), followed by PFA (60.2%, 48 h)
and NBF (58.6%, 48 h). The zinc-based fixatives
revealed a fixation time-dependency with volume
reductions ranging from 16.5% (6 h) to 33.5% (48 h).
An example of a segmented in vivo MR of a mouse brain
is represented in Fig. 1A. Fig. 1B shows an ex vivo CT
of a paraffin-embedded brain after 48 h fixation with
PFA. The tissue density, indicated by an increase in
brightness, is much higher after fixation with 48 h zincbased solution (Fig. 1C). Corresponding threedimensional rendered volumes are shown in Fig. 1D-F.
The lower resolution of the MR acquisition results in a
more pixelated surface of the in vivo volume (Fig. 1D).
A direct comparison between in vivo brain volumes
(492.9±4.5 mm3) measured with MR and ex vivo brain
volumes measured with MR (456.8±31.8 mm3), revealed
no significant shrinkage effect (P=0.226).
Ex vivo brain tissue densities of the different fixatives

Radiodensity values (HU) increased from -143.4 for
PFA (48 h) to 60.6 for zinc-based fixative (48 h) (Table

Table 1. In vivo and ex vivo brain tissue volumes of the different fixative groups.
Osmolarity
(mOsmol/kg)

Zinc-based fixative (6 h)
Zinc-based fixative (24 h)
Zinc-based fixative (48 h)
NBF (48 h)
NBF (48 h) diluted*
PFA (48 h)
Bouin-Holland fixative (48 h)
PLP (48 h)
NaCl (48 h)

Mean

315
315
315
1695
264
1471
1922
969
293

SD

3
3
3
10
1
2
34
20
0

in vivo volumes (mm3)
measured with MR
Mean

428.7
429.2
455.4
489.6
487.4
495.7
476.4
472.9
480.5

SD

10.1
19.7
15.0
8.3
26.0
18.3
9.3
9.7
8.8

ex vivo volumes (mm3)
measured with CT
Mean

358.1
342.0
303.0
202.9
332.5
197.3
289.5
150.9
419.7

SD

30.8
29.1
18.0
18.6
0.4
17.0
9.8
34.4
34.0

shrink age (%)
16.5
20.3
33.5
58.6
31.8
60.2
39.2
68.1
12.7

P (in vivo
versus ex vivo)
=0.029
<0.001
<0.001
<0.001
=0.009
<0.001
<0.001
<0.001
=0.072

NBF, neutral buffered formalin; PFA, Paraformaldehyde; PLP, Paraformaldehyde-lysine-periodate; NaCl, isotonic sodium chloride solution; SD,
Standard deviation; P, P-value. * NBF diluted: osmolarity adapted to NaCl values by dilution with aqua.
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2). The metal ion-based fixatives (zinc for zinc-based
fixatives, copper for Bouin-Holland fixative) revealed
higher density values compared to the formalin-based
fixatives (PFA, PLP). Interestingly, the HU density
values for the zinc-based fixatives steadily progressed
from -59.5 (6 h) to 60.6 (48 h). This is also reflected by
Fig. 2A,B. While the rim areas of the paraffin-embedded
brains appear hyper-dense after 6 h (Fig. 2A) and 12 h
(Fig. 2B) zinc-based fixation, the brain core areas show
a lower density after 6 h (Fig. 2A). However, there still
remains a density gradient between brain rim and core
even after 48 h fixation. This is also reflected by a
radiodensity profile between the right to the left
temporal lobes (Fig. 2C). While the temporal cortex

Table 2. Ex vivo brain tissue radiodensity values of the different fixative
groups.
ex vivo radiodensity (HU)

Zinc-based fixative (6 h)
Zinc-based fixative (24 h)
Zinc-based fixative (48 h)
NBF (48 h)
PFA (48 h)
Bouin-Holland fixative (48 h)
PLP (48 h)

Mean

-59.5
36.3
60.6
-100.9
-143.4
36.9
-137.3

SD

16.1
11.7
22.0
10.3
8.1
11.8
57.5

HU, Hounsfield units; NBF, neutral buffered formalin; PFA,
Paraformaldehyde; PLP, Paraformaldehyde-lysine-periodate; a.u.,
arbitrary unit; SD, Standard deviation.

