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Abstract
Unfixed and fixed post mortem multiple sclerosis (MS) brain is being used to probe pathology
underlying quantitative MR (qMR) changes. Effects of fixation on qMR indices in MS brain are
unknown. In 15 post mortem MS brain slices T1, T2, MT ratio (MTR), macromolecular proton
fraction (fB), mean, axial and radial diffusivity (MD, Dax and Drad), and fractional anisotropy (FA)
were assessed in white matter (WM) lesions (WML) and normal appearing WM (NAWM) before
and after fixation in formalin. Myelin content, axonal count and gliosis were quantified
histologically. Student's t-test and regression were used for analysis. T1, T2, MTR, and fB obtained
in unfixed MS brain were similar to published values obtained in patients with MS in vivo.
Following fixation T1, T2 (NAWM, WML) and MTR (NAWM) dropped, whereas fB (NAWM,
WML) increased. Compared to published in vivo data all diffusivity measures were lower in
unfixed MS brain, and dropped further following fixation (except for FA). MTR was the best
predictor of myelin in unfixed MS brain (r=−0.83; p<0.01) whereas post-fixation T2 (r=0.92;
p<0.01), T1 (r=−0.89; p<0.01) and fB (r=−0.86; p<0.01) were superior. All diffusivity measures
(except for Dax in unfixed tissue) were predictors of myelin content.

Introduction
Multiple Sclerosis (MS) is characterized by chronic inflammation and demyelination of the
central nervous system. MR techniques are widely used to monitor the course of patients
with MS. T2-weighted and gadolinium (Gd) enhanced T1-weighted MR images display MS
white matter lesions (WML) with high sensitivity and are useful in diagnosis (1, 2).
However, these MR measures correlate only modestly with disability (3, 4), in part because
– aside from a relationship between Gd-enhancement and inflammation (5, 6) – they do not
distinguish the other cardinal pathological substrates of MS: demyelination, remyelination,
axonal loss and gliosis (7). Additional MR measures have been developed that are
quantitative and potentially more pathologically specific. These include volumetric
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measurements, magnetisation transfer (MT) imaging, quantitative measurement of T1 and
T2, diffusion, and MR spectroscopic metabolite concentration measurement (8).

Investigation of post mortem tissue provides an opportunity to directly investigate the
relationship between quantitative MR (qMR) measures and underlying pathology. With the
intention to simulate as closely as possible the in vivo situation, some MR studies have been
performed on unfixed brain tissue shortly following death. This type of study has been
shown to be a useful approach to investigate the pathological correlates of four MR indices:
T1-hypointensity, quantitative T1, MTR, and transverse magnetisation decay or short T2
(9-13). So far only preliminary data have been produced about the pathological correlates of
diffusion weighted MR imaging (DWI) in post mortem MS brain (14, 15).

In order to avoid structural damage due to autolysis short post mortem delays are desirable
in MR-pathology correlation studies. However, considerable logistical efforts (and funding)
are required to minimise the post mortem delay for acquisition of MRI using unfixed MS
brain (16). Moreover, unfixed post mortem brain is very soft; hence it may be difficult to
achieve accurate matching between regions of interest detected on MRI and in the tissue (17,
18), and the specimen is prone to be damaged due to manual handling. Apart from avoiding
these disadvantages of unfixed brain, the use of fixed tissue enables archive material to be
investigated and allows extended scanning times resulting in improved spatial resolution and
signal-to-noise as compared to in vivo studies (19).

Several groups have explored the correlations between qMR changes and pathological
indices in fixed post mortem MS brain (11) and spinal cord (20, 21). The interpretation of
results in such studies may benefit from the systematic assessment of qMR changes
following fixation. In the current study, we acquired maps from post mortem MS brain
slices of 15 patients prior to and after formalin fixation for the following qMR parameters:
T1, T2, two indices of MT (the macromolecular proton fraction [fB] and MTR), mean, axial
and radial diffusivity (MD, Dax and Drad, respectively) and fractional anisotropy (FA). The
key aims of this study were to explore (i) the quantitative changes of these qMR measures
following formalin fixation compared to data obtained prior to fixation, and (ii) whether the
correlations between the qMR indices and quantitative histology measures are affected by
these two conditions of the tissue (unfixed/fixed). Although qMR and histopathology data
on unfixed tissue of some of the cases has been reported previously (13), it is necessary to
present these findings again in order to allow the comparison between pre- and post-fixation
qMR findings, which is the primary focus of the study.

