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ABSTRACT
Background and purpose:
Quantitative MR techniques may improve the pathologic specificity of MR regarding white
matter abnormalities. Our purposes were to determine whether ADC, FA, MTR and MRS
metabolites correlate with degrees of white matter damage in X-ALD patients; whether
differences in ADC, FA and MTR observed in vivo are retained in fresh and formalin-fixed
postmortem brain tissue and whether they predict histopathology.
Materials and Methods:
MRS metabolites, MTR, ADC and FA were determined in seven X-ALD patients in three
white matter areas (NAWM, active demyelination and complete demyelination) and
compared with values obtained in fourteen controls. MTR, ADC and FA were assessed in
postmortem brain from fifteen X-ALD patients and five controls. Values were correlated
with degree of astrogliosis and density of myelin, axons and cells. Equations to estimate
histopathology from MR parameters were calculated by linear regression analysis.
Results:
MRS showed increased mIns, lactate and Cho, and decreased tNAA in living X-ALD
patients, values depending on degree of demyelination. MTR, ADC and FA values were
different in postmortem than in vivo white matter, but relative differences related to
degrees of white matter damage were retained. ADC was high and FA and MTR were low in
abnormal white matter. Correlations between histopathologic findings and MR parameters
were strong. A combination of ADC and FA predicted pathologic parameters best.
Conclusion:
Changes in quantitative MR parameters, present in living patients and related to severity of
white matter pathology, are retained in postmortem brain tissue. MR parameters predict
white matter histopathologic parameters.
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INTRODUCTION
Conventional MRI has a high sensitivity in the detection of white matter abnormalities.
However, it cannot distinguish between different pathologic substrates of white matter
lesions. Pathologic findings associated with T2-hyperintensity and T1-hypointensity of the
white matter are highly variable and include hypomyelination, demyelination, axonal loss,
gliosis, interstitial edema and cystic white matter degeneration (1). Application of
additional quantitative MR techniques, such as DTI, MTI and proton MRS, may improve
the pathologic specificity of MRI findings and in this way add to the understanding of white
matter disease processes. Quantitative MR parameters may also provide reliable measures
of the degree of white matter abnormality and be applicable in the monitoring of treatment
of white matter disorders.
X-ALD is one of the most common leukodystrophies. In eighty percent of the
patients with cerebral involvement, MR imaging shows a large bilateral white matter lesion
involving the periventricular and deep white matter of the posterior parietal and occipital
lobes (2). Histopathologically, the center of the lesion is characterized by almost complete
loss of axons and myelin, accompanied by dense astrogliosis. Active demyelination occurs
in the edge of the lesion, accompanied by axonal damage and loss and inflammation (2, 3).
Outside the lesion, the white matter is apparently normal. We decided to study the possible
contribution of quantitative MR parameters to the prediction of histologic parameters and
chose X-ALD as study subject, because this disease allows comparison of large white matter
areas with different degrees of myelin loss, axonal loss and gliosis within the same brain
slice.
A few studies have investigated the pathologic specificity of quantitative MR
parameters in the white matter of postmortem MS brains by comparing them with
histopathologic parameters in MS lesions. In a study by Schmierer et al. (4) significant
correlations were found between myelin content and MTR and between myelin content and
axonal count. In an earlier study by Van Waesberghe et al. (5), T1-signal intensity and MTR
were strongly correlated with axonal density. Comparison of MRS and stereotactic brain
biopsy findings in MS patients revealed a parallel decrease of tNAA and reduction of axonal
density in demyelinating plaques (6). Concomitant increases of Cho and mIns were found
to correspond to glial proliferation; elevation of lactate was associated with inflammation
(6). A postmortem study correlating diffusion parameters with histopathology in MS
patients showed associations between myelin content and FA and ADC (6). A correlative in
vivo MRI - postmortem histopathology study of the diffusely abnormal white matter in
chronic MS showed that decreased FA values were associated with extensive axonal loss and
reduced myelin density (8).
In our present study we obtained quantitative MR parameters, including MTR,
diffusion parameters and MRS metabolite concentrations, from living patients with the
cerebral form of X-ALD and healthy control subjects. We also studied fresh and formalinfixed postmortem brain slices of X-ALD patients and controls with both MR and
histopathology.
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The aims of this study were: 1) to determine whether the degree of change in ADC, FA,
MTR and MRS metabolites correlates with the degree of white matter damage in vivo and
in postmortem brain tissue in X-ALD patients; 2) to determine whether the differences in
ADC, FA and MTR observed in vivo are retained in fresh and fixed postmortem brain
tissue and, with that, whether application of quantitative MR parameters in studies of
postmortem tissue would be justified; and 3) to asses whether ADC, FA and MTR predict
histologic changes with regard to amounts of myelin, axons, gliosis and cell density.
MATERIALS AND METHODS
Patients and control subjects
This study was performed with informed consent of patients, control subjects and parents,
and with approval of the institutional ethics review board. Table 1 clarifies the numbers of
patients and controls included for in vivo and postmortem MR studies and gives age range
and median age.
Table 1: Characteristics of patients and control subjects
In vivo
In vivo
MR study
MR study

