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a  b  s  t  r  a  c  t

Before  investigating  human  brains  post  mortem,  the  first  preparation  step  is often  formalin  fixation  of the
brain.  As  the  brain  consists  of  inhomogeneous  tissues,  the  fixation  leads  to  a  three-dimensional  strain
field  within  the tissue.  During  the  single  case  MR-based  investigation  of  the  brain,  first,  the  starting
point  with  the  brain  post  mortem  but  still  within  the  cranium,  was  examined.  Then  13  MR  data  sets  were
acquired  over  a fixation  period  of  70 days  and compared  to  the  initial  data  set.  Based  on  affine  registration
eywords:
uman brain
ormalin fixation
agnetic resonance imaging

ffine registration
on-rigid registration

of  the  data  sets,  the  global  volume  shrinkage  was found  to be 8.1%.  By  means  of  a non-rigid  registration
additional  maximal  local  volume  strains  of 32%  were  determined.

© 2011 Elsevier B.V. All rights reserved.
eformation field

. Introduction

The current developments in neurosurgical approaches,
ike magnetic resonance (MR)-guided neurosurgery with high-
ntensity focused ultrasound (e.g., Kennedy et al., 2003; Jolesz
nd McDannold, 2008; Martin et al., 2009) require a profound
nowledge of the morphology of the human brain down to the
icrometer level. Currently, neurosurgeons use detailed stereo-

actic atlases of human brain (Schaltenbrand and Wahren, 1977;
orel, 2007) to plan the treatment. The generation of such a brain

tlas involves several steps. First, the brain tissue has to be fixated
n order to avoid its degradation. In most cases formalin fixation is
sed. After sectioning the brain in few several dozen micrometer
hin slices, it is stained using different protocols. The histological
lices enable the distinction between different nuclei and the fibre
ystem. Unfortunately, the different preparation steps cause local
eformations of the brain tissue compared to the in vivo situation.
uch deformations were already investigated by Germann et al.
2008), where two-dimensional histological slices were corrected

y the related computed tomography (CT) slices and by Schulz
t al. (2010),  where the histological data was stacked to a three-
imensional (3D) data set and corrected by the 3D CT data set. The

∗ Corresponding author. Tel.: +41 61 265 9618; fax: +41 61 265 9699.
E-mail address: georg.schulz@unibas.ch (G. Schulz).

165-0270/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jneumeth.2011.08.031
present contribution examines the formalin fixation, namely the
global shrinkage and related local deformations resulting from the
inhomogeneity of the brain tissues.

The shrinkage of soft tissues during fixation results from sev-
eral physico-chemical reactions (Burck, 1982; Romeis and Böck,
1989). The most important process is the fixation of proteins (see
scheme in Fig. 1). The structure of native proteins is maintained
by numerous chemical bonds like hydrogen, covalent, dative and
hydrophobic bonds as well as electrostatic and Van der Waals
forces. The classical way to cross-link proteins is by denaturation:
bonds break and chemically active groups become available for
cross-linking. Another procedure is the application of fixatives like
formaldehyde where the cross-linking of the proteins takes place
without the denaturation by formation of methylene bridges and
Schiff bases (see scheme in Fig. 2).

Most examinations on shrinkage during formalin fixation were
accomplished on tissues like liver and kidney (Wüstenfeld, 1955;
Bloom and Friberg, 1956; Bahr et al., 1957) or on brain tissue of ani-
mals like rats (Leibnitz, 1967; Hillman and Deutsch, 1978) and dogs
(Fox, 1965). Of course, it has to be disputed how far these studies can
be compared with human brain tissue. Examinations of the human
brain stem exist where the shrinkage is measured on the basis of 2D

histological slices (Quester and Schröder, 1997). The present study
however uses 3D magnetic resonance imaging (MRI) data sets of
the whole brain post mortem. Data sets of the brain inside the skull,
after extraction, and at different fixation times were investigated.