Fig. 1. Comparison of in vivo MR and ex vivo CT images. A. Example of a segmented in vivo MR scan of a mouse brain. The high soft tissue contrast
of MRI provides detailed information about the brain structures. B. Example of a segmented ex vivo CT scan of a paraffin-embedded brain after 48 h
fixation with PFA. Shrinkage and deformation are clearly present when comparing the CT scan with A. C. Example of a segmented ex vivo CT scan of
a paraffin-embedded brain after 48 h fixation with zinc-based fixation. Especially for the brain width, shrinkage is less pronounced compared to B. In
addition, zinc-based fixation causes higher brain tissue density values resulting in a brighter appearance. D. Three-dimensional rendered volume of the
segmented in vivo MR brain scan. E. Three-dimensional rendered volume of B. Not only shrinkage of the brain tissue can be observed, but also an
irregular brain surface is observed. F. Three-dimensional rendered volume of the segmented ex vivo CT scan of a paraffin-embedded brain after 48 h
fixation with zinc-based fixation. The brain surface is smoother compared to the PFA fixation. Viewing directions are indicated by the arrowed crosshair:
L: left, R: right, S: superior (frontal), I: inferior (caudal).
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exhibits high-density values on each side, the density
decreases towards the central brain structure, especially
for the lateral ventricles. Density values for the MR
images are not comparable, and therefore not calculated,
to the CT radio density values, since both methods are
based on different physical tissue properties.

Co-registration of in vivo MR and ex vivo CT images

Fig. 3A,B show rigid co-registrations of MR images
(grey) and CT images (red) after 48 h PFA (Fig. 3A) and
zinc-based fixation (Fig. 3B). Figure 3A clearly reflects
the higher amount of tissue shrinkage and deformation

Fig. 2. Tissue density after fixation. A. Example of an ex vivo CT scan of a paraffin-embedded brain after 6 h zinc-based fixation. The CT scan reveals
a higher tissue density at the brain rim compared to the core. B. Example of an ex vivo CT scan of a paraffin-embedded brain after 12 h zinc-based
fixation. After 12 h fixation the difference between rim and core is less pronounced compared to B. C. Tissue density profile from the right to the left
temporal lobe after 48 h zinc-based fixation. Even after 48 h fixation a higher density and consecutively higher accumulation of zinc ions in the brain rim
is present. Viewing directions are indicated by the arrowed crosshair: L: left, R: right, S: superior (frontal), I: inferior (caudal).

Fig. 3. Comparison of co-registration accuracy. A. Co-registration of in vivo MR (grey) and ex vivo CT (yellow representing high radiodensity, red
relatively medium radiodensity and blue representing relatively lower radiodensity values) images after 48 h fixation with PFA. The image fusion clearly
reveals a significant shrinkage and deformation of the PFA fixation. B. Co-registration of in vivo MR and ex vivo CT images after 48 h fixation with zincbased solution. Following zinc-based fixation deformation and shrinkage are less pronounced. Viewing directions are indicated by the arrowed
crosshair: A: anterior, P: posterior, L: left, R: right, S: superior (frontal), I: inferior (caudal).
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Fig. 4. Landmark-based evaluation of deformation. A. Maximum intensity projection of a sample CT dataset with landmarks (blue-green) used for
landmark-based shrinkage evaluation. Yellow arrows denote the evaluated distances: 3rd ventricle - bottom cerebellum (3V-BC), 4th ventricle interhemisphere (4V-IH), frontal-temporal lobes left and right (F-T lobes left and right), left cerebellum - right cerebellum (L-R cerebellum), left frontal
lobe - right frontal lobe (L-R frontal lobes), left temporal lobe - right temporal lobe (L-R temporal lobes). B. Shrinkage of the evaluated distances for the
respective fixatives (NBF, PFA and zinc-based each for 48 h). Black dots and lines denote the mean and standard deviation. Viewing directions are
indicated by the arrowed crosshair: L: left, R: right, S: superior (frontal), I: inferior (caudal).

Fig. 5. Distributions of surface deformation vector lengths for deformable registrations between in vivo and ex vivo images. A-C. Histograms of the
deformation vector length distributions for deformable registrations between ex vivo CT and in vivo MR datasets for the fixatives NBF, PFA and zincbased, each for 48 h. D-F. Corresponding contour deformations for a single ex vivo CT slice of representative datasets. Yellow dots denote the contour
of the corresponding slice in the in vivo MR image. Red arrows show the deformation vector. Viewing directions are indicated by the arrowed crosshair:
L: left, R: right, S: superior (frontal), I: inferior (caudal).
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resulting from PFA fixation. Figure 3B indicates that the
zinc-based fixation also undergoes some degree of
shrinkage, although the brain morphology does in
general fit more closely to the original in vivo imaging
data.
Landmark-based evaluation of brain tissue shrinkage