Postmortem
MR study

Postmortem
MR study

patients

controls

patients

controls

No. subjects

7

14

15 *,**

5 ***

age range

6-16.7 y

9.3-26.3 y

8.5-52 y

12-68 y

Median age

10 y

17.1 y

15.3 y

24.2 y

No. subjects MTR

5

14

15

5

No. subjects ADC

5

14

15

5

No. subjects FA

5

14

15

5

No. subjects MRS

7

14

n.d.

n.d.

No., number; n.d., not done; * two of these had an MRI 3 and 9 months before death; ** in
one of these a brain
MRI was obtained in fresh and formalin-fixed state; *** in all five a brain MRI was obtained
in fresh and formalin-fixed state
In a prospective study, we included seven patients with cerebral X-ALD (six with childhood
cerebral and one with adolescent cerebral phenotype) and 14 healthy control subjects.
These patients received no special treatment apart from hormonal replacement therapy for
adrenal insufficiency. Their disease was considered too far advanced for hematopoietic stem
cell transplantation. The control subjects in were either healthy volunteers or pediatric
subjects with normal neurologic examination and normal MR imaging findings. The latter
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subjects underwent MRI for reasons like headache and epileptic seizures. In two of the
seven X-ALD patients we performed a brain autopsy within 6 hours after death. The
interval between their last in vivo MR study and time of death was three and nine months,
respectively.
Formalin-fixed brain issue from the latter two X-ALD patients (both childhood cerebral
phenotype), 13 additional X-ALD patients (seven childhood cerebral, six adult cerebral
phenotype, cause of death in all patients disease progression), and five non-neurological
controls (cause of death cardiac or respiratory failure), was collected from the
Neuropathology departments of VU University Medical Center and Academic Medical
Center in Amsterdam, University of Antwerp, and the Maryland Brain Bank.
In one of the two X-ALD patients who came to autopsy within six hours after death,
as mentioned above, and in five controls a postmortem MR study was performed on
unfixed coronal brain slices directly at autopsy. In all 15 X-ALD brains and the five control
brains an MR study was performed after at least five weeks of formalin fixation.
MR imaging and spectroscopy
All MR studies of living patients and postmortem specimens were performed on the same
1.5 T MR scanner (Siemens Vision, Erlangen, Germany).
In vivo MR protocol
The in vivo MRI protocol included transverse T2-weighted spin echo images (TR 3000 ms,
TE 22, 60 and 120 ms, 1 excitation), and coronal FLAIR images (TR 9000 ms, TE 105 ms, TI
2200 ms, 1 excitation). In five patients axial T1-weighted spin echo images were obtained
before and after Gd-DTPA administration.
In all subjects, MRS was performed using a STEAM sequence (TR/TE/mixing time
6000/20/10 ms, 64 accumulations) in a single VOI of 4-6 ml. In control subjects the VOI
was placed within parietal white matter. In patients one VOI was selected in the white
matter lesion center, one at the lesion edge and one in the NAWM. Metabolite
concentrations were calculated using LCModel (9) and expressed as mmol/L.
Concentrations were determined for tCr, tNAA, Cho, mIns and Lac (10).
DTI was performed in five patients and in all control subjects with a multi-slice EPI