Material and Methods
Patients

This study was approved by the Joint Ethics Committees of The National Hospital for
Neurology and Neurosurgery and the Institute of Neurology, University College London.
Post mortem brain slices of 15 patients with MS (14 women and one man) were provided by
the UK Multiple Sclerosis Tissue Bank (MSTB) based at Charing Cross Hospital, Imperial
College School of Medicine, London, UK. The mean age of the patients was 58 years (SD:
14 years; range: 34-82); their mean disease duration was 26 years (SD: 11; range: 6-49).
Brains were retrieved by the MSTB a mean of 17 h (SD: 6 h; range: 7–28 h) after death.

The course of MS (22) and the disability of the patients were assessed retrospectively from
the case records collected at the MSTB. Disability was estimated using the expanded
disability status score (EDSS) scale (23). The patients' brain weight was provided by the
MSTB.
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Samples
Unfixed coronal post mortem brain slices (thickness: 1cm) of one cerebral hemisphere were
obtained for this study. All brain slices were scanned twice, (i) under unfixed conditions 51
hours (SD: 28; range: 10-107) after death and (ii) after fixation in 10% formalin for 64 days
(SD: 42; range: 8-133). The unfixed brain slices were sealed in plastic bags and stored in a
refrigerator at 2-8°C until 3 hours before scanning when they were taken out of the fridge,
wrapped in polyethylene film (to retain moisture) and left to warm up to scanner room
temperature. Following MRI in unfixed condition, the specimens were immersed in 10%
buffered formalin and kept at room temperature. For re-scanning they were taken out of the
formalin bath and wrapped in polyethylene film again. The temperature of the specimens
was monitored immediately after the last dataset (diffusion tensor imaging, DTI) had been
acquired at each time point using a thermocouple thermometer (HI 93551) connected to a
penetration probe (HPT1) from Hanna Instruments, Leighton Buzzard, Bedfordshire, UK.

MRI
The brain slices were scanned using the standard birdcage head coil of a GE Signa Horizon
Echospeed 1.5 T system (General Electric, Milwaukee, WI, USA). The maximum gradient
strength of this system was 22 mTm−1. All MR sequences were acquired at a single slice
location (thickness: 5 mm), centred in the middle, and parallel to the coronal surface of the
specimen. Unless otherwise specified the following datasets were acquired using a matrix
size of 256×256 and a field of view (FOV) of 24cm2 (resulting in a pixel size of 0.94 mm2):

i. 2D dual spin echo proton density (PD)- and T2-weighted (T2w) images with
parameters TR=2000 ms and TE = 30 or 120 ms, respectively. T2 maps were
calculated from the images using a two point fit of the data to the model S =
S0exp(−TE/T2) (24). These data sets were acquired in all 15 cases before and after
fixation.

ii. 2D PD and T1-weighted (T1w) gradient echo images (TR/TE/flip angle: 1500ms/
11ms/45° and 36ms/11ms/45°, respectively), from which T1 maps were generated
as previously described (13, 25). These datasets were acquired in unfixed condition
in 15 cases, 14 of which were re-scanned after fixation.

iii. 2D dual spin echo images (TR/TE1/TE2: 1720ms/30ms/80ms) obtained with (Msat)
and without (M0) a saturation prepulse (16 ms, 23.2μT Hamming apodized 3 lobe
sinc pulse, applied 1kHz from water resonance) from which MTR maps were
calculated as MTR = 100 × (M0 − Msat)/M0 (26). These datasets were acquired in
all 15 cases before and after fixation.