dx.doi.org/10.1016/j.jneumeth.2011.08.031
http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
mailto:georg.schulz@unibas.ch
dx.doi.org/10.1016/j.jneumeth.2011.08.031
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information (MI) principle (Maes et al., 1996; Viola and Wells,
Fig. 1. Scheme of the cross-linking process of denatured proteins during fixation.

he evaluation of the deformations of the brain is based on 3D

ffine and non-rigid registration. This non-destructive technique
llows examination of the influence of formalin on the brain tissue
uantitatively. The usage of a 3D imaging technique combined with

Fig. 2. Scheme of the cross-linking process of non-denatured or m
ce Methods 202 (2011) 17– 27

non-rigid registration permits the extraction of the local deforma-
tions, which are relevant for the inhomogeneous brain tissue, and
the separate examination of expansion and shrinkage of regions of
interest inside the brain.

2. Materials and methods

For the measurements, a human brain of a 68 year old male with
no neuropathological signs at autopsy was  used. All procedures
were conducted in accordance with the Declaration of Helsinki and
according to the ethical guidelines of the Canton of Basel. After
the first MRI  scan of the intact head (within 48 h after death), the
following steps of preparation were carried out. First, the scalp
was detached and the calvaria removed through a horizontal cut.
After the transection of the tentorium cerebelli and a cut through
vasculature, nerves and the medulla, the brain was  extracted and
put into 10% formalin for fixation. The brain was then measured
again after diverse formalin fixation degrees. During the measure-
ments it was in a container filled with formalin. Here, the brain
was sinking to the ground of the container, but because of similar
density to the formalin solution the touching area was  restricted
to a very small interface with negligible influence on the brain’s
shape.

All MRI  scans were performed on a Verio 3T whole body
scanner (Siemens Health Care, Erlangen, Germany). MPRAGE acqui-
sitions with 0.7 mm isotropic resolution and a field of view
(FOV) of 268.0 × 268.0 × 179.2 mm3 were performed with an
8◦ flip angle, 2000 ms  repetition time, 2.72 ms echo time, and
700 ms  inversion time. Twelve averages were taken in order
to reach sufficient signal to noise ratio (SNR) within a total
scan time of 154 min. The determined SNR of the data sets
had a value of 200. Four of the data sets were scanned using
MPRAGE acquisitions with 1.0 mm isotropic resolution, a FOV of
256.0 × 256.0 × 256.0 mm3, an 8◦ flip angle, 2000 ms  repetition
time, 2.41 ms  echo time and 700 ms  inversion time. Taking four
averages to reach identical SNR level, the total scan duration was
34 min.

For the determination of the volume changes of the brain
one day after extraction and during formalin fixation a 3D affine
registration algorithm was  used (Fierz et al., 2008). The registra-
tions were performed using the classical maximization of mutual
1995). In order to determine local deformations of the brain
caused by extraction and formalin fixation, the related 3D data
sets were registered by means of a non-rigid registration algorithm

inimally denatured proteins during fixation using a fixative.
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Fig. 3. Three-dimensional rigid and affine registration of the data sets of the brain inside the cranium (gray scale, hexagon) and one day after extraction (orange colored,
circle).  On the right side the images before and after registration are overlaid with the colored image being semi-transparent. The arrowheads demonstrate the deformations
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aused  by extraction and one day of formalin fixation and the correction of them us
he  reader is referred to the web version of the article.)

eveloped at Computer Vision Lab, ETH Zurich. The chosen reg-
stration algorithm is based on the adaptive hierarchical image
ubdivision strategy, which decomposes the non-rigid matching
roblem into numerous local affine registrations of sub-images
f decreasing size (Andronache et al., 2008). The local registra-
ions were again performed using the classical maximization of