sequence (11) using a reference b=0 s/mm2 and 8 non-collinear gradient vectors with
b=1044 s/mm2. In transverse orientation, 16 slices of 5 mm were acquired, with a 128 x 128
matrix, using TR 3600 ms and TE 123 ms. The DTI analysis included a correction of eddy
current induced distortion, and calculation of eigen values of the diffusion tensor, resulting
in maps of ADC and FA (11).
MTI was performed in five patients and in all control subjects with a 3D-FLASH
sequence. Two sets of images were obtained, one with (MS) and one without (M0) MT
saturation pulse (7.68 ms Gaussian RF pulse, 1500 Hz off resonance), using TR 23 ms, TE 4
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ms, flip angle 20°, and a 3D slab consisting of 54 transverse slices of 3 mm. MTR maps were
created according to MTR=(1 - MS/M0) x 100%.
ROIs corresponding to the MRS VOIs (the x, y and z coordinates of this VOI were
noted) were transferred to the equivalent ADC, FA or MTR maps to determine mean values
in these ROIs.
Postmortem MR protocol
The postmortem MR study, performed on unfixed coronal brain slices directly at autopsy,
was done at room temperature (20-22°C). Five 1cm thick brain slices were placed in a slice
holder, which fits in the head coil. The MR pulse sequences as described for living patients
were modified and included T2-weighted spin echo images (TR 2000 ms, TE 20 and 45 ms;
excitation 1; matrix 160 x 256; field of view 125 x 200 mm, slice thickness 5 mm, in-plane
resolution 0.78x0.78 mm) and multi-slab 3D-FLAIR images (turbo spin echo imaging
sequence with a turbo factor of 27 (12); six 1cm thick slabs with 8 partitions each, resulting
in a slice thickness of 1.25 mm; TR 6500 ms; TE 120 ms; TI 2200 ms; matrix 162 x 256; field
of view 127x200 mm, in plane resolution 0.78x0.78 mm). The imaging slices were located at
the center of brain slices. To avoid EPI-related distortion artifacts at the interface between
air and brain tissue (13, 14), DTI was performed with a diffusion-weighted single shot
STEAM sequence (TR 6000ms, TE 65ms, excitations 8; slice thickness 8 mm, field of view
80x128mm; matrix 40x64; flip angle 11°) (12-15), and not with the EPI sequence. Despite
lower signal to noise ratio of the STEAM DTI sequence, it yielded similar quantitative
results as the EPI DTI sequence in human controls in vivo (data not shown). MRS was not
performed in postmortem tissue.
The same MR imaging protocol was followed for imaging of the formalin-fixed brain slices.
Histopathologic analysis
The fixed coronal brain slices were cut in half after imaging, slices were embedded in
paraffin, and whole-mount 7μm thick sections were made. Routine staining techniques
were applied, including H&E to verify whether histological sections matched corresponding
MR images, LFB to determine myelin density, and Bodian silver impregnations to
determine axonal density. Immunohistochemical staining with GFAP (DAKO,
Copenhagen, Denmark) as the primary antibody was performed to assess the degree of
astrogliosis. Only sections containing three different histologic areas were examined: i.e.
NAWM, active demyelination (with inflammation) and complete demyelination (without
inflammation). In total, 55 areas were examined in 15 patients: 18 areas with complete
demyelination, 20 areas with active demyelination and 17 with NAWM. The size of the
areas examined was 0.5-1.0cm x 0.5-1.0cm.