iv. 2D spoiled gradient echo images (TR/TE/flip angle: 1180ms/12ms/25°; FOV 240
×180 with a partial k space coverage, reconstructed as 256×256 over a 24cm FOV).
A Gaussian MT pulse of 14.6ms duration was applied at ten different combinations
of MT pulse offsets and powers (three powers were used) as previously described
(27). A model based on that of Henkelmann et al. (28), with modifications by
Ramani et al. (29) to allow for pulsed rather than continuous MT saturation, was
fitted to the data. The model allows calculation of six parameters (R1B, RM0A,
gM0A, fb/R1A(1 − fb), 1/R1AT2A, and T2B) which are combinations of the
fundamental parameter fB, R1A and R1B (the inverse of the T1 of the A and B
pools, respectively), R (the time constant for the interaction for the two pools), T2A
and T2B (their transverse relaxation times), M0A (the initial magnetisation of the A
pool), and g (the scanner gain). With a separate measurement of R1A (see below),
fB can be separately determined, although independent determination of the other
interlinked parameters is not possible. These datasets were acquired prior to
fixation in 10 samples, of which eight were re-scanned after fixation. A further four
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samples were scanned only after fixation. Hence, altogether 12 samples were
scanned in fixed condition. As MTR and fB are percentages, and we also wish to
calculate standard deviations as percentages of them, there is the potential
ambiguity in using ‘%’ or the phrase ‘percent’. We therefore report MTR and fB as
‘percent units [pu]’. This measure (pu) is directly comparable to the ‘percentage’
(%) units reported by other groups, but does not suffer from this ambiguity (26).

v. multi-shot diffusion-weighted spin-echo EPI (DTI; TR/TE: 3000 / TE86ms). The
gradient b factor was 1940smm−2, number of shots= 8, NEX (i.e. signal averages)=
4 (acquired separately, and averaged after reconstruction), FOV= 12×12cm, matrix
48×48 (reconstructed as 64×64) resulting in a pixel size of 2.5×2.5mm2

(reconstructed 1.9×1.9 mm2). For each shot and average, six diffusion-weighted
images along six non-co-linear directions, and one image with zero applied
diffusion-sensitizing gradients (i.e. a T2w (TE= 86ms) EPI scan with b∼0) were
acquired. The directions of the diffusion weighting were selected to apply
maximum gradient strength along two axes at a time and to obtain a high b factor
without increasing TE or losing signal-to-noise. The scheme used was (0 0 0, 1 1 0,
1 0 1, 0 1 1, −1 1 0, −1 0 1, 0 −1 1). Magnitude images of each slice were
reconstructed and averaged off-line, prior to being processed to determine the
diffusion tensor on a pixel-by-pixel basis. Mean, axial and radial diffusivity (MD,
Dax and Drad, respectively) and FA were calculated from the principal eigenvalues
of the diffusion tensor (30, 31). The largest eigenvalue obtained in each region of
interest (ROI, see below) was considered to reflect Dax whereas the remaining two
eigenvalues were averaged and referred to as Drad (32-35). This sequence was
acquired in 13 cases before and after fixation, and in a further two cases only after
fixation.

Total scanning time was 1 hour 45min for each scanning session.

Definition of ROI
All scans and maps were displayed on a Sun workstation (Sun Microsystems, Mountain
View, CA, USA) using DispImage (36, 37). ROI in each case were identified in a stepwise
process, starting from the T2w SE images of the sample in unfixed condition. Here, ROI
were defined as either (i) areas of hyper-intense signal suspected to be MS WML or (ii)
regions of normal-appearing white matter (NAWM). Once ROI were marked on T2w SE
images they were transferred onto (inherently registered) T1-, T2- MTR-, and fB-maps of the
same case in unfixed condition, and values obtained. In the next step ROI on b∼0 images
(i.e. the T2w EPI scans with zero applied diffusion-sensitizing gradients) in unfixed
condition were identified by visually matching ROI observed on T2w SE scans in unfixed
condition with respective ROI on b∼0 images. The latter ROI were then transferred onto
(inherently registered) diffusivity- and FA-maps. Finally, ROI on SE T2w scans and b∼0
images following fixation were identified by visually matching them with the corresponding
ROI on the respective SE T2w scans and b∼0 images of the specimen prior to fixation. qMR
values were then obtained the same way as described in unfixed condition.

Correspondence between ROI detected on MRI and their histological substrates in brain
slices was achieved using a previously described stereotactic procedure (18).

