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Purpose: To investigate the relationship between iron staining and 
magnetic resonance (MR) imaging measurements in post-
mortem subjects with multiple sclerosis (MS).

Materials and 
Methods:

Institutional ethical approval was obtained, and informed 
consent was obtained from the subjects and/or their fam-
ilies. Four MR imaging methods based on transverse re-
laxation (T2 weighting, R2 mapping, and R2* mapping) 
and phase imaging were performed by using a 4.7-T 
system in three in situ postmortem patients with MS less 
than 28 hours after death and in one in vivo patient 1 year 
before death. Iron staining with the Perls iron reaction 
was performed after brain extraction. Region-of-interest 
measurements from six subcortical gray matter structures 
were obtained from MR imaging and then correlated with 
corresponding locations on photographs of iron-stained 
pathologic slices by using a separate linear least-squares 
regression in each subject. Iron status of white matter 
lesions, as determined by staining, was compared with 
appearance on MR images.

Results: R2* mapping had the highest intrasubject correlations 
with iron in subcortical gray matter (R2 = 0.857, 0.628, 
and 0.685; all P , .001), while R2 mapping (R2 = 0.807, 
0.615, 0.628, and 0.489; P , .001 and P = .001, .034, 
and .001, respectively), phase imaging (R2 = 0.672, 0.441, 
0.596, 0.548; all P  .001), and T2-weighted imaging (R2 
= 0.463, 0.582, 0.650, and 0.551; all P , .001) had lower 
but still strong correlations. Within lesions, hypointense 
areas on phase images did not always represent iron. A 
hyperintense rim surrounding lesions on R2* maps was 
only present with iron staining, yet not all iron-staining 
lesions had R2* rim hyperintensity.

Conclusion: All four MR imaging methods had significant linear cor-
relations with iron and could potentially be used to de-
termine iron status of subcortical gray matter structures 
in MS, with R2* mapping being preferred. A reliable 
method of determining iron status within MS lesions was 
not established.
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measures in subcortical gray matter 
and MR imaging detection of iron 
presence within lesions. Since the im-
aging parameters are suitable for in 
vivo acquisition, postmortem results 
are directly translatable to in vivo hu-
man applications. Therefore, the pur-
pose of our work was to investigate the 
postmortem relationship between iron 
staining and MR imaging measure-
ments in subjects with MS.

Materials and Methods

Subjects
Four deceased subjects with MS were 
included in our prospective study be-
tween April 1, 2009, and September 
13, 2011. Institutional ethical approval 
was obtained, as was informed consent 
from the subjects and/or their families. 
Three subjects with secondary pro-
gressive MS underwent postmortem in 
situ MR imaging shortly after death. 
Subject 1 was a 63-year-old man who 
had longstanding type 2 diabetes with 
neuropathologic evidence of hyalinized 
vessels, which is consistent with this 
disease. This subject died of cardiore-
spiratory failure due to a combination 
of aspiration pneumonia and septice-
mia from pyelonephritis and was im-
aged 28 hours after death. Subject 2 
was a 55-year-old woman who had a 
history of chronic obstructive pulmo-
nary disease and generalized anxiety 

(14,16–18) have examined the relation-
ship between quantitative MR imaging 
measurements and predicted brain iron 
content determined from referenced 
healthy brain iron values, typically by 
using the 1958 work of Hallgren and 
Sourander (19); however, no reference 
exists for brains with pathologic chang-
es. Postmortem studies are required to 
determine the relationship between MR 
imaging measures and actual iron levels 
in patients with MS.

Few postmortem studies have eval-
uated the accuracy of quantitative MR 
imaging methods for measuring brain 
iron in healthy individuals or in patients 
with other non-MS diseases. The re-
sults of these studies demonstrate that 
phase (20) and R2 and R2* (21) have 
a high correlation to iron in these sub-
jects. However, these results cannot be 
directly translated into evaluating iron 
in patients with MS because each MR 
imaging method is variably influenced 
by different pathologic processes, such 
as demyelination, cellular infiltration, 
and edema. Furthermore, most post-
mortem MR imaging studies that have 
investigated the relationship between 
MR imaging and iron have used forma-
lin-fixed tissue (20,22–24). Formalin 
fixation can alter relaxation properties 
and, to a lesser extent, the iron con-
tent of tissue (25–29). Early in situ 
postmortem imaging closely resembles 
in vivo imaging because the brain is 
surrounded by cerebrospinal fluid, and 
air-tissue interfaces are intact to cause 
susceptibility effects that are an impor-
tant feature in R2* mapping and phase 
imaging.