H&E-stained sections were used to transfer the examined areas to corresponding
ADC, FA and MTR maps by matching the histologic contours with lesion details on the
postmortem FLAIR images.
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Axonal densities were determined in Bodian-stained sections using a stereological grid (4).
Random points of a grid were superimposed on the sections and the number of points
crossing axons was measured as a fraction of the total number of points of the grid. Axonal
density in areas of active and complete demyelination was expressed as percentage of the
axonal density in the NAWM ROI.
Myelin density was quantified by assessing light transmittance on scanned LFB-stained
sections using Scion Image for Windows®. The program was set in RGB mode. Within every
ROI, the light intensity was assessed in three random areas. Values obtained from each area
were averaged and then divided by the light intensity transmitted in the NAWM ROI, to
assess relative myelin density.
Numbers of GFAP-positive reactive astrocytes were counted per 40x field in 10
microscopic fields to estimate the degree of astrogliosis. Cell density was determined
likewise by counting the total number of nuclei in H&E-stained sections.
Statistical Analysis
Two-sided unpaired t-test was performed to compare in vivo MRS metabolite
concentrations and the quantitative parameters MTR, ADC and FA between the white
matter lesion center, the lesion edge and the NAWM in patients and white matter in control
subjects. Likewise, a two-sided unpaired t-test was performed to compare MTR, ADC and
FA values in vivo and in post-mortem brain tissue (fresh and fixed). The significance level
was P<0.01.
Analysis of correlations between all parameters in the postmortem samples was
performed using SPSS program (SPSS for Windows, version 12.0; SPSS, Chicago, IL).
Pearson correlation coefficients to investigate correlations of histopathologic parameters
(axonal density, myelin density, cellular density and degree of astrocytosis) with MR
parameters (ADC, FA and MTR) in the same ROIs were calculated directly. The variables
were normally distributed (Levene’s test for normality), or normalized with a log
transformation. P-values <0.01 were considered significant.
Equations to estimate histopathology from MR parameters were calculated by linear
regression analysis.
RESULTS
In vivo MR parameters
Illustrations of proton MR spectra, MTR, ADC and FA maps that were obtained in living
X-ALD patients are shown in Figure 1. The lesion center showed statistically significant,
marked reductions in MTR, FA, and concentrations of tNAA and tCr, and significant
increases in ADC and concentrations of mIns and lactate as compared to NAWM. The
lesion edge showed similar significant, although less pronounced changes in MTR, ADC,
FA, tNAA and mIns; tCr was normal; both Cho and lactated were significantly higher than
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in the center of the lesion and in the NAWM. In NAWM of the patients MR parameters
were not significantly different from those in cerebral white matter of controls, although all
parameters showed a trend for being slightly abnormal. The difference was significant for
FA only. Quantified metabolite concentrations and results of DTI and MTI examinations
are shown in Table 2.