I principle. The local registration parameters were found using
he Powell multi-dimensional search algorithm (Press et al., 1988)
uch that the MI  between the reference and the floating sub-images
as maximized. The hierarchical image splitting strategy was  pro-
osed by Likar and Pernus (2001) and was recently extended
o 3D with several improvements (Andronache et al., 2008). The
ierarchical splitting was governed by a sub-image information
onsistency test in the form of the Moran spatial autocorrelation
oefficient. At each level of the hierarchy, the consistency of the

nformation contained in each of the further subdivided images

as tested, and all those sub-images failing this test were no
onger subdivided or registered at the successive levels. This con-
istency test was also used as the stopping criterion for the entire
fine registration. (For interpretation of the references to color in this figure legend,

registration algorithm. The hierarchical image subdivision was
complete when no structural information was found in any of the
currently partitioned sub-images, and therefore, their local reg-
istration was  meaningless. As a consequence of the use of the
information consistency test, at the last hierarchical level, the size
of the sub-images may  differ from one another. A typical minimum
size is around 8 × 8 × 8 voxels depending on the level of details and
noise in the original image. The final deformation field was esti-
mated from all registration parameters of all sub-images at the last
hierarchical level by thin plate spline (TPS) interpolation. As the
deformation field induced by formalin fixation has been unknown
so far, it was impossible to provide a validation of the registration
result for the particular case. The error bars were deduced using
this registration method validated for the liver (Andronache, 2006).
More precisely, using a MR  scanner, T1 and T2 weighted images

of the liver were acquired simultaneously at different stages of
the respiratory cycle. The non-rigid registration was then used to
recover the deformation fields, and the statistics led to an accuracy
of 1.07 ± 0.75 in voxel dimensions.



20 G. Schulz et al. / Journal of Neuroscience Methods 202 (2011) 17– 27

Fig. 4. Three-dimensional rigid and affine registration of the data sets of the brain one day after extraction (gray scale, circle) and after 70 days of formalin fixation (orange
colored,  square). Here, as well, the images before and after registration are overlaid with the colored image being semi-transparent. The arrowheads demonstrate the
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eformations arisen during formalin fixation and the correction of them using affine
s  referred to the web version of the article.)

. Results

.1. Global volume changes due to extraction and formalin
xation

Fig. 3 illustrates the deformations caused during the extraction
nd after one day of formalin fixation. For this purpose the MRI
ata set of the brain inside the cranium (hexagon) was registered
ith the data set one day after extraction (circle) using a rigid and

ffine registration algorithm. Having six degrees of freedom, i.e.
hree degrees of translation and three degrees of rotation, the two
ata sets were rigidly registered. Affine registration also includes
caling in the three orthogonal directions. The virtual cuts are given

ccording to the data acquisition to avoid potential artifacts as the
esult of resampling. The data set scanned one day after extrac-
ion (colored orange) is matched to the data set before extraction
nd is made semi-transparent in order to indicate the differences.
ration. (For interpretation of the references to color in this figure legend, the reader

Regarding the rigid registration, the blue arrowheads hint that the
volume of the data set of the brain one day after extraction is larger
than that of the data set inside the skull. After the affine registra-
tion, where additionally a scaling factor is used for the registration,
the boarders of the brain fit much better. The scaling factor of
1.052 ± 0.003 means an expansion of the brain of 5.2% ± 0.3% result-
ing from extraction and one day of formalin fixation. Furthermore
the registered data set of the brain one day after extraction was
compared to the data sets at further steps of fixation. Fig. 4 shows
the comparison of the brain one day after extraction (circle) with
the one after 70 days of fixation (square). Here, the data set after 70
days of fixation is colored orange, made semi-transparent and laid
over the data set one day after extraction. Again the arrowheads

illustrate the differences between the data sets. The matching indi-
cates that the volume of the data set after 70 days of fixation is
smaller than that one day after extraction. This assumption can
be proved by the affine registration of the data sets resulting in a
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Fig. 5. Time-dependent progress of the whole brain volume one day after extrac-
tion and further formalin fixation. Highlighted are the moments of the brain inside
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caling factor of 0.934 ± 0.003. The modification of the brain volume
t different steps of formalin fixation can be seen in Fig. 5. Dur-
ng a fixation period of 70 days, nine scans with 0.7 mm isotropic
oxel size (blue data sets) and four scans with 1.0 mm isotropic
oxel size (orange data sets) were acquired. After the increase of the
olume one day after extraction, a decrease of the volume can be
bserved during the fixation period. A fit using an exponential func-
ion provides the value for the volume shrinkage of the brain after
nfinite time of fixation. The fit parameter y0 in Fig. 5 represents a
otal volume shrinkage value (compared to the volume inside the
kull) of 96.7% ± 0.5%. This value contains both effects, namely the
xpansion during the first day after extraction and shrinkage dur-
ng fixation. Consequently, the net shrinkage value during fixation

ithout the effect of extraction and one day of formalin fixation is
1.9% ± 0.6%.