Pathological procedures
Tissue blocks sized approximately 1.5×1.5×1cm and containing the ROI detected on MRI
were dissected. The blocks were cut in half using a 5mm deep iron angle resulting in two
blocks of approximately 5mm thickness each with the cutting plane corresponding to the
centre of the MRI plane. All dissected blocks were marked with notches at known positions,
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usually on the ventral and lateral cut surfaces, in order to assure orientation in space after
further processing. The blocks were processed for embedding in paraffin and sections
stained with Haematoxylin & Eosin (H&E), Luxol-Fast blue (LFB) and Bielschowsky's
silver impregnation (BIEL). Immunocytochemistry included antibodies to glial fibrillary
acidic protein (GFAP, 1/1500), Myelin basic protein (MBP, 1/400), and CD68 (1/100; all
from Dako, Glostrup, Denmark).

MS WML were defined in comparison to surrounding NAWM as clearly distinct, sharply
demarcated areas of either myelin loss (demyelinated plaques) or of reduced myelin content
with thinly myelinated axons throughout the WML (remyelinated plaques) (13, 38, 39). The
lesion stage was categorized as either active (inflammation throughout the lesion), chronic
active (hypocellular center, inflammation only at the rim of the WML), or chronic inactive
(no inflammation) (13, 40, 41).

Quantitative histology was performed as previously described (13). In short, axon counts
were estimated in WML and NAWM using a 21 bar quadrate grid graticule at a final
magnification of ×1250. Myelin content and gliosis were quantified in WML and NAWM
by assessing transmittance (T, defined as the transmitted light divided by the incident light)
on sections stained for LFB (Tmyelin) and GFAP (Tgliosis). A high value of Tmyelin reflects
low myelin content; a low value of Tgliosis reflects more severe gliosis than high Tgliosis (13).

The thickness of LFB- and GFAP-stained sections was assessed using a stereological
microscope and a final magnification of ×787.5 in order to control for possible systematic
errors in the measurements of T (13).

Statistical Methods
To compare variables in WML versus NAWM, the Student's paired t-test was used on
patient means averaged over respective tissue compartments (WML, NAWM). Associations
between MR indices before and after fixation were performed using linear regression,
applied to patient means over respective tissue compartments resulting in two data points
(WML, NAWM) per patient. Linear regression was also used to test for correlations
between MR indices and axonal count, myelin content and gliosis. To investigate
confounding of the pair-wise associations by other variables, these were entered as
covariates into the regression. Statistical significance was assumed when p<0.05. The
analysis was carried out using SPSS version 11.5 (SPSS, Chicago, IL, USA).

Results
The clinical course had been secondary progressive in eight subjects and primary
progressive in two. In five subjects, the clinical course could not be determined. The
estimated mean EDSS before death was 8 (SD: 1.1; median: 8.5; range: 6.5 – 9) and mean
brain weight 1126g (SD: 100g, range: 1000 – 1300g).

Lesion findings
Between one and seven WML in each brain slice (mean 3.4 WML; SD: 1.8 WML; median:
3 WML) could be used for analysis. In total, 51 histologically confirmed MS WML were
identified on T2w MRI of 15 cases under unfixed conditions. Fourty-four/51 WML (86.3 %)
were visible using the same T2w sequence after formalin fixation. MR data were also
obtained from one to three NAWM ROI in each slice, and averaged to produce a single
NAWM value, before and after fixation.

Of 13/15 brain slices DTI data were acquired under unfixed conditions. In these 13 unfixed
brain slices 44 histologically confirmed WML were detected on T2w MRI. Thirty-three/44
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WML (75%) were visible on b0 images (unfixed). Of the 33 WML detected on b∼0 images
of unfixed brain slices, 27 (81.8%) were visible using the same sequence after fixation.

DTI data after fixation were obtained of all 15 cases included in this study. In total 33
histologically confirmed WML were detected on the b∼0 images. These 33 WML account
for 75% of the 44 WML detected on T2w MRI after fixation and for 64.7% of the 51 WML
detected on T2w MRI in unfixed condition.

Forty-eight/51 WML (94.1%) were demyelinated and three remyelinated (5.9%). In three/48
demyelinated WML small areas of remyelination at the lesion edges were seen; because
these areas covered less than 10% of the whole WML, the lesions were classified as
demyelinated (13).

Comparison of MS WML and NAWM (table 1)
All quantitative MR indices differed significantly between WML and NAWM before as well
as after fixation. Histologically, Tmyelin in WML was higher (indicating lower myelin
content) than in NAWM. Compared to NAWM there was significantly more axonal loss and
lower Tgliosis (indicating more severe gliosis) in WML.