Figure1
VOI localizations
for MRS (STEAM,
TR 6000 ms, TE 20
ms, TM 10 ms, 64
accumulations) are
shown on a
transverse T2weighted MR image
(TR 3000 ms, TE
120 ms, one signal
acquired) (a) with
MTR (b), ADC (c),
and FA (d) maps of
the same slice, and
corresponding
spectra (e and f) in a
patient with X-ALD.
The VOI placed in
the center of the
white matter lesion
(right hemisphere)
showed a very low
MTR, high ADC,
low FA, very low
tNAA, low tCr, high
mIns and Cho and
high lactate. The
VOI at the edge of
the lesion showed
similar but less
pronounced
changes, Cho and
lactate were higher
than in the center of
the lesion.
Also note the band
of low ADC (arrow
in c), towards the
edge of the lesion.
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Table 2: MTR, ADC, FA and MRS metabolite concentrations in cerebral white matter of 7
X-ALD patients and 14 controls (in vivo)
Center of lesion
Mean ± SD

Edge of lesion NAWM
Mean ± SD
Mean ± SD

Controls
Mean ± SD

MTR, %

11.5 ± 3.3*

23.0 ± 1.5*

29.0 ± 2.5

31.8 ±1.5

ADC, 10-3 mm2/s

2.1 ± 0.4*

1.2 ± 0.5*

0.83 ± 0.05

0.81 ± 0.07

FA

0.20 ± 0.04*

0.30 ± 0.05*

0.43 ± 0.02

0.37 ± 0.04*

tCr, mmol/L

2.7 ± 0.9*

4.3 ± 0.5

4.8 ± 1.0

4.5 ± 0.6

tNAA, mmol/L

1.9 ± 1.8*

4.9 ± 1.9*

7.2 ± 0.9

7.7 ± 1.0

Cho, mmol/L

1.4 ± 0.9

1.9 ± 0.3**

1.5 ± 0.4

1.3 ± 0.2

mIns, mmol/L

5.0 ± 1.5*

4.8 ± 0.6*

4.2 ± 1.1

3.6 ± 0.3

Lac, mmol/L

1.8 ± 2.0*

2.3 ± 2.5**

0.5 ± 0.6

0.2 ± 0.3

* significantly different from NAWM; p < 0.01
** significantly different from NAWM and center of lesion; p < 0.01
Changes of MTR, ADC and FA values after autopsy and fixation
Five control brains were examined directly after autopsy and after at least five weeks of
formalin fixation. Table 3 summarizes the results. A slight reduction in MTR (not reaching
the level of significance) as compared to in vivo MTR values was observed after autopsy; a
more pronounced, statistically significant reduction was seen after fixation. ADC values
were significantly reduced after autopsy as compared to in vivo values and were reduced
further after formalin fixation. FA values after formalin fixation were comparable to the FA
values in living controls, but they were significantly lower immediately after autopsy.
One X-ALD patient was examined shortly before death, directly after autopsy and after five
weeks of formalin fixation. In all stages, the differences in MTR, ADC and FA values
between different white matter areas showed a similar trend as the in vivo differences
(figure 2 and table 4). In the lesion center, MTR was lower, ADC was higher and FA was
lower than in the lesion edge and in NAWM.
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Figure 2
A 3D-FLAIR image (6500/120/2200) (a) and MTR (b), ADC (c), and FA (d) maps at the
same position of post mortem X-ALD brain show that differences in MR parameters are
retained with postmortem MR tissue, with a low MTR, high ADC and low FA towards the
center of the lesion.
Histopathologic parameters
In all 15 X-ALD patients, histopathologic evaluation of the edge of the lesion showed
perivascular inflammatory cells with myelin destruction by macrophages and many reactive
astrocytes. The lesion center showed a dense mesh of glial fibrils, with scattered astrocytes
and almost complete absence of axons, myelin sheaths and oligodendroglia. In the NAWM
no evident histologic abnormalities were seen. MR and histopathology of postmortem brain
slices are illustrated in figure 3.
Pearson correlations between all MR parameters and histopathologic parameters
The Pearson correlation coefficients (r-values) based on all measurements are given in table
5. The r-values of the correlations differed. Strong correlations were found between the
histopathologic and between MR parameters themselves, for instance a strong correlation
was found between myelin density and axonal density (0.952). Medium to strong
correlations were found between the MR parameters and histopathologic parameters, also
illustrated by scatter plots in figure 4 and by the r-values in Table 5.
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Table 3: MTR, ADC, and FA values in cerebral white matter of 14 healthy control subjects
(in vivo) and in 5 postmortem control brains immediately after autopsy (fresh) and after
formalin fixation (fixed)
In vivo
Mean ± SD