In our study, four iron-sensitive 
methods were evaluated for brain iron 
detection in patients with MS. In vivo 
and in situ postmortem MR imaging 
was followed by Perls iron staining, 
which enables correlation analysis be-
tween MR imaging and iron staining 

Iron has an important physiologic 
role in the brain, including involve-
ment in myelin synthesis, neuro-

transmitter production, and oxygen 
transport (1). In multiple sclerosis 
(MS), iron is reportedly increased in 
subcortical gray matter and present in 
some lesions at histologic analysis (2–
4). Magnetic resonance (MR) imaging 
offers a number of methods that are 
sensitive to brain iron, including T2-
weighted fast spin-echo (SE) imaging 
(5), T2*-weighted gradient-echo imag-
ing (6), mapping of the SE and gradi-
ent-echo transverse relaxation rates 
(R2 and R2*, respectively) (7), phase 
imaging (8), and susceptibility mapping 
(9). These methods provide enhanced 
iron sensitivity at higher magnetic field 
strengths (7,10). Several MR imaging 
methods have shown a relationship be-
tween subcortical gray matter measures 
and functional scores in patients with 
MS (11–13); however, the contribu-
tion from iron to the quantitative MR 
imaging measures is unclear, and im-
age contrast could be derived from 
other sources, such as macromolecules 
(14) and protein and lipid orientation 
(15). Researchers in many studies 

Implication for Patient Care

 n In subcortical gray matter in MS, 
hypointensity with T2-weighting, 
increases in transverse relaxation 
rate, and more negative phase 
can mainly be attributed to iron.

Advances in Knowledge

 n Transverse relaxation and phase 
measures have significant corre-
lation to iron staining in subcor-
tical gray matter of patients with 
multiple sclerosis (MS).

 n R2* mapping has a higher corre-
lation (R2 = 0.857, 0.628, 0.685; 
all P , .001) to iron in subcor-
tical gray matter structures in 
MS compared with R2 mapping 
(R2 = 0.807, 0.615, 0.628, 0.489; 
all P  .034), phase imaging (R2 
= 0.672, 0.441, 0.596, 0.548; all 
P  .001), and T2-weighted im-
aging (R2 = 0.463, 0.582, 0.650, 
0.511; all P , .001).

 n Hypointense MS lesions on phase 
images do not always contain 
iron and can result from 
demyelination.

 n Hyperintense rims around MS 
lesions on R2* maps were only 
present in iron-staining lesions.
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or lesions were stained by using the 
Perls iron reaction (32). The slices 
were placed in a plastic container with 
1 L of 2% hydrochloric acid combined 
with 1 L of 2% potassium ferrocyanide 
for 30 minutes. After washing for 2 mi-
nutes with water, the slices were photo-
graphed again.

The photographs were converted 
to grayscale by using software (ImageJ 
[33]) and manually rotated, resized, 
and translated to align the photographs 
of stained and unstained brain slices. 
The window and level were normal-
ized on the basis of the intensity of 
the static background outside of the 
brain and the intensity of white mat-
ter with little staining within the brain 
slice. Regions of interest (ROIs) were 
drawn around iron-rich subcortical gray 
matter structures, and the differences 
between structures on stained versus 
unstained photographs were calculated. 
The results were divided by the differ-
ence between the background and the 
healthy-appearing white matter, gener-
ating a relative optical density where 
a higher optical density corresponds 
relatively to more iron staining within 
one subject. This method is similar to 
that used in a previous quantitative iron 
validation study (34) with MR imaging 
using optical density measures. Lesions 
were visually examined for iron staining 
and confirmed as MS lesions with mi-
croscopic examination by pathologists 
(E.S.J. and J.Q.L.) with 100% interob-
server reliability.

MR Image Processing
All MR images were interpolated to iso-
tropic 0.25-mm resolution and manually 
registered, on the basis of gyri contours 
and subcortical gray matter structures, 
to the pathologic photographs by using 
affine transformations. With software 
(ImageJ), ROIs were drawn around the 
borders of corresponding subcortical 
gray matter structures after registra-
tion with the pathologic photographs 
to obtain proper anatomic correspon-
dence. This enabled an accurate spatial 
comparison of the reformatted axial 
MR images to the coronal gross path-
ologic slices for subjects 2, 3, and 4. 
ROIs were based on the T2-weighted 

Axial three-dimensional R2* map-
ping was acquired with full brain cov-
erage (160 mm) by using the following 
parameters: repetition time, 44 msec; 
10 echoes with 4.0–4.2 msec echo spac-
ing; first echo, 2.9–3.2 msec; flip angle, 
11°; field of view, 256 3 128–160 3 160 
mm; matrix, 512 3 160 3 80; voxel size,  
1 3 0.8–1 3 2 mm.