MR indices before and after fixation (table 2, figure 1)
Fixation of the brain tissue led to significant reductions in T1 and T2 (WML, NAWM), MTR
(NAWM), MD (NAWM), Dax and Drad (WML, NAWM) whereas fB increased in NAWM
and WML. Marginally significant reductions were detected for MD and FA in WML. No
significant changes were detected for MTR in WML and for FA in NAWM.

Correlation of MR indices and pathology
Unfixed tissue (table 3)—Tmyelin (inversely related to myelin content) correlated
strongly with MTR (r= −0.83, p<0.01), slightly less so with T1, T2, fB, MD, FA, and Drad.
T2 and MTR were also strongly associated with axonal count. Moderate correlations were
detected between axonal count and both T1 and fB.

Fixed tissue (table 4)—Tmyelin (inversely related to myelin content) correlated strongly
with T1, T2, fB, FA, Dax and Drad as did T1 with axonal count. MD and MTR correlated
moderately with myelin content, as did fB and FA with axonal count and MTR with gliosis.

Correlation between neuropathological features (table 4)
Tmyelin (inversely related to myelin content) was strongly associated with axonal count (r=
−0.8, p<0.01) and weakly with gliosis.

Analysis of confounding correlations
MR acquired in unfixed condition—Multivariate regression revealed the following
primary and secondary associations: When Tmyelin was regressed on MTR and fB
simultaneously, the association between MTR and Tmyelin remained significant (partial r=
−0.64; p=0.02) whereas the correlation between fB and Tmyelin disappeared (partial r= −0.19;
p=0.47). When Tmyelin was regressed on MTR and T1 simultaneously the association
between MTR and Tmyelin remained robust (partial r= −0.6; p<0.01) whereas the correlation
between T1 and Tmyelin lost significance (partial r= 0.30; p=0.08). When Tmyelin was
regressed on MTR and T2 simultaneously the association between MTR and Tmyelin
remained significant (partial r= −0.48; p=0.03) whereas the correlation between T2 and
Tmyelin did not. These data suggest that in unfixed MS brain the association between (i)
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Tmyelin and T1, (ii) Tmyelin and T2, and (iii) Tmyelin and fB is secondary to the correlation
between Tmyelin and MTR.

When MTR was regressed on axonal count and Tmyelin simultaneously, only a weak
association between MTR and axonal count was detected, while MTR remained
significantly correlated with Tmyelin (partial r=−0.54, p<0.01; partial r for MTR versus
axonal count: 0.37, P=0.04). This suggests that the association between MTR and axonal
count results from the strong correlation of myelin content with (i) axonal count and (ii)
MTR.

FA, MD and Drad were all primarily predictors of myelin content (partial r for FA versus
Tmyelin:−0.8, p<0.01; partial r for FA versus axonal count: −0.04, p=0.85; partial r for MD
versus Tmyelin=0.82, p<0.01; partial r for MD versus axonal count: 0.12, p=0.6; partial r for
Drad versus Tmyelin: 0.8, p<0.01; partial r for Drad versus axonal count: 0.07, p=0.74).
Regression of Dax on both Tmyelin and axonal count resulted in a loss of the relationship
between Dax and either of the two histological indices.

When Tmyelin was regressed on MD and FA simultaneously, the correlation between both
MR indices and Tmyelin remained significant, suggesting that neither of these measures
emerges as the single predictor, which was also true for simultaneous regression of Tmyelin
on FA and Drad. Multivariate regression did not reveal any further meaningful correlations.

MR acquired in fixed condition—T2, T1 and fB were all strong predictors of myelin
content. When Tmyelin was regressed on these three qMR indices simultaneously, the
association between T2 and Tmyelin remained strong (partial r= 0.65; p=0.01), whereas the
correlation between the remaining two indices and Tmyelin lost significance. These data
suggests that in fixed post mortem tissue T2 is the strongest predictor of myelin content.

When T2 was regressed on axonal count and Tmyelin simultaneously, the association between
T2 and axonal count disappeared, while T2 remained strongly correlated with Tmyelin (partial
r= 0.85, p<0.01). This suggests that the association between T2 and axons results from the
strong correlation between axonal count and myelin content and between T2 and Tmyelin.