We observed shrinkage levels (Fig. 4) for frontalcaudal distances between landmarks in the inner regions
of the brain (3V-BC, 4V-IH) in the range of 11.0%27.0%. The zinc-based fixative (48 h) showed lower
mean shrinkage levels (14.4% and 16.9%) than NBF (48
h) and PFA (48 h) (23.1%-23.7%). For distances based
on landmarks placed near the brain surface (F-T lobes
left, F-T lobes right) the shrinkage levels were in the
range of 15.5%-29.4%, with similar mean shrinkage
values for all evaluated fixatives (NBF, PFA, zinc-based
fixative) between (19.2%-22.0%).
For left-right distances of landmarks in the caudal
regions near the surface (L-R cerebellum and L-R
temporal lobes), shrinkage levels were in the range of
20.5%-29.3% for NBF, 18.2%-30.7% for PFA and 10.4%-9.1% for the zinc-based fixative. The mean
shrinkage values were lower for the zinc-based fixative
(1.9% for L-R cerebellum and 5.7% for L-R temporal
lobes) than for NBF and PFA in these areas (24.2%25.0%). For the left-right distance in the frontal brain
region (L-R frontal lobes), the shrinkage levels were in
the range of 7.3%-12.3% for NBF, -13.5% - -11.7% for
PFA and -46.7% - -9.5% for the zinc-based fixative.
Negative shrinkage levels, i.e. an increase in distance,
were observed for PFA and zinc-based fixative.

Deformable registration-based evaluation of brain tissue
shrinkage

Figure 5A-C show the histograms of the deformation

vector length distribution for NBF, PFA and zinc-based
fixative for 48 h fixation time, respectively. Figure 5D-F
represents the corresponding contour deformations for a
single slice of representative datasets.
The distribution of deformation vector lengths for
NBF (Fig. 5A) exhibits a pronounced concentration
around the median value (50% quantile) of 1.74 mm,
with values of 1.39 mm and 2.11 mm for 25% and 75%
quantiles, respectively. PFA showed a broad distribution
(Fig. 5B) with the highest values for each quantile of the
three evaluated fixatives (1.52 mm, 2.07 mm and 2.54
mm for 25%, 50% and 75% quantiles). The zinc-based
fixative showed the lowest 25% and 50% quantile values
(Fig. 5C) of 1.05 mm and 1.61 mm, respectively. The
distribution showed a higher spread than NBF, the value
of the 75% quantile was higher with 2.18 mm compared
to 2.11 mm for NBF.
The peakedness, lack of shoulders of the respective
distributions can be described by the kurtosis value,
where a low kurtosis represents a broad distribution of
the deformation vector length values, indicating a nonlinear tissue deformation. For NBF we found a kurtosis
value of 12.8, for PFA 3.7 and for the zinc-based fixative
4.7, indicating that NBF has the lowest spread of
deformation vector lengths (i.e most deformation vector
lengths are similar), whereas PFA and the zinc-based
fixative exhibit a broader distribution (i.e. a larger
variety of deformation vector lengths). This
inhomogeneity of tissue surface deformation due to
fixation is exemplarily shown in Figure 6 for the zincbased fixative.
Histology

Figure 7 shows representative coronal (imaging slice
orientation, in histological context this orientation is
often referred as horizontal) mouse brain tissue sections
from the midbrain with H&E staining (Fig. 7A-C 200x,

Fig. 6. Visualization of inhomogeneous surface deformation. Length of the surface deformation vectors for the zinc-based fixative (48 h) for a sample
dataset, projected onto the corresponding ex vivo CT image, presented as a three-dimensional volume rendering. Left: oblique top view, right: oblique
bottom view. The median deformation of this dataset is 1.82 mm. Anisotropic deformation due to fixation can be observed, with the highest degree
found in the cerebellar and bulbic areas. Lower degrees of deformations are observed in the hypothalamic and pons areas. Viewing directions are
indicated by the arrowed crosshair: A: anterior, P: posterior, L: left, R: right, S: superior (frontal), I: inferior (caudal).
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Fig. 7D-F 400x) and GFAP immunohistochemistry (Fig.
7G-I 200x). Tissue fixations with NBF (Fig. 7A,D) and
PFA (Fig. 7B,E) provide an advantageous preservation
of the morphology with clear delineation of the cell
cytoplasm and nuclei, as well as the extracellular matrix.
Figure 7C and F present an example after zinc-based
fixation. Both examined brains that were fixed in zincbased fixative showed typical signs of shrinkage better
seen at higher magnification x 400, such as a retraction
artifact, appearing as empty spaces, so called pericellular
halos. GFAP immunohistochemistry is shown for all
three fixatives (Fig. 7G-I). The histological quality of the
tissues fixed in zinc-based fixative is not as good as the
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quality of tissues fixed in NBF and PFA.
Discussion

