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Abstract

For the interpretation of magnetic resonance imaging (MRI) abnormalities
in brain pathology, often ex vivo tissue is used. The purpose of this study
was to determine the pathological substrate of several distinct forms of
MR hypointensities that were found in formalin-fixed brain tissue with am-
yloid-beta deposits. Samples of brain cortex were scanned using effective
transverse relaxation time-weighted protocols at several resolutions on a
9.4T MRI scanner. High resolution MRI showed large coarse hypointensi-
ties throughout the cortical gray and white matter, corresponding to mac-
roscopic discolourations and microscopic circumscribed areas of granular
basophilic neuropil changes, without any further specific tissue reactions
or amyloid-beta related pathology. These coarse MRI hypointensities were
identified as localized areas of absent neuropil replaced by membrane/
myelin sheath remnants using electron microscopy. Interestingly, the
presence/absence of these tissue alterations was not related to amyloid
deposits, but strongly correlated to the fixation time of the samples in
unrefreshed formalin. These findings show that prolonged storaged of
formalin fixed brain tissue results in subtle histology artifacts, which show
on MRI as hypointensities that on first appearance are indistinguishable
from genuine brain pathology. This indicates that postmortem MRI should
be interpreted with caution, especially if the history of tissue preservation
is not fully known.

Keywords: MRI, ex vivo, formalin
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Introduction

Magnetic resonance imaging (MRI) of postmortem brain tissue offers a
valuable research method to study disease related changes in image con-
trast, because the findings can be correlated to histology (1-12). High
resolution ex vivo imaging has been a useful tool in interpreting the MRI
features of many neurodegenerative disorders, including multiple sclero-
sis (MS), Alzheimer’s disease (AD), and (sporadic) cerebral amyloid angi-
opathy (1-3, 6-9, 11, 12). However, the MR characteristics of the tissue
rapidly change in the postmortem situation because of tissue decomposi-
tion and chemical fixation; therefore direct translation of the findings to
the clinical setting has to be done with caution (13-19).

First, tissue decomposition occurs during the postmortem interval (PMI),
the time period between the patient’s somatic death and beginning of the
immersion-fixation of the tissue, which varies among subjects. Several
studies have shown that an increasing PMI leads to a reduction of T1
and T2 (13, 15, 20). However, a more recent study suggested that these
findings might mainly be due to tissue dehydration or the fixative itself.
When these effects were minimized, proton density, T1 and T2 values all
increased with longer PMI (17). Also, mean diffusivity and fractional ani-
sotropy decrease with prolonged PMI (17, 21).

After autopsy, brain tissue will be immersed into a solution containing a
chemical fixative, most frequently being formalin also known as formal-
dehyde. These solutions preserve tissue by slowly diffusing into it, leading
to the cross-linking of proteins and immobilization of water molecules,
thereby preventing autolysis and tissue decomposition (21-23). By its
nature it is to be expected that this would affect MR characteristics, which
indeed was confirmed by several postmortem brain MRI studies. A reverse
in gray matter (GM)/white matter (WM) T1 contrast occurs within several
days of fixation, merely due to a rapid decline in the latter combined with
a general decrease in both continuing at least up to 3 months (18). Simi-
larly, T2 relaxation declines with prolonged fixation affecting both GM and
WM, reaching a stable plateau as shown by consecutively imaging up to 6
months fixation (13-15, 18).

All of the above has lead to important considerations on the correct meth-
od to obtain and interpret postmortem MR images (13, 15).

However, similar studies investigating the effect of long fixation periods
(> 6 months) on the MR characteristics have not yet been published.
Nevertheless, this question is important, especially when using rare ma-
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Table 1
Subject characteristics and corresponding macroscopic, MRI and histology scores

Subject Age/ Sex Post mortem  Fixation PMI Macroscopic Coarse MR Granular
nr. (yr) pathologic period (hrs)  discoloration Hypo intensities  neuropil
evaluation (yr) changes