Postmortem, fresh
Mean ± SD

Postmortem, fixed
Mean ± SD

MTR, %

32.0 ± 1.5

30.6 ± 0.8

25.0 ± 0.5*

ADC, 10-3 mm2/s

0.80 ± 0.07

0.25 ± 0.06*

0.18 ± 0.05*

FA

0.43 ± 0.02

0.22 ± 0.05*

0.37 ± 0.04

* significantly different from in vivo ; p<0.01

Table 4: MTR, ADC and FA values in cerebral white matter of one X-ALD patient in vivo,
immediately after autopsy (fresh) and after formalin fixation (fixed)
In vivo

Postmortem, fresh

Postmortem, fixed

Center lesion

9

10

8

Edge lesion

22

18

15

NAWM

29

31

28

Center lesion

2.3

1.40

1.20

Edge lesion

1.2

0.70

0.56

NAWM

0.9

0.50

0.22

Center lesion

0.22

0.04

0.10

Edge lesion

0.36

0.12

0.22

NAWM

0.50

0.12

0.29

MTR, %

ADC, 10-3 mm2/s

FA
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Figure 3 (left)
Correlation of histopathology with MRI in a post mortem X-ALD brain is illustrated.
On the whole mount (H&E stained) section (B), which is matched with the corresponding
MR image, a 3D-FLAIR image (A), the three different histologic areas are identified and
shown in the boxes from left to right: NAWM (D), active demyelination (E-F) and complete
demyelination (C). The Luxol fast blue stained section showed dense myelin staining in the
NAWM (D). GFAP stained sections (E-F) show intense inflammation with many interstitial
macrophages with reactive astrocytes (E) and severe perivascular inflammation (lymfocytes
and macrophages) towards the edge with the chronic lesion (F). Bodian-Silver stained
section (C) showed very low axonal density in the chronic lesion areas.

Prediction of histopathology by MR parameters
Linear regression analysis showed that FA was the best (positive) predictor with respect to
myelin density (myelin density = -13.7 + 143.9 x FA; R2: 0.587) and that MTR was the best
(positive) predictor with respect to cell density (cell density = 5.3 + 4.0 x MTR; R2: 0.440).
Linear regression analysis showed that a combination of ADC (negative predictor
for axonal density and positive predictor for astrogliosis) and FA (positive predictor for
axonal density and negative predictor for astrogliosis) were the best predictors with respect
to axonal density (axonal density = 43.3 + 93.9 x FA – 46.2 x ADC; R2: 0.654) and
astrogliosis (astrogliosis = 6.3 – 7.2 x FA + 9.3 x ADC; R2: 0.568).
In addition, the linear regression analysis showed that ADC and FA combined were
sufficient as predictors of all histopathologic parameters (cell density = 35.2 + 63.3 x FA –
11.4 x ADC; R2: 0.436; myelin density = 1.9 + 136.1 x FA - 16.9 x ADC; R2: 0.592; for
prediction of astrogliosis and axonal density see previous paragraph). Adding MTR did not
have additional predictive value (i.e. in addition to ADC and FA) with respect to all
histopathologic parameters.
DISCUSSION
Effects of death and formalin fixation on MTR, ADC and FA values
Cerebral white matter diffusion parameters and MTR were studied in vivo in normal
individuals, in control brains within six hours after death and after at least five weeks of
formalin fixation. We also studied one patient with X-ALD in a similar fashion. In unfixed
postmortem white matter, MTR values were essentially unchanged, ADC values were
greatly reduced and FA was reduced by ~50% as compared to in vivo values. Formalin
fixation led to an approximately 20% reduction in MTR and a further decrease in ADC,
whereas FA rose to values close to in vivo values.
The differences in MR parameters between in vivo and fresh postmortem white
matter are explained by differences in temperature, unavoidable effects of periagonal
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problems (especially hypoxia-ischemia) and immediate postmortem decay. In contrast to
the in vivo brain temperature of ~37° Celsius, postmortem brains are at room temperature
(20-22° Celsius). MTR is practically unaffected by the effects of dying, early postmortem
decay (5, 16) and temperature (17). In contrast, diffusivity is significantly affected by the
effects of dying and early postmortem decay (18) and also decreases with decreasing
temperature (18). In a study of freshly prepared gel-immobilized erythrocyte ghost samples,
a temperature decrease from 37° to 20° Celsius was associated with a decrease in ADC of
approximately 30% (19). The drop in FA of fresh postmortem tissue has been suggested to
reflect a change in membrane permeability due to beginning autolysis of tissue (20). Our
findings are in line with these previous studies (5, 16-20).
Formalin fixation has additional effects. Like Schmierer et al. (18), we found that
formalin fixation leads to a mild reduction in MTR and causes a mild further reduction of
water diffusivity. The FA after fixation is close to the FA in vivo, which implies that
directional diffusion is reduced proportionally for all directions, suggesting that tissue
architecture is preserved after fixation.
In one X-ALD patient, we studied the MR parameters in areas with different degrees
of white matter abnormality in vivo, within six hours after death, and after formalin
fixation. We found that the differences in MR parameters were retained in all situations,
with a very low MTR, high ADC and low FA in the lesion center and similar but less
pronounced changes at the lesion edge. These results indicate that, although the exact
values of the MR parameters are influenced by the condition of the brain, they remain
applicable and interpretable.