.2. Local deformations caused by extraction and formalin
xation
After the affine registration, the data sets were registered using
he non-rigid registration algorithm in order to determine addi-
ional local deformations inside the brain induced by extraction and
ormalin fixation. Figs. 6 and 7 compare the results of the affine and

the cranium (hexagon), one day after extraction (circle) and after 70 days of fixation
(square) which are illustrated in Figs. 3 and 4. The blue data sets were acquired with
an  isotropic voxel size of 0.7 mm,  the orange data sets with 1.0 mm.  (For interpreta-
tion  of the references to color in this figure legend, the reader is referred to the web
version of the article.)

ig. 6. Comparison between three-dimensional affine and non-rigid registration of the data set of the brain inside the cranium with the data set one day after extraction.
he  arrowheads illustrate the benefits of the non-rigid registration algorithm.
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ig. 7. Comparison between three-dimensional affine and non-rigid registration o
rrowheads illustrate the benefits of the non-rigid registration algorithm.

he non-rigid registration. The arrowheads indicate the differences
f the registration results.

Performing the non-rigid registration, the individual voxels of
he deformed data set are shifted to the related 3D positions of
he initial data set of the intracranial state. The resulting 3D defor-

ation vector field caused by the extraction and one day formalin
xation of the brain is illustrated in Fig. 8. First, the magnitude of the
oxel displacement vectors is shown by means of three orthogonal
lices on the left side of the figure. The average strain value, which
s equal to the average magnitude value of the 3D displacement
ectors, is 0.6 mm.  The more interesting value is the maximal mag-
itude of the displacements which amounts to 3.7 mm.  In order to
emonstrate the orientations of the displacement vectors, a more
etailed 2D vector field was shown for several interesting areas
insets at the right side of the figure). The mean absolute pixel
isplacements (arrow length) of the whole data set in x-, y- and
-direction amount to 0.34 mm,  0.25 mm and 0.30 mm.  The maxi-
al  pixel displacements amount to 3.62 mm,  2.30 mm and 2.81 mm

n the directions of the x-, y- and z-axis. The 3D deformation field

nduced by formalin fixation is shown in Fig. 9. Again the values
f the averaged extension, amounting to 0.15 mm,  0.11 mm and
.19 mm,  and the maximal strains, amounting to 1.88 mm,  1.30 mm
nd 2.65 mm,  were determined for x-, y- and z-direction. The
data set one day after extraction with that after 70 days of formalin fixation. The

maximal magnitude of the displacement vector field due to for-
malin fixation amounts to 2.7 mm.

3.3. Determination of the local volume strain field

The deformation field shown in Section 3.2 corresponds to a
voxel displacement field. In order to investigate differences in the
shrinkage values of interested regions of the brain, a local volume
strain field was determined.

Having the 3D displacement field D, a 3D local strain field in
x-direction εx can be calculated by

εx = Dx ∗ kx, (1)

the convolution of the x-coordinate of the displacement field Dx

with the 3D kernel

kx(:, 1, :) = kx(:, 2, :) = kx(:, 3, :) = 1
18 · lx

(−1 0 1
−1 0 1
−1 0 1

)
, (2)
lx being the voxel length of the data set in x-direction. Eq. (1) is
a matrix which contains local shrinkage values (negative signs)
and local expansion values (positive sign) of data set sub-volumes
having the size of 3 × 3 × 3 voxels. Values equal to zero represent
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Fig. 8. Three-dimensional deformation vector field of the brain due to extraction and one day of formalin fixation, exemplary shown by means of the magnitude of the voxel
displacement vectors for the three orthogonal slices. Zooms of selected regions illustrate the orientation of the vectors projected on the corresponding plane.
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Fig. 9. Deformation vector field induced by formalin fixation shown by maps of the magnitude of the voxel displacement vectors and two-dimensional vector fields of
selected regions which demonstrate the orientations of the deformations.
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Fig. 10. Local volume strain field induced by extraction an