1 88/F AD 0.3 Absent Absent Absent

2 29/M Control 0.3 Absent Absent Absent

3 70/F sCAA 0.5 Absent Absent Absent

4 53/M Control 0.5 Absent Absent Absent

5 53/M Control 0.5 Absent Absent Absent

6 71/M sCAA 0.5 Absent Unknown Absent

7 49/M DS 1 13 Absent Absent Absent

8 64/M AD 6 48 Present Present Present

9 58/M HCHWA-D 6 6 Present Present Present
10 73/M AD 7 9 Present Present Present
11 65/F AD 7 2 Present Extensive Present
12 50/F HCHWA-D 9 21 Present Extensive Extensive
13 45/F HCHWA-D 15 Present Extensive Extensive
14 90/F AD 16 Present Extensive Extensive
15 52/M HCHWA-D 17 1 Present Extensive Extensive
16 62/F DS 19 Present Extensive Extensive
17 62/M Control 26 Present Extensive Extensive
18 58/F AD 42 14 Present Extensive Extensive

M = Male; F = Female; sSCAA = sporadic cerebral amyloid angiopathy; DS = Down’s syndrome; AD =
Alzheimer’s disease; HCHWA-D = hereditary cerebral hemorrhage with amyloid Dutch type; PMI =
Postmortem interval; MRI coarse hypointensities: Absent = 0; Present = 1 -10 hypointensities in one
image; Extensive > 10 hypointensities in at least one of the two examined images. Granular neuropil
changes: Absent = 0; Present = 1-4 changes per section; Extensive > 5 changes in at least 1 of the 3
sections.

terial from tissue archives, which are stored using fixatives like formalin
for periods ranging from several years to decades. In a recent study us-
ing archival tissue with prolonged fixation times, we noticed unusually
large coarse hypointensities, especially apparent on high resolution effec-
tive transverse relaxation time (T2*) weighted images, in several brain
samples regardless of their pathological diagnosis. We hypothesized that
these coarse hypointensities were the result of the extended formalin
fixation period.

Therefore, the purpose of this study was to investigate the occurrence
of these T2* changes with respect to their formalin fixation time in brain
samples with different pathologies. To this end, MR images were obtained
of 18 samples with fixation times ranging from 3 months to several dec-
ades. Subsequently, the samples were evaluated both macroscopically
and microscopically to identify the occurrence and the microscopic sub-
strate of tissue changes due to prolonged fixation.
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Table 2: Granular neuropil changes of long and short fixed tissue from the same subjects.

Subject Age / Sex Port mortem Granular neuropil changes
(yr) diagnosis Fixation period:
<0.5yr 9-42yr
13 45/F HCHWA-D - +
15 52/M HCHWA-D - +
17 62/M Control - +
18 58/F AD - +

HCHWA-D = Hereditary cerebral hemorrhage with amyloid Dutch type,

AD = Alzheimer’s disease

Materials and Methods

Subjects

We used brain tissue of six patients with AD, four patients with Hereditary
Cerebral Haemorrhage with Amyloidosis, Dutch type (HCHWA-D), two pa-
tients with Down’s Syndrome (DS), two patients with sporadic Cerebral
Amyloid Angiopathy (CAA) and four control brains (Table 1). The brain
tissue had been routinely immersed in buffered 10% formalin for several
weeks to 6 months after which the wet tissue was archived in sealed plas-
tic bags with a small excess of 10% formalin. Total fixation times varied
from 4 months to 42 years. From a subset of subjects, several samples of
the exact same brain had also been paraffin embedded at the beginning of
their fixation process, normally within 1 month postmortem. This allowed
a direct comparison of structural changes with tissue from the same pa-
tients that was archived in formalin and embedded in paraffin several
years later (Table 2).

Table 3: pH-measurements

Magnetic Resonance Im-

Subject Post mortem Fixation period pH :
diagnosis (yr) aging

5 Control 05 662 A slice of 20x15 mm brain
12 HCHWA-D 9 6.11 tissue was selected from
15 HCHWA-D 17 4.98 . .

0 Control by’ P each subject and cut into
18 AD 42 5.12 a 4-mm-thick slice using a
Fresh fi li 7 B .
resh formain vibratome (VT1000S, Leica
HCHWA-D = Hereditary cerebral hemorrhage with amyloid M icrosyste ms, Wetzla r,

Dutch type, AD = Alzheimer’s disease
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Figure 1: Similar T2* weighted MR images of subject 14 acquired with isotropic reso-
lution of respectively A) 40 um, B) 100 pm, C) 200 pm and D) 400 pm. Many coarse
hypo intensities are detected in the higher resolution, but even in D) hypo intense
voxels correlate back to them (white arrows). E) Shows the calculated T2* map of the
section in B) with the previously seen hypo intensities having a lower T2* then the
surrounding tissue.