All DTI indices were primarily predictors of myelin content. Whilst there was overall strong
correlation among these indices with each other (table 4), there was statistical evidence for
FA to be the single best predictor (data not shown).

No confounding effects were detected between any of the detected correlations and
estimated EDSS, age, disease duration, temperature of the specimen during the scanning
experiments, or time between (i) death and tissue retrieval and (ii) death and MRI (unfixed
and fixed). To further test for possible confounding of qMR data after fixation (42) through
short fixation times we excluded four cases in our sample with a fixation time less than 45
days (mean fixation time 14 days, SD: 6 days). No significant difference was detected in the
remaining 11 cases when compared with the entire sample for any of the qMR data obtained
before and after fixation or for the regression analysis of associations between indices.

Discussion
The key findings of this study are:

1. Formalin fixation of post mortem MS brain led to significant changes of all qMR
indices investigated in this study with some variation in the magnitude of change
between (i) MR modalities and (ii) WML and NAWM.
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2. All indices were primarily dependent on myelin content. None of the MR indices
was a primary predictor of axonal count or gliosis.

3. MTR was the best predictor of myelin content in unfixed MS brain whereas
following fixation T2 appeared to be superior to T1, fB and MTR.

4. Despite an overall significantly reduced diffusivity (compared to in vivo
measurements) all DTI indices (except for Dax) were robust predictors of myelin in
post mortem brain, prior to and after fixation.

The molecular mechanism of tissue fixation is not well understood. It is thought that
formaldehyde solutions react with various functional groups of macromolecules in a cross-
linking fashion. Among the most reactive sites are primary amines (e.g. lysine) and thiols
(e.g. cystein). Subsequently, these functional groups may bind to less reactive groups
including primary amides (e.g. glutamine), guanidine groups (arginine) and thyrosine ring
carbons. This intra- and intermolecular cross-linking of macromolecules alters the physical
characteristics of tissues (43). The result is a gel that largely retains the cellular constituents
in their in vivo relationships to each other (44). Distortion of brain tissue following fixation
may, however, occur and shrinkage by up to ∼19% following fixation using 10% formalin
solution has been observed (45).

Standard MR acquisition and processing protocols were employed in this study to obtain
T2w images as well as T1, T2 and MT datasets. More than 85% of WML detected on T2w
scans of unfixed tissue were also detected using the same sequence after fixation. The
decreased sensitivity of T2w MRI sequences optimized for in vivo detection of WML in MS
brain following fixation has been observed before (18), and may be due to a reduction of T2
following formalin fixation (46-48), the fixative itself (49), distortion of the tissue (45), and
a slight difference of the imaging plane between the scans under fresh and fixed conditions
(18).

Though MR acquisition in this study was performed on specimens at room temperature
(∼22.5°C), the values of T1, T2, MTR and fB in unfixed post mortem NAWM were similar
to those detected in vivo (24, 27, 50). However, significant changes occurred following
fixation (table 2). The pattern of these changes is in line with the concepts of (i) a reduction
in T1 and T2 due to formalin in aqueous solution (49) and (ii) the action formalin exerts on
tissue (cross-linking of macromolecules) leading to a shift of protons from the free to the
macromolecular pool which may result in a shortening of T1 (46-47). The latter effect would
also impact on MT: As MTR can be described – in a simplistic model – as MTR= fB*T1*k
(where k is a constant) (51), it is not unexpected that MTR is reduced, too. fB, on the other
hand, is thought to reflect protons in the macromolecular proton pool only (51-52), and this
pool may be increased in the process of fixation due to protons in soluble macromolecules
becoming protons in insoluble macromolecules. These changes may also explain why the
correlation of MTR and Tmyelin is reduced in fixed tissue. As the fB and T1 changes
following fixation are in opposite directions it does not seem surprising that the composite
measure's correlation with Tmyelin is reduced. The investigation of fixation-effects on brain
tissue could further be improved by washing the tissue in buffered saline following fixation
and prior to scanning, thereby reducing the effect of the fixative itself on MR indices (49).
Moreover, it has been reported that following immersion of brain tissue in fixative T1, T2
and spin density may require over five weeks to stabilize (42). Although in our sample time
of fixation did not seem to affect the qMR data obtained, a standardized interval between
immersion in fixative and MR acquisition of at least five weeks would be advisable (42, 48).