Our results reveal that a zinc-based fixative causes
overall smaller tissue shrinkage artifacts, compared to
more traditional fixatives such as formalin solutions.
This is of special interest for in vivo to ex vivo
comparison studies.
In the past decades, many different tracers and
biomarkers for non-invasive in vivo imaging of
neurological disease have been developed and a
correlation as well as validation based on histology is

Fig. 7. Assessment of the fixation effects on the quality of histology and morphology. A Hematoxylin and eosin (H&E) staining of an axial midbrain
tissue section after NBF fixation, after PFA fixation (B) and after zinc-based fixation (C). Higher magnification demonstrates high quality tissue fixation
with NBF (D) and PFA (E), as indicated by good preservation of the cell cytoplasm, nuclei and extracellular matrix. F. H&E staining of an axial midbrain
tissue section after zinc-based fixation. Zinc-based fixation showed typical signs of shrinkage better visualized at higher magnification, such as
retraction artifact, appearing as empty spaces, so called pericellular halos. In addition, the cells show hyperchromatic nuclei with poor cytological
definition. Glial fibrillary acidic protein (GFAP) immunohistochemistry of an axial midbrain tissue section after NBF fixation (G), PFA fixation (H), and
zinc-based fixation (I). In summary, the histological quality of the tissues fixed in zinc-based fixative is not as good as NBF and PFA. A-C, G-I, x 200; DF, x 400.
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highly important (Small, 2005; Buongiorno et al., 2011;
Willis et al., 2012). The number of volumetric studies in
the literature considering the effect of dehydration and
paraffin embedding is limited and so far only formalin
was used as fixative.
MR imaging provides a superior soft tissue contrast
compared to other imaging modalities, even in the
absence of a contrast agent (Wehrl et al., 2010). In small
animal imaging, non-contrast enhanced CT barely shows
the outline of the animal brain and other structures
(Wehrl et al., 2010). MRI uses in most cases the signal
from hydrogen protons, which are found in a vast
majority of biomolecules, especially water – which is an
important part of many tissue compositions. Especially
for brain imaging studies, in vivo small animal MRI is
often the method of choice, mainly due to its superior
soft tissue contrast compared to CT. However, in
dehydrated tissues, spin-lattice relaxation times (T1) and
spin-spin relaxation times (T2) are lower compared to
normal tissues (Brown et al., 1984). In our study, the
water signal was so much reduced because of the
histological processing and also the paraffin embedding
that MR imaging was not feasible even when using a 7 T
magnetic field - this was also reflected by an ex vivo MR
image quality that was too low to reliably determine
tissue boundaries and outlines using the imaging
sequence used for the in vivo images. Recently, MR
techniques e.g. based on ultra short echo times (UTE),
have been used to detect signals from materials with low
water content (Sharma et al., 2010). However, such UTE
techniques require specialized MR hardware, sequences
and often deliver very special contrast properties, which
are not comparable to standard anatomical T1 or T2
weighted MR sequences, which are often favorable for
the assessment of brain tissue und structure. Moreover,
UTE techniques can suffer from spatial distortions (Du
et al., 2008) that make an assessment of geometrical
deformations difficult. Therefore, ex vivo imaging of the
paraffin-embedded brain samples was performed using a
CT. MRI and CT imaging allow an acquisition of
isotropic, three-dimensional datasets. Subsequently,
sectioning of the brains is not required, which further
reduces artifacts. Additionally, volumes calculated from
imaging data might not be as error-prone as those
derived from macroscopic caliper measurements or
planimetry, as already demonstrated for subcutaneous
tumors (Jensen et al., 2008). Given the restrictions on the
choice of imaging modality used, our compromise, to
use in vivo MRI, which appears to be most suitable for
living soft tissue contrast, and ex vivo CT, which appears
to be most suitable for non destructive, distortion free
sample imaging, is reasonable. It also mimics the
situation often encountered in small animal imaging,
where in vivo MR images are compared with ex vivo
histology - and it is just this degree of ex vivo
histological alterations that are assessed by the ex vivo
CT imaging.
Considering the first step of post mortem tissue
preparation, already fixation e.g. in formalin causes