Germany). The 4-mm slice was placed in a custom made tissue holder,
immersed in a proton-free fluid (Fomblin, Solvay, Solexis, Milan, Italy)
and positioned in a vertical small-bore 9.4T Bruker Avance 400WB MRI
system, equipped with a 1T/m actively-shielded gradient insert and Para-
vision 4.0 imaging software (Bruker Biospin, Ettlingen, Germany). A 20-
mm birdcage transmit/receive coil was used (Bruker BioSpin). Several
three dimensional T2*-weighted gradient echo sequences were obtained
with isotropic resolutions of 40 — 100 - 200 - 400 ym with the number
of signal averages being 60 - 20 - 20 - 12 respectively, echotime/pulse
repetition time = 12.26 / 75 ms, flip angle = 259. With the matrix size
depending on the shape of each sample, average scan time per resolution
were 28 hrs, 2 hrs 40 min, 20 min. and 8 min respectively. For quanti-
tative T2* measurements, 100 pm scans were also acquired using echo
time= 8-10-12.26 - 15 ms.
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Histology

Following MRI, brain slices were paraffin-embedded and serially cut in
8-um sections. Consecutive sections were stained for general microscopic
morphology (hematoxylin and eosin (HE)), for myelin (Kluver-Barrera),
for iron (Perls and a modified Perls DAB) (24), (FEIII-DAB, FEII-DAB)
(25), copper (Romeis) and immunohistochemistry for AR (Dako, 6F/3D)
(26), and glial fibrillary acidic protein (GFAP) (Dako, 6F2) (27). To allow
correlation with MRI, sections were digitalized using a flatbed scanner
(Agfa).

Electron microscopy

Electron microscopy was performed on a subset of subjects (Table 2) as
previously described (28). Collection was done on copper grids instead of
carbon grids. Sections were examined using a JEOL JEM-1011 electron
microscope operating at 60 kV and digitalized using a MegaView III cam-
era.

Analysis / Scoring

Two sequential MR slices from the three dimensional data sets at 40 um
resolution were examined for “coarse” hypointensities defined by large
size (120-1200um), irregular contour and elongated to stellate shape.
These coarse hypointensities were scored as follows: absent: 0 coarse
hypo intensities, present: 1-9 coarse hypointensities, extensive: =10

A B

Figure 2: Images from subject 13 showing A) fixated brain tissue with white dis-
colourations (white arrows) and B) high resolution (40pm) T2* weighted MR im-
ages of the same brain tissue with coarse hypo intensities (white arrows).
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Figure 3: Images of subject 17. Comparison of MR image with HE staining and A staining
correlating the granular neuropil changes with the hypointensities in the MRI. The rectan-
gles are the locations of 10x magnifications 1, 2 and 3. Showing that granular neuropil
changes can be found at the same location as the hypo intensities but without amyloid
deposition. Scale bars are given. A: HE staining; B: MR image; C: A staining

coarse hypointensities. Three HE stained sections from the same level
of the two sequential MRI slices were used to correlate MR images with
histology. To perform these correlations, we used Adobe Photoshop 6.0
to visually overlay digitalized histological sections to their corresponding
MR images. Of each patient, the same HE sections were used to score
the amount of granular neuropil changes as follows: absent if no granular
neuropil changes were found, present for 1-4 and extensive for = 5 neu-
ropil changes in at least one out of the three sections.

Subjects with similar score were combined for group analysis (Mann-Whit-
ney) to find significant differences (P-value < 0.05) in fixation period and
age (SPSS 17).

pH of formalin

Of five patients with widely variable fixation times (Table 3), the pH of the
formalin around the brain slices in sealed plastic bags was determined
using a logging pH meter (Hanna, H1 98230).
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Results

Magnetic resonance imaging

High resolution T2*W images of 11 subjects showed irregularly con-
toured, elongated and stellate shaped hypointensities that were randomly
distributed throughout the cortical gray matter and to a lesser degree in
the white matter (Fig.1A). Their typical size (120 - 1200um) and char-
acteristic shape allowed clear distinction from possible other brain struc-
tures known to have a similar effect on T2*, e.g., blood vessels or small
roundish hypointensities caused by amyloid-B (AB) plaques, especially
when including their spatial orientation (Fig.4). Based on these character-
istics, we defined them as “coarse hypointensities” and tissue was scored
according to their presence (Table 1).