DTI of post mortem MS brain revealed significantly reduced diffusivity indices even in
unfixed conditions. Compared to values obtained in vivo, MD was reduced in NAWM post
mortem by well over two third (from 0.84 to 0.22 × 10−3 mm2/s) and FA by about one third
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(from 0.62 to 0.40) (53). Following fixation the diffusivity indices – except for FA – were
reduced even further (table 2). Factors which affect molecular/cellular structure and that
may have contributed to these reductions include dehydration of the tissue, the lower than in
vivo temperature during MRI, the failure of energy dependent ion transport mechanisms in
post mortem samples (19, 54, 55) and – following fixation – the formation of cross links
between amino acid residues as well as some degree of shrinkage (45).

The reduced diffusivity in the post mortem brain required a different sequence optimisation
compared to an in vivo protocol. Multi-shot (instead of single-shot) EPI was used to reduce
image distortions, and a b factor almost twice the value used in vivo was chosen to
accommodate for the reduced diffusion coefficient in the post mortem brain (56). An even
greater b factor of ∼4000smm−2 would likely result in an even better sensitivity to white
matter changes at low FA values (57).

This study confirms that in unfixed post mortem brain of MS patients, MTR is a robust
index of myelin content (10, 12, 13). The correlation of Tmyelin with fB, T1, T2 and DTI
indices (with the exception of Dax) was also strong (table 3). However, multivariate
regression revealed that, when MR data were acquired in unfixed brain, the primary
correlation emerged between myelin content and MTR, whereas the other qMR indices were
only secondarily associated with myelin content.

All qMR indices investigated were clearly different between WML and NAWM, regardless
of whether they were acquired in unfixed brain or after fixation (table 1). However, formalin
fixation altered some of the relationships between qMR and histology indices, with changes
in the two MT indices being most apparent: Firstly, the correlation of MTR with myelin
content dropped substantially (unfixed r=−0.831, p<0.001; fixed r=−0.681, p<0.001).
Secondly, after fixation fB was (i) significantly higher in WML as well as in NAWM,
suggesting a net shift of protons from the mobile to the macromolecular pool following
fixation and (ii) more strongly associated with myelin content than when assessed in unfixed
tissue (tables 3 and 4).

After fixation T2 emerged as the strongest predictor of myelin content. This finding is in
agreement with a post mortem study of MS spinal cord, where out of three indices (MTR,
T1, T2) T2 showed the strongest association with myelination status (21). It should be noted,
however, that the assessment of T2 and its correlation with histological features in the
current study was a ‘by-product’ of the dual echo sequence employed to collect T2w images.
Neither precise measurements of T2 employing a multi-echo sequence (58) nor multi-
exponential T2 decay curve analysis (50, 59) were performed in this study. Nevertheless, our
results as well as reports by others (12, 60) should encourage further studies to clarify the
potential of quantitative measures of T2 relaxation as a predictor of myelin in MS brain.

None of the investigated MR indices was primarily associated with axonal count, either
before or after fixation. These results confirm and extend earlier findings that suggested the
association between axonal count and MTR (and T1) as being secondary to the correlation of
these qMR measures with myelin content (12, 13). Variations in myelin content appear to
result in changes in the concentration and mobility of protons that have a stronger influence
on MT- and DTI- derived measures than do changes in the number of axons.

According to the two pool model of MT, fB is thought to reflect an absolute measure of the
amount of macromolecular protons (i.e. the semisolid pool of protons) (51-52). The current
study provides histo-pathological evidence that fb indeed primarily reflects protons
associated with myelin (27, 50). The strong association of fB with myelin content in the post
mortem MS brain in both unfixed and fixed conditions also suggests that useful conclusions
about in vivo changes may be inferred from data acquired using fixed tissue. Whether it is
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worthwhile to use tissue that has been fixed over longer term, will require further
investigation. In the current study only tissue that was fixed for, on average, two months has
been included.

As previously discussed (13), despite the strong association shown in post mortem MS brain
between measures of MT and myelin content, abnormalities in the former may not solely be
due to variations in the latter (61) as (i) MTR includes MT and direct saturation effects, both
of which depend on sequence parameters (62-65), (ii) the degree of direct saturation caused
by the MT prepulse (66) depends on intrinsic properties such as the T1 of the free water and
the width of the free water peak, which will vary between tissues and (iii) the MT effect
itself depends not only on the presence of two (or more) proton pools, but also on the
exchange rate between the pools, which may in turn vary with pH, temperature and
pathology (67). Moreover, fB may be affected by macromolecules other than myelin and by
processes such as inflammation (which could lead to changes in the fraction of free water).