deformations. The effects of formalin on the human
brain have been shown to cause a maximum increase in
weight and volume between day 1 and 5 (Quester and
Schröder, 1997). This weight increase is 7.0-13.4% for
4% formalin (Quester and Schröder, 1997). After several
weeks and months weight and volume subsequently
decrease (Quester and Schröder, 1997). Schulz et al.
calculated a global volume shrinkage of 8.1% over a
period of 70 days of human brains still within the
cranium (Schulz et al., 2011). It was shown that the
dehydration in ethyl alcohol produces a strong decrease
of volume and weight from 32-39% of the fresh brain
weight (Wegiel et al., 1989). Studies found a mean
shrinkage in paraffin embedded sections of 42%-51%
depending on the part of the brain (Gellért and
Csernovszki, 1971; Mouritzen, 1979; Kretschmann et
al., 1982). In this study we have investigated comparable
results for our PFA 48 h fixative group with 60.2%
shrinkage and 58.6% shrinkage for the NBF group. The
highest degree of shrinkage was observed with PLP
fixation, containing 8% formalin, resulting in 68.1%
shrinkage. The zinc-based fixatives revealed a timedependency with 16.5% after 6 h, 20.3% after 24 h and
33.5% after 48 h. The Bouin-Holland fixative, which is
also based on metal ions, revealed 39.2%. The
osmolarity values range from 1922±34 mOsmol/kg for
the Bouin-Holland fixative to 264±1 mOsmol/kg for the
diluted NBF. We observed a tendency to higher
shrinkage rates for fixatives having an osmolarity that
greatly differs from the osmolarity of normal
extracellular fluid (293±34 mOsmol/kg using the values
for NaCl as an approximation). Loqman et al. could
markedly reduce the shrinkage artifact by adjusting the
osmolarity of their fixatives to the osmotic pressure of
normal extracellular fluids (Loqman et al., 2010).
However, our results suggest a non-linear relationship
between osmolarity values and observed shrinkage. E.g.
for the Bouin-Holland fixative we observed the highest
osmolarity (1922 mOsmol/kg) but only a shrinkage of
39.2%, whereas for PFA which has an osmolarity of
1471 mOsmol/kg a higher shrinkage value of 60.2% was
measured. Also, the diluted NBF fixative with an
osmolarity close to NaCl still caused shrinkage of
31.8%. We therefore conclude that the osmolarity of the
fixatives is not the only factor influencing the shrinkage
of the entire embedded structure. The discrepancy with
the observations made by Loquman et al. can be
resolved by the fact that they focused on the shrinkage
on a cellular level, whereas this work measures the
shrinkage on a global, entire embedded organ (brain)
level. Furthermore, the additional steps in the fixation
process, such as the ethanol gradient and paraffin
embedding can have an influence on the tissue
shrinkage. The difference between in vivo brain volumes
and ex vivo brain volumes measured directly after
resection of the brains from the skull was not significant.
Therefore, the effect of the skull alone on the brain
volume change observed is negligible. Interestingly, not
only the volumes but also the tissue density changed
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depending on the fixation type. While the formalinbased fixations showed low-density values of -143.4 HU
for PFA (48 h), -137.3 HU for PLP (48 h) and -100.9 HU
for NBF (48 h), the Bouin-Holland fixative (48 h)
caused high values of 36.9 HU. For the zinc-based
fixatives a time-dependency for the tissue density was
found: 6 h (-59.5 HU), 24 h (36.3 HU), 48 h (60.6 HU).
These increasing densities are probably linked to the
accumulation of zinc or copper ions in the tissue,
although a direct measurement of zinc or copper
concentrations was not performed. CT is an excellent
tool for the non-invasive measurement of tissue density
(Rutt et al., 1985). The increased tissue density can
simplify the segmentation of the brain CT scan by the
application of threshold-based methods (Juergens et al.,
2008). Fixation for 6 h in zinc-based solution might be
sufficient for small tissue samples and we could detect a
higher radiodensity in the rim of the brain, which might
indicate an accumulation of zinc ions in this region,
although in general a fixation time of at least 24 h is
recommended (Lykidis et al., 2007).
The comparison of distances between landmarks
confirmed the overall results for the degree of shrinkage
and additionally revealed a higher degree of shrinkage
for the zinc-based fixative in the frontal-caudal direction
(11%-29.4%) than in left-right direction (-46.7%-9.1%)
for the zinc-based fixative. The increase in distances
(negative shrinkage) can be probably attributed to the
location of the landmarks at the surface near the frontal
lobes (Fig. 4A). The observed reduction of the distance
between frontal and temporal lobes leads to the
translation of the L-R frontal lobe landmarks along the