olumes with neither shrinkage nor expansion. An other way to
efine strains is the use of scaling factors. The scaling factors in
-direction can be determined by

x = J + εx, (3)

here J is a matrix of ones having the same dimensions as εx. Using
he kernels

y(:, :, 1) = ky(:, :, 2) = ky(:, :, 3) = 1
18 · ly

(
1 1 1
0 0 0

−1 −1 −1

)
(4)
nd

z(1,  :, :) = kz(2,  :, :) = kz(3,  :, :) = 1
18 · lz

(
1 1 1
0 0 0

−1 −1 −1

)
, (5)
malin fixation shown by maps of the local scaling factors.

the local strains in y- and z-direction can then be determined by

Sy = J + Dy ∗ ky and Sz = J + Dz ∗ kz. (6)

The determination of the local volume strains is a componentwise
multiplication of the calculated scaling matrices

Svol = Sx · Sy · Sz. (7)

Fig. 10 demonstrates the local volume strain field induced by
extraction plus one day of fixation and as a result of formalin fix-
ation over a period of 70 days. The local strain field after one day
after extraction has maximal volume strains of 1.32 and minimal

values of 0.73. During the fixation period, maximal strains of 1.22
and minimal strains of 0.76 occurred. In order to affirm the global
scaling factors determined by the affine registration in Section 3.1,
the mean value of the local strains should amount to one being in
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alance between shrinkage and expansion which is the case with
he mean strain value of 1.008 for the data set one day after extrac-
ion and 1.001 for the data set after formalin fixation.

. Discussion

Because of its high lateral spatial resolution, microscopy of his-
ological sections is generally used for the characterization of brain
issue down to the cellular level. One of the first preparation steps is
he formalin fixation of the whole brain after the extraction. Firstly,
ne expects a global volume change due to the extraction from the
ranium and, inside the brain, local deformations caused by the
andling procedure. Secondly, the fixation process should induce a
hrinkage of the whole volume (Lang, 2006). Because of the inho-
ogeneity of the brain tissue, that can be explained by different

hemical composition for instance of cerebral white and gray mat-
er (Brooks et al., 1980), we  also can expect a local strain field, which
as not investigated until now. So far, the determination of the

hrinkage of human brain during formalin fixation is based on the
easurement of linear shrinkage values of brain slices (Mouritzen
am, 1979; Quester and Schröder, 1997). During their study con-
erning Huntington’s disease, Halliday et al. (1998) describe the
etermination of the volume shrinkage induced by formalin fixa-
ion measuring the volumes by fluid displacements. Unfortunately,
sing this technique, it is impossible to determine the volume
hanges induced by extraction of the brain or the local deforma-
ions due to the inhomogeneity of the brain tissue. Therefore, it is
mportant to find a technique which enables us to determine the

hole volume changes as well as the local strains in order to allow
he correction of the artifacts induced by extraction and formalin
xation of the human brain.

MRI  permits the non-destructive 3D visualization of the
xtracted human brain as well as inside the cranium and is known
or its superb contrast between white and gray matter which makes
egistration between the data sets easy. The comparison of the data
ets, intracranial and after extraction at different fixation steps can
e arranged by means of an affine registration (for the determina-
ion of the volume change) and by means of a non-rigid registration
for the determination of the local strains). Rigid registration relates
o solid states of identical size. Affine registration consequently
elongs to the non-rigid approaches. Therefore, one might better
erm the non-rigid approach used in this study as elastic registra-
ion.