Table 5: Pearson correlations (r-values) for all measurements on formalin-fixed brain tissue
of X-ALD patients.

ADC
(*10-3)
ADC
(*10-3)
FA
MTR (%)
cells
(/40x field)
axonal
density (%)
myelin
density (%)
astrocytes
(/40xfield)

cells
(/40x
field)

axonal
density
(%)

myelin
density
(%)

FA

MTR
(%)

-0.772
-0.728

1
0.837

1

-0.560

0.655

0.666

1

-0.740

0.778

0.749

0.728

1

-0.637

0.766

0.727

0.764

0.952

1

0.712

-0.707

-0.687

-0.646

-0.830

-0.828

astrocytes
(/40xfield)

1

1

All correlations satisfy the criterion of an associated P-value < 0.01. A negative correlation is
indicated with -. All correlation coefficients were above 0.5.
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Figure 4
Relationships between MR parameters [ADC (10-3 mm2/s; first column), FA (second
column) and MTR (%, third column)] and histopathologic parameters [myelin density (%,
first row), axonal density (%, second row), astrocytes (number/40x field, third row) and cell
density (number/40xfield, fourth row)] in post-mortem brain slices are shown. The scatter
plots illustrate the correlations between the MR and histopathologic parameters. The
corresponding Pearson correlations are given in Table 5.
żNAWM, Ɣ active demyelination, ◊ complete demyelination
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It should be noted that most studies on the influence of postmortem changes and
pathology on MR parameters have been performed on small size samples (cell cultures, rat
nervous tissue, small MS lesions, spinal cord) (5, 16-20). Our study used fresh and
formalin-fixed human brains and brain slices and focused on large white matter areas. As
such the study is an important contribution to the insight into the influence of autolysis,
room temperature, formalin fixation and pathology on MR parameters in human brains at
1.5 Tesla. The results of this study are applicable to more routine scanning of postmortem
brains, as sometimes performed in clinical situations.
Prediction of histopathology by MR parameters
We performed MRS in a group of living X-ALD patients. Our MRS findings are in
agreement with previous reports (21-23). In the center of lesions we found decreased tNAA,
low tCr, elevated mIns, and elevated lactate. At the edge of the lesions MRS showed an
increase in Cho, some increase in mIns, a more pronounced lactate elevation and less severe
decreases in NAA and tCr. The decrease in tNAA can be ascribed to axonal damage and
loss, which is more severe in the center than in the edge of the lesion. The increase in Cho is
related to enhanced membrane turnover associated with active demyelination and probably
also to accumulation of myelin breakdown products, both mainly occurring in the edge of
the lesion. The high mIns reflects astrogliosis (24). Elevated lactate is seen in areas of
inflammation with infiltrating macrophages, mainly seen in the edge of the lesion.
Although in the NAWM of the patients MRS metabolite concentrations were not
significantly different from those in the cerebral white matter of controls, there was a trend
for being slightly abnormal, with a lower concentration of tNAA and higher concentrations
of Cho, tCre, mIns and lactate. Two multi-slice proton MRS imaging studies have reported
similar abnormalities in white matter that has a normal appearance on conventional images
in X-ALD (25, 26). The finding of a lower tNAA in NAWM indicates slight axonal damage,
whereas the increases in concentrations of Cho, tCre, mIns and lactate may represent
slightly enhanced myelin turnover and astrocytic reaction, insufficient to lead to signal
alterations on conventional MRI.
We did not obtain MRS after death, because spectra are known to change rapidly
after death due to postmortem decay (27), obviating the possibility of directly correlating