Axial two-dimensional R2 mapping 
with a multiecho SE was acquired by 
using the following parameters: repe-
tition time, 3500 msec; 18–24 echoes 
with 10-msec echo spacing; first echo, 
10 msec; two sections, section thick-
ness, 4–5 mm; section gap, 8–10 mm, 
field of view, 256 3 181 mm; matrix, 
512 3 145–171; voxel size, 0.8–1 3 1 3 
4–5 mm. The section thickness of the 
180° refocusing pulses was 1.75 times 
wider than that of the excitation pulse. 
In vivo specific absorption rate stan-
dards allowed only two sections of R2 
mapping to be collected over a 5.2-mi-
nute acquisition owing to the high mag-
netic field and the large number of 180° 
pulses. The sequence was implemented 
multiple times to acquire data between 
interleaved sections. Three acquisitions 
were performed in subjects 1 and 4, 
two were performed in subject 2, and 
one was performed in subject 3.

Axial phase imaging used a two-
dimensional single gradient echo with 
first-order flow compensation acquired 
with the following parameters: 1540/7–
15; 50 contiguous sections; section 
thickness, 2 mm; flip angle, 70°; field of 
view, 214–256 3 163–192 mm; matrix, 
512 3 256–392; voxel size, 0.42–0.5 3 
0.42–0.5 3 2 mm.

Images were acquired with a stan-
dard birdcage head coil for transmis-
sion and a tight-fitting four-element 
array coil for signal reception. In sub-
ject 1, the head coil was also used for 
reception owing to large head size.

Pathology Examination
The brains were fixed in 18% formalin, 
sectioned into 8-mm slices, and photo-
graphed before iron staining. Coronal 
cuts were used based on neuropathol-
ogy preference, except in subject 1, 
in whom slices were cut axially. Slices 
containing subcortical gray matter and/

disorder. This subject died of aspiration 
pneumonia and was imaged 6 hours 
after death. Subject 3 was a 60-year-
old man who had longstanding chronic  
obstructive pulmonary disease, long-
standing congestive heart failure, and 
metastatic prostate cancer. This sub-
ject died of Staphylococcus aureus 
septicemia due to pneumonia second-
ary to prostate cancer lung metastasis 
and was imaged 7 hours after death. 
Subject 4 had relapsing-remitting MS 
with no other longstanding medical 
conditions. This subject underwent in 
vivo imaging 1 year before death at the 
age of 45 years and died of medullary 
compression due to a B-cell lymphoma 
tumor in the cerebellum. In all sub-
jects, the clinical diagnosis of MS was 
made by neurologists who specialize 
in MS (K.G.W. and G.B., with 38 and  
6 years experience, respectively) and 
was pathologically confirmed by three 
neuropathologists (E.S.J., J.Q.L., and 
L.R., with 34, 5, and 30 years experi-
ence, respectively).

MR Image Acquisition
MR imaging data were acquired by us-
ing a 4.7-T whole-body imaging system 
(Varian Unity Inova, Palo Alto, Calif). 
The imaging protocol consisted of four 
axial MR imaging methods that took a 
total time of 39 minutes: standard T2-
weighted fast SE (6.8 minutes) (30), 
R2* mapping (8.9 minutes), R2 map-
ping (15.6 minutes) (31), and phase 
imaging (6.6 minutes). Subject 2 did 
not undergo imaging with the R2* 
mapping sequence.

Axial two-dimensional T2-weighted 
fast SE MR imaging was acquired with 
80-mm superior-inferior coverage cen-
tered on the thalamus with slightly dif-
ferent parameters between subjects. 
Typical parameters were: repetition 
time msec/echo time msec, 7000–
14 000/30–50; echo train length, four 
to eight; 40–80 contiguous sections; 
section thickness, 1–2 mm; field of 
view, 256 3 192.5 mm; matrix, 1024 
3 385 with 75% partial Fourier; voxel 
size, 0.25 3 0.25 3 1–2 mm. This echo 
time provided substantial T2-weighting 
for iron-containing deep gray matter at 
4.7 T (12).
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correlations to postmortem staining. 
Although most subcortical gray mat-
ter structures were imaged with the 
R2 mapping sequence, this regression 
contained fewer ROIs because the ex-
act anatomic correspondence to path-
ologic slices was not achieved in all 
regions owing to section gaps in some 
subjects.