After the extraction of the brain and one day of formalin fix-
tion, a volume expansion of the whole brain of 5.2% ± 0.3% was
etermined. This first measurement after extraction is a superposi-
ion of the initial expansion related to extraction from cranium and
he initiated early stages of fixation. The effect of expansion can be
xplained by lower pressure values outside the cranium and the
welling effect caused by osmotic pressure of the formalin solution
Hrdlicka, 1966; Blinkow and Glezer, 1968). Subsequently, the for-

alin treatment of the soft tissue induces brain shrinkage. The pure
ormalin fixation (without the effect caused after one day of extrac-
ion) of human brain tissue during a period of 70 days resulted in a
olume shrinkage of 8.1% ± 0.6%. Mouritzen Dam (1979) indicates a
olume shrinkage of gray matter of 33%. This value was determined
y the measurement of slice thickness changes during formalin
xation with different concentrations and extrapolating the linear
hrinkage value on the volume shrinkage. The assumption that the
hrinkage of the different parts of the brain is isotropic is debatable,
s shown by Quester and Schröder (1997).  On the basis of an inves-

igation of the formalin effect on human brain stem, they showed
hat the shrinkage is anisotropic, resulting in a shrinkage value of
.3% along the longitudinal direction and almost no shrinkage along
he transversal directions which results in a volume shrinkage of
ce Methods 202 (2011) 17– 27

around 8.3%. The volume shrinkage of the human brain stem is in
the range of the value we obtained for the volume shrinkage of
the whole brain. Values between 5% and 9% volume shrinkage dur-
ing formalin fixation with concentration of 5–10% and pH values
between 7.1 and 7.4 were determined by Burck (1982),  measur-
ing area changes of slices of different human soft tissues. These
values also conform well with our result. The listed results are lin-
ear (Mouritzen Dam, 1979; Quester and Schröder, 1997) or area
(Burck, 1982) measurements of specific parts of the brain which
then are extrapolated to the volume shrinkage value. Furthermore,
these techniques cannot reveal the effect of the brain extraction.
The technique used here allows, besides the real 3D determination
of the brain shrinkage during formalin fixation, the evaluation of
the effect of extraction on the brain volume expansion. The two
counteractive effects result in a net volume shrinkage of the brain
of 3.3% ± 0.5% compared to the post mortem situation of the brain
inside the cranium.

The most important advantage of the technique is the possibil-
ity, not only to determine the global shrinkage of the brain, but
also to analyse local shrinkage values and deformations of differ-
ent parts of the brain. After MRI  of the brain at the different steps
of the investigation, one can determine volume shrinkage values
using an affine and local strain field using a non-rigid registra-
tion. The calculated maximal local volume strain values of 32% and
−27% due to extraction and one day of formalin fixation and 22%
and −24% due to formalin fixation in addition to the whole vol-
ume  changes cannot be disregarded. The maximal local strains have
been found at different parts of the brain depending on the fixation
time, Fig. 10). After extraction and one day of formalin fixation,
the maximal expansion values were mainly located at the ventri-
cles what can be seen on top left of the figure. The enlargement
of the ventricles due to the lower pressure outside the cranium
explains this behavior in a natural way. During the earlier stages
of formalin fixation, the maximal strain values were found in the
outer region of the brain to which the formalin could diffuse rather
fast.

The non-rigid registration algorithm not only determines the
changes but also corrects them and thereby generating a 3D data set
which, despite underlying different preparation steps, correlates
well with the data set of the brain post mortem inside the cranium,
although having endured different preparation steps.

5. Conclusions

In order to determine the volume change of the whole human
brain during extraction and formalin fixation, an affine registration
algorithm was  applied on MRI  data sets at diverse steps of the study.
Furthermore, the contribution demonstrated the power of 3D non-
rigid registration in order to correct local artifacts produced during
the extraction and the formalin fixation. This technique generates
a morphological condition of the brain that is very close to the post
mortem situation inside the skull. This data set can then be used
for the correction of the high resolution data set (e.g., synchrotron
radiation-based microcomputed tomography) of a smaller part like
the thalamus and finally for the correction of the micrographs of the
histological slices and consequently the correction of stereotactic
atlases.
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