metabolites with histopathologic parameters. However, in the two X-ALD patients in whom
we were able to perform an autopsy, histopathology confirmed active demyelination and
inflammation in the edge of the lesion, and almost complete loss of axons and myelin with
dense gliosis in the inner center of the lesion.
Within the abnormal white matter, both in the edge and the center, both in vivo and
postmortem, ADC (a measure for water diffusivity irrespective of direction) was increased,
while FA (a measure for the degree of diffusion anisotropy) was decreased, both indicating
damage to the tissue matrix. The MTR was decreased, indicating a reduced capacity of the
macromolecule-bound protons in brain tissue to exchange magnetization with the
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surrounding protons in free water, reflecting damage and loss of myelin sheaths and axonal
membranes (28).
We found a progression in abnormality of ADC, FA and MTR from NAWM to
lesion periphery to lesion core, indicating primarily a correlation between these parameters
and severity of the tissue damage. In contrast, the MRS alterations seen in the lesion edge
were different from those seen in the center of the lesion, reflecting the different
histopathologic processes. Two earlier MRS studies (1, 29) also stressed the value of
spectroscopy regarding pathologic specificity in white matter lesions. In a single-voxel MRS
study, combined with DTI and MTI, to investigate whether these techniques could
discriminate between different types of white matter pathology, tCr was the best
discriminant parameter, followed by Cho, MTR, mIns, ADC, lactate and tNAA (1). A
multi-voxel MRSI study demonstrated that metabolite ratios were similar for
leukoencephalopathies with a similar pathophysiology and that these ratios may help in the
classification of white matter abnormalities (29).
Apart form ADC, FA and MTR being general measures for tissue damage, we
searched for more specific correlations between them and histopathologic parameters
(myelin density, axonal density, degree of gliosis and cell density). We studied all
parameters in the same brain slices. A problem for correlating individual MR parameters
with individual histopathologic parameters is that pathologic changes are interdependent.
X-ALD is a primarily demyelinating disease, but myelin loss inevitably leads to loss of axons
and the resulting tissue damage inevitably leads to astrogliosis. Both inflammation and
astrogliosis lead to increased cell density. The strong correlations we observed among the
histopathologic parameters themselves, especially myelin density and axonal density,
hampered assessment of the specificity of the MR parameters for histolopathologic
parameters. Despite that, the prediction of histopathologic parameters in the white matter
abnormality was reliable using DTI parameters (ADC and FA) only; adding MTR did not
improve this prediction significantly. MTR has been used to monitor remyelination in
patients with MS, because it is believed to be a specific quantitative marker for myelin
density (30, 31). Our results do not support this notion. Most likely, the MTR in these
studies reflects the degree of tissue integrity and is only an indirect measure of
remyelination.
CONCLUSION
We have demonstrated that differences in quantitative MR parameters, present in living
patients and related to severity of white matter pathology, are retained in postmortem brain
tissue. We have shown that MR parameters correlate with white matter histopathologic
parameters. Quantitative MR parameters can be used to monitor disease progression and
the effects of therapy in demyelinating disorders.
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