When comparing similar MR images of the same section at decreasing
resolution (Fig.1A-D), these coarse hypointensities became less pro-
nounced and harder to recognize as such. This depended on their actual
size and shape being affected by partial volume effects due to increasing
voxel size. High and low resolution data were compared with assess, if
hypointense voxels on low resolution scans correlated with coarse hypoin-
tensities at high resolution. The largest coarse hypointensities were also
visible at the lowest isotropic resolution of 400 um, which is comparable
to the in vivo MRI resolution (Fig.1D). On quantitative T2* maps, areas
containing coarse hypointensities caused a clearly noticeable decrease in
T2* (Fig. 1E).

Pathology

Macroscopy

Only in brain tissue with coarse hypointensities on MRI, well circumscribed,
white discolourations with similar size and distribution as the coarse MRI
hypointensities were observed (Fig. 2, Table 1).

Histology

Microscopically, HE sections of tissue blocks with macroscopic white dis-
colourations showed neuropil alterations with a close spatial correlation
to the coarse MRI hypointensities (Fig. 3 and 4). These neuropil altera-
tions comprised irregular, well circumscribed areas of granular, basophilic
changes usually with some tissue rarefaction (Fig. 5). The corresponding
Kluver’s staining within these areas was decreased with respect to sur-
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Figure 4: Images from subject 18. Comparison
of MR image with HE staining and AP staining.
Showing granular neuropil changes in the white
matter without AB deposition and plaques com-
bined with these changes. The rectangles are
the locations of the magnifications. Scale bars
are given. A: MR image; B: HE staining; C: AB
staining; 1B: 10x magnification of the HE stain-
ing showing the granular neuropil changes in
the white matter; 1C: 10x magnification of the
AB staining showing these changes in the WM
without AB deposition. 2C: 5x magnification of
the AB staining, showing the granular neuropil
changes with plaques and only plagues.
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rounding cortex/white matter suggesting a lower density of myelin. Most
of these areas showed birefringence under polarized light in the HE that
was not seen in unstained sections or the Kluver’s stain that excludes the
presence of anorganic material. The areas of basophilic granular neuropil
changes were randomly distributed throughout the cortex and increas-
ingly present in the white matter of tissue with long fixation times. These
areas were found around vessels but also apart from vessels. The baso-
philic granular neuropil changes showed no signs of gliosis, haemorrhag-
es or infarcts. Neurons, astrocytes, microglia and vessels were normally
distributed within these areas and morphologically unaltered. Gemisto-
cytes were not present. Furthermore, all (immuno) histological stainings
for iron, copper and amyloid-3 were negative within these areas (Fig. 4).
The basophilic granular neuropil changes were found not only in AD ma-
terial but also in long fixated brain tissue of controls (Fig. 3 and 4). In
contrast, these changes were not found in short fixated AD material.
Apart from the coarse hypointensities that co-localized with neuropil de-
generation, other small roundish hypointensities were observed on MRI
that did correspond to amyloid plaques (Fig. 4).

Electron microscopy

Tissue with macroscopic white discolourations showed localized areas
with absent neuropil, although vessels were often present in these spac-
es on 1 pm -thick, epoxy embedded tissue sections stained with tolu-
idine blue. Electron microscopy of immediately adjacent ultrathin sec-
tions showed that these areas with absent neuropil actually consisted of
spaces without any neuropil or only little neuropil remnants (Fig. 6A).
However, in these spaces varying amounts of lamellar structures were

Figure 5: HE 20x
Granular neuropil
changes
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found, which were interpreted as membrane remnants and/or swollen
degenerated myelin sheaths (Fig. 6B-C). Outside these circumscribed ar-
eas, we observed variable splitting and swelling of myelin sheets ranging
from little splitting in otherwise normal myelin sheaths around axons, to
swollen myelin sheaths lining small empty spaces within the neuropil (Fig.
6D-E).