The phase analysis methods dem-
onstrated different correlations to 
iron staining (Table 2) and depended 
strongly on the location of the refer-
ence phase measurements. The gradi-
ent fitting background removal method 
with an adjacent reference phase dem-
onstrated the highest correlation to 
optical density and was the only phase 
method which demonstrated signifi-
cant results for all subjects.

Visual Analysis of Subcortical Gray Matter
Hyperintense regions on the R2* and 
R2 maps and hypointense regions on 
T2-weighted fast SE MR images corre-
sponded well to staining of subcortical 
gray matter with Perls iron stain on 
photographs (Fig 3a, 3b). Postmortem 
MR imaging depicted similar contrast 
to in vivo results (Fig 4).

The gradient phase removal method 
produced more contrast in large sub-
cortical gray matter structures, such as 
the head of the caudate nucleus, puta-
men, and globus pallidus, compared 
with the Hanning processing method 
(Fig 3c). The Hanning method does 
not completely remove phase wraps 
from structures of interest, eliminat-
ing quantitative measures in these re-
gions. Within structures, there is some 
disparity compared with staining and 
other MR imaging methods with both 
Hanning and gradient phase methods 
(Fig 3).

Visual Analysis of MS Lesions
When using T2-weighted fast SE MR 
images, phase images, and R2* maps, 
general trends appear when classify-
ing lesions on the basis of iron stain-
ing (Table 3). However, convincing ev-
idence for the ability of individual MR 
imaging methods to be used to deter-
mine the iron status of lesions was not 
established.

MR Imaging Lesion Evaluation

MR imaging lesion contrast was com-
pared between iron-staining and non– 
iron-staining lesions by a neurora-
diologist (D.J.E., with 15 years ex-
perience) and a neuropathologist 
(E.S.J.). Intensity was examined  
both within lesions and around the pe-
riphery (rim) by using phase images,  
R2* maps, and T2-weighted fast SE 
MR images. R2 mapping was not used 
owing to limited coverage. Lesions in 
subject 4 were not evaluated because 
of potential variability in lesion activity 
over 1 year.

Statistical Analysis

Statistical analysis was performed by 
using software (SPSS, version 18.0 for 
Macintosh; IBM, Armonk, NY). Cor-
relations between iron-staining optical 
densities and individual MR imaging 
measures were tested by using a sep-
arate linear regression model in each 
subject. More than one measurement 
from a single structure was sometimes 
obtained owing to the number of slices 
through that structure at pathologic 
sectioning. P values less than .05 were 
considered to indicate a significant 
difference.

Results

Subcortical Gray Matter Measurements
All MR imaging measures showed a 
significant correlation to iron detect-
ed with Perls iron staining (Table 1; 
Figs 1, 2). R2* measurements had the 
strongest correlations to optical den-
sity in each subject (R2 = 0.857, 0.628, 
and 0.685; all P , .001). R2 mapping 
(R2 = 0.807, 0.615, 0.628, and 0.489; 
P , .001 and P = .001, .034, and .001, 
respectively), phase imaging (R2 = 
0.672, 0.441, 0.596, and 0.548; all P 
 .001), and T2-weighted fast SE MR 
imaging (R2 = 0.463, 0.582, 0.650, and 
0.511; all P , .001) had comparable 
correlations to optical density. A some-
what weaker correlation was evident 
between the T2-weighted fast SE MR 
measures and iron in subject 4 (Table 
1, Fig 2) while the other MR imag-
ing measures had substantially higher 

fast SE MR images and the R2* maps 
and then transferred to the other im-
ages. The structures evaluated included 
the caudate nucleus, putamen, globus 
pallidus, substantia nigra, red nucleus, 
thalamus, and subthalamic nucleus.

Large spatial signal intensity 
variations on the T2-weighted fast 
SE MR images, arising from high- 
field-strength radiofrequency trans-
mittance interference effects (35) and 
receiver coil variation, were corrected 
by using a three-dimensional Gaussian 
blur with a radius of 64 mm. Measured 
values were divided by the intensity of 
cerebrospinal fluid averaged between 
the right and left lateral ventricles.

R2* maps were produced by using 
a weighted least-squares monoexpo-
nential fit of the 10 echoes (36). Prior 
to fitting, a linear field-gradient correc-
tion algorithm was applied to recover 
signal losses from air-tissue interfaces 
that were in close proximity to relevant 
subcortical gray matter structures (37). 
Weighting factors for the least-squares 
fitting were given by the intensity scal-
ing factors needed to compensate for 
signal loss and accounted for amplified 
noise during the fitting procedure.