In our sample of chronic post mortem MS brain all investigated DTI indices (except for Dax)
were primarily affected by myelin content. This finding is broadly in agreement with an
earlier post mortem study of the spinal cord using a 7T system, though multivariate analysis
was not performed in that study (68).

In conclusion, all qMR measures investigated in this study appear to be useful tools to assess
MS pathology in post mortem MS brain and – by inference – in vivo. In unfixed post
mortem tissue, MTR appeared to be the most robust index of myelin content, followed by
T2, T1, fB, and FA. However, when scanned after fixation T1 and fB and particularly T2
emerged as the strongest predictors of myelin content. All three indices also correlated
strongly with myelin content in unfixed tissue suggesting that they may be advantageous
when qMR assessment of fixed MS brain are used to infer likely in vivo changes. The loss
after fixation of the strong association between MTR and myelin observed pre-fixation
serves as a warning that MR-pathology correlation studies using post-fixation qMR
measures may not be reliable when interpreting the pathological basis of in vivo qMR
measures. On the other hand, the consistent correlation obtained between MTR and myelin
content in unfixed tissue using both univariate and multivariate analyses suggests that MTR,
measured using the sequence applied in the present study, is likely to be a reliable measure
of myelination in MS white matter in vivo. DTI indices also provide a consistent assessment
of myelin content before and after fixation. However, whereas the absolute values of T1, T2,
and fB appear to remain rather stable after death, DTI indices – with the relative exception of
FA – drop substantially (19, 55), perhaps making it less straightforward to infer likely in
vivo changes from post mortem observations.

None of the investigated qMR indices was a primary predictor of axonal count or gliosis,
both important aspects of MS histology for which non-invasive tools are urgently needed in
order to improve natural history studies and the assessment of treatments aimed at
influencing these features.
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1. .
Mean changes (expressed as standard deviations from zero in unfixed tissue) with 95%
confidence intervals of quantitative MR indices in post mortem multiple sclerosis brain
following fixation. MTR= magnetisation transfer ratio, fB= macromolecular proton fraction,
MD= mean diffusivity, FA= fractional anisotropy, Dax= axial diffusivity, Drad= radial
diffusivity, NAWM= normal appearing white matter, WML= white matter lesions.
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Table 1

Comparison* of MR indices between lesions and normal appearing white matter (NAWM) in brain samples of
patients with MS before and after fixation. Mean= mean of individual patient means (averaged across tissue
sample), SD= standard deviation of these individual patient means, MTR= magnetisation transfer ratio, fB=
macromolecular proton fraction, MD= mean diffusivity, Dax= axial diffusivity, Drad= radial diffusivity

[mm2s−1× 10−3], FA= fractional anisotropy.

Lesions NAWM

Index Condition N cases Mean (SD) Mean (SD)

T1 [ms] Unfixed 15 1207 (294) 681 (137)

Fixed 14 748 (154) 377 (73)

T2 [ms] Unfixed 15 121 (13) 81 (8)

Fixed 15 107 (12) 61 (5)

MTR [pu] Unfixed 15 24.5 (2.3) 33.9 (2.8)

Fixed 15 22.5 (3.8) 30.0 (3.7)

fB [pu] Unfixed 10 3.1 (1.3) 7.0 (2.1)

Fixed 12 4.6 (1.5) 10.7 (2.6)

MD Unfixed 13 0.36 (0.09) 0.22 (0.47)

Fixed 15 0.31 (0.08) 0.16 (0.04)

Dax Unfixed 13 0.43 (0.12) 0.29 (0.05)

Fixed 15 0.34 (0.08) 0.20 (0.04)

Drad Unfixed 13 0.34 (0.1) 0.2 (0.05)

Fixed 15 0.29 (0.08) 0.15 (0.05)

FA Unfixed 13 0.23 (0.06) 0.40 (0.14)

Fixed 15 0.19 (0.05) 0.39 (0.12)

*
All differences p≤0.01
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