Relation of coarse MR hypointensities with fixation duration

The presence of coarse MR hypointensities, macroscopic and microscopic
abnormalities were scored for each subject and the results are shown in
Table 1. Subjects with similar scores were combined for group analysis.
With regard to coarse MR hypointensities, fixation periods were signifi-
cantly shorter when scored “absent” compared to “present” (P-value =
0.017 / r = -0.79). Furthermore, with even longer fixation periods, the
number of hypointensities significantly increases when comparing “pres-
ent” with “extensive” (P-value = 0.018 / r = -0.71).

Similar results were obtained when comparing groups with different
scores for granular neuropil changes. Fixation periods of those scored
“absent” were significantly shorter when compared with those who scored
“present” (P-value = 0.006 / r = -0.82), which was significantly shorter as
compared to “extensive” cases (P-value = 0.008 / r = -0.80).

No significant differences in subject’s age between groups were found for
either coarse hypointensity, histological or macroscopic score. Further-
more, no correlation was found between coarse MR hypointensities and
presence/absence of disease regardless of type of disease.

In summary, brain tissue showed no changes when fixed for a period of
< 1 year in the same formalin solution, whereas changes were always
present in tissue fixed for a period of > 6 year, and increasingly so with
longer fixation periods.

To test the hypothesis that prolonged formalin fixation indeed leads to
histological and MR detectable changes, brain tissue from the same sub-
ject that was formalin fixed for either a short or a much longer period
was compared microscopically (Table 2). In the long-term fixed material,
macroscopic white discolourations and granular neuropil changes were
present, whereas short-term fixed material of the same subject complete-
ly lacked these findings, indeed supporting our hypothesis.

To obtain a complete picture, pH measurements were performed, because
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Figure 6: Ultrastructure of localized areas of nearly empty spaces on semithin sections in
long term formalin fixed tissue with macroscopic white discolourations. A) These areas con-
sisted of spaces without neuropil or only little neuropil remnants and often but not always
contained a small blood vessel (1200X) B) Circumscribed area of absent neuropil showing
lamellar structures and a capillary (arrow) (1200X). C) Lamellar structures in B (15000X).
D) myelinated axons, some with splitting of the myelin sheath. One axon (arrowhead)
shows myelin splitting (large arrow) with little expansion of the spaces between the myelin
sheaths (small arrow) (15000X). E) myelinated axon partly with intact myelin sheath and
partly with myelin splitting with transition to more laminated structures with increasing
spaces between the lamellae.
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formalin solutions are known to become more acidic over time. pH meas-
urements indeed showed increased acidity after longer periods of formalin
fixation, as observed in the sealed plastic bags used for tissue storage
(Table 3).

Discussion and Conclusion

In this study, “coarse hypointensities” on postmortem brain MRI were
seen corresponding to localized areas of neuropil destruction with rem-
nants of membranes and myelin sheaths as observed by electron micros-
copy. These coarse hypointensities are mainly detected at high-resolution
MR scans. Although brain tissue from AB-related diseases was used, the
hypo intensities where not related to deposits of iron, copper or AB cor-
relating with these neurological diseases. Instead, these hypointensities
appear to be an artlfact associated with the duration of fixation within the
same formalin. This can be concluded from the findings that these hypoin-
tensities were also detected in control tissue with long fixation times, and
were not found in disease-related tissue fixated for a short period.

The exact mechanism of the described storage related artifacts is not
known from previous studies, but formalin solutions are known to become
more acidic over time (29). This was confirmed by pH measurements of
the excess formalin around our sealed fixed brain tissue. Possibly neuropil
destruction is caused by a local increase of acidity. However, continuous
exposure to formalin and/or formic acid may form many other compounds
that possibly play a role in causing artifactual tissue changes (29, 30).
We were not able to study the effect of long term fixation in regularly
refreshed formalin, and we can thus not exclude prolonged immersion in
formalin itself as a cause of local neuropil destruction leading to MR hy-
pointensities rather than the increasing acidity or the formation of aggres-
sive metabolites. Postmortem autolysis does not appear to be the cause
of the artifacts we have observed.

For this study, sufficient material fixed for a period of 1-6 years was lack-
ing. Consequently, we can only conclude that neuropil artefacts occur in
all tissue stored for a period of at least 6 years within the same formalin,
whereas tissue stored for a period of <1 year showed no changes.