R2 maps were produced by us-
ing a least-squares fit with stimulated 
echo compensation (31), which ac-
counted for the exact signal decay that 
arose from radiofrequency transmit-
tance variation across the section pro-
file and in-plane variation from high- 
field-strength radiofrequency interfer-
ence effects.

Phase images were processed 
with the standard Hanning filter 
method (38) by using a filter width of 
0.125. The filter width is the ratio of 
the Hanning filter divided by the to-
tal matrix size along one dimension 
(39,40). The phase images were sepa-
rately processed with a moving window 
gradient fitting method (40) with a fil-
ter width of 0.0625. To mitigate effects 
of nonlocal external field effects from 
iron-rich structures, reference phase 
measures were obtained in nearby 
healthy-appearing white matter greater 
than 10 mm from each structure and 
separately obtained directly adjacent to 
each structure (40).
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on phase images, hypointense rims 
were generally, but not exclusively, 
present in iron-staining lesions. Gener-
ally, lesions that stained for iron were 

of partial volume effects on MR images 
from the lateral ventricles. On R2* 
maps, hyperintense rims were only 
present in iron-staining lesions, while 

Sixteen lesions, both staining and 
nonstaining, were seen on pathologic 
samples from subject 1 (Fig 5). Three 
lesions could not be analyzed because 

Figure 1

Figure 1: Scatterplots show correlations between optical density from iron staining and in situ postmortem (a) fast SE (FSE), (b) phase, (c) 
R2, and (d) R2* MR imaging in subject 1. Key for all plots appears on d. Caudate = caudate nucleus, ppb = parts per billion, s = seconds.

Table 1

Correlations between Quantitative MR Imaging Measures and Optical Densities

R2* Map R2 Map
T2-weighted Fast  
SE MR Imaging Phase MR Imaging No. of ROIs

Subject R 2 P Value R 2 P Value R 2 P Value R 2 P Value R2*, T2-weighted Fast SE, and Phase R2

1 0.685 ,.001 0.489 .001 0.511 ,.001 0.548 ,.001 22 18
2 ND ND 0.628 .034 0.650 ,.001 0.596 .001 15 7
3 0.628 ,.001 0.615 .001 0.582 ,.001 0.441 ,.001 27 15
4* 0.857 ,.001 0.807 ,.001 0.463 ,.001 0.672 ,.001 32 27

Note.—ND = no data.

* In vivo MR imaging.
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centrally isointense or not as hypointense 
on R2* maps as compared with lesions 
that did not stain. Also, iron-staining 

lesions often appeared more hypointense 
centrally on phase images compared 
with nonstaining lesions; however, some 

hypointense lesions did not contain iron. 
All lesions in this subject were hyperin-
tense on T2-weighted fast SE MR images.

Table 2

Correlations between Phase MR Imaging and Optical Densities

Hanning Standard Filtering Gradient Fitting

White Matter Reference Adjacent Reference White Matter Reference Adjacent Reference No. of ROIs

Subject R 2 P Value R 2 P Value R 2 P Value R 2 P Value Standard Filtering Gradient Fitting

1 0.217 .069 0.507 .002 0.012 .626 0.548 ,.001 16 22
2 0.287 .040 0.255 .114 0.142 .167 0.596 .001 15 15
3 0.059 .233 ,0.001 .973 0.011 .609 0.441 ,.001 27 27
4* 0.212 .008 0.118 .056 0.004 .738 0.672 ,.001 32 32

Note.—White matter reference = healthy-appearing white matter at least 10 mm from the structure border, lateral to all structures. Adjacent reference = white matter directly adjacent to the structural 
border, medial to the globus pallidus and lateral to all other structures.

* In vivo MR imaging.

Figure 2

Figure 2: Scatterplots show correlation between optical density from iron staining and in vivo (a) fast SE (FSE), (b) phase, (c) R2, and (d) R2* 
MR imaging in subject 4. Iron staining was performed 1 year after MR imaging, immediately following death. Key for all plots appears on d. 
Caudate = caudate nucleus, ppb = parts per billion, s = seconds.
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lesion was readily identified at macro-
scopic visual inspection, and all lesions 
failed to stain for iron. All lesions were 
hypointense on R2* maps, hyperintense 
on T2-weighted fast SE MR images, and 
isointense on phase images.

Discussion

Our study evaluated several MR im-
aging methods for measuring iron in 
subcortical gray matter and for detect-
ing iron within and surrounding MS 
lesions. R2* mapping had the highest 
correlation with iron staining in sub-
cortical gray matter in each individ-
ual postmortem subject. R2 mapping, 
phase imaging, and T