brain surface, so that the distance reduction is to some
extent offset by deformation. Additionally, the degree of
the offset might be dependent on the type of fixative and
the degree of its interaction with the local tissue. The
histograms of deformation vector lengths for NBF
showed the most peaked distribution, indicated by the
high kurtosis value, suggesting a more homogeneous
shrinkage in all directions in comparison to PFA or zincbased fixatives. However, shrinkage inhomogeneity for
zinc-based fixative (kurtosis 4.7) is comparable with
PFA (kurtosis 3.7). Moreover, the zinc-based fixative
shows the lowest median value of 1.61 mm for the
deformation vector length and also on average the lowest
shrinkage between landmarks.
The histological evaluation proved that NBF, PFA
and zinc-based fixatives are suited for H&E staining as
well as for immunohistochemistry as exemplarily
demonstrated by the GFAP. However, the zinc-based
fixative shows in H&E staining a perinuclear retraction
artifact, which needs to be taken into account when
analyzing images, therefore the histological quality of
tissues fixed in NBF and PFA is better compared with
tissues fixed in zinc-based fixatives.
Our study has several limitations. First, volumetric
measurements were only carried out by one reader and
with two different imaging modalities. However, the
discussed histological data on tissue shrinkage found in
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the literature are mainly based on caliper measurements
and were also carried out by only one reader. It is known
that intra- and interobserver agreement for the
segmentation of brain lesions on MRI is quite good (Fiez
et al., 2000). Regarding cross-modality concordance
between CT and MR brain imaging, a good agreement
can be found (Robertson et al., 2003). Next, we have
segmented only the whole brain including cerebrum and
cerebellum, but not different areas separately. According
to Weisbecker, who studied mouse brains, formalin
fixation leads to an immediate distortion of the brains
towards a stouter shape - with an anisotropic distortion
related component accounting for 26% of overall
variation including isotropic size change (Weisbecker,
2012). This group described also that the anisotropic
distortion might have stronger effects on wider and
stouter brain dimensions, although in certain areas such
as the cerebellum a smaller shape change was observed
(Weisbecker, 2012). However, the goal of our study was
to compare the effects of fixation and paraffinembedding in more general terms. Also, the use of a
deformable image registration between different image
modalities to evaluate the length of the surface
deformation vectors has some limitations. Errors in the
registration affect the deformation vector lengths, as
shown in Figure 5F, where the frontal contour is not
exactly matched. However, the registration errors affect
all datasets, thus we expect no significant bias for one
particular fixative. Moreover, gravitational effects may
also account for the observed deformation. These might
be reduced by the use of suspensions or fixatives with
higher densities. Given the differences of relative brain
weight and relative brain cross sectional area between
humans and mice (Defelipe, 2011), and assuming similar
tissue elastic properties, the gravitational effect should
be less pronounced in mice compared to human brain
tissue samples. However, since the tissue handling was
the same for all studied fixatives, the gravitational bias
should be the same for all tissues and fixatives studied.
It should be noted, that besides what was
investigated, mostly formalin and zinc-based fixatives,
other alternative fixatives and technologies exist
(Kacena et al., 2004; Vollmer et al., 2006; Ozkan et al.,
2012). A thorough investigation of these fixatives and
technologies in respect to their suitability for in vivo to
ex vivo comparison studies is certainly needed. The
shrinkage artifacts observed in formalin based fixatives
have also a clinical impact, because they can e.g.
interfere with the evaluation of the tumor-free margin in
certain specimens (Docquier et al., 2010).
In conclusion, we could show that shrinkage degree
is strongly dependent on the fixation type. Compared to
NBF, the zinc-based fixative shows a larger degree of
inhomogeneity in tissue shrinkage, but is still more
homogenous than PFA. The perinuclear retraction
artefact seen in H&E staining of zinc-based fixative
sections needs to be considered when analyzing
histological section. Given our findings, it is obvious
that a compromise between tissue shrinkage,
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inhomogeneity of shrinkage and suitability of
histological staining has to be made when considering
the evaluated fixatives.
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