The coarse hypointensities correspond macroscopically to homogeneous
white discolourations in the tissue, and microscopically in 8um HE sec-
tions to granular neuropil alterations with slightly less density than the
surrounding neuropil. The ultrathin sections (90 nm thick) used for EM re-
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vealed that these areas represented absent neuropil with partial filling of
the resulting spaces by membrane-like structures. We speculate that this
degenerated membranous/proteineous material with weak birefringence
causes hypointensities on MRI because of its solid-state-like properties.
The low signal intensity on MRI may also result from replacement of for-
malin solution by proton free fluid in these relatively more empty spaces.
However, a decrease in proton density would not cause a T2* decrease,
as was observed in the T2* maps.

With respect to the induced MR changes, previous reports state that
formalin fixation causes changes in relaxation and diffusion properties,
thereby altering MR contrast, even though the exact mechanism remains
unclear (16). However, these changes in MR properties occur throughout
the entire sample and are partially reversible by rehydrating the sample
in PBS. In contrast, the structural disruptions we found after prolonged
formalin fixation are very localized and irreversible. Furthermore, detect-
ed changes were not related to any of the known possible changes due to
prolonged PMI as described elsewhere (13,15,17,20,21). For this study
brain tissue of all kinds of PMI periods was used, and no correlation was
found with either the tissue changes or MRI hypointensities (Table 1).

The conclusion of this study suggests that data of several earlier published
studies, using postmortem brain tissue of patients with AD for MRI (1-12),
should be cautiously interpret. In these studies, hypointense spots were
observed on T2* or T2-weighted scans that co-localized with dense amy-
loid plaques and iron accumulations (1-12). However, brain tissue in these
studies was collected within a short period, and fixed for a maximum pe-
riod of a few months.

With regard to the detection of amyloid plaques, we also observed hy-
pointense spots on MRI that corresponded to the presence of amyloid
plagues. However, these did not correlate with the larger stellar shape
coarse hypointensities (Fig.4). The possible AB plaque detection indicates
that the basic mechanisms for MR contrast (iron accumulation and dense
protein aggregates) are still present. On ultrahigh resolution scans, these
different hypointensities can be easily distinguished. However, on scans
with a lower resolution, e.g., those comparable with resolutions that can
be achieved on clinical MRI systems, both forms might become indistin-
guishable, and based on their size the coarse hypointensities because
of fixation artifacts are more likely to remain visible (Fig. 1D). In our
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study, these low resolution images were acquired at relatively short echo
times; when a stronger T2*-weighting would be used, more hypointen-
sities would be observable at these lower resolutions. Furthermore, it is
important to realize that although these neuropil changes are beyond the
anatomical resolution of scans with clinical resolutions, they could still be
visible on such scans because their signal differs so strongly from sur-
rounding tissue.

Other known sources for hypointensities on T2*-weighted images, like
calcifications, iron deposits, microbleeds or cavernous malformations
(31) could be easily disregarded within this study, whereas their presence
could not be confirmed on histology. However, especially when conduct-
ing similar ex vivo MR studies for either one of these pathologies using
old brain material and clinically relevant resolutions, one should be aware
that the described formalin fixation artifacts could possibly lead to similar
hypointensities and thus a misinterpretation of the data.

To put our findings into a broader perspective, a small survey was con-
ducted among eight other brain banks and neuropathology departments
regarding their brain storage protocol. Three of these centres store their
formalin-fixed brain tissue in sealed plastic bags with little excess formalin
similar to the tissue used in this study, whereas four other centres store
fixed brain tissue floating in formalin, two without a protocol for regular-
ly refreshing it, one renewing formalin “when necessary” and the fourth
every few years. The last centre stores brains in polyethyleenglycol. How
the different storage protocols affect the general tissue quality with re-
spect to ex vivo MRI research after long term storage remains to be fur-
ther investigated, but this small survey shows that the fixation protocol
for our study is common practice among brain banks, and therefore the
findings will have implications for future research on brain bank tissue.
In conclusion, our results demonstrate that fixed brain tissue stored for
prolonged periods gives rise to structural tissue changes that are associ-
ated with hypo intensities on T2*-weighted MR images. When brain tissue
from pathology archives or brain banks is used to study (rare) disorders
with ex vivo MRI, it is of vital importance to take the storage protocol into
account and to check for the macroscopic and microscopic alterations that
have been described and illustrated in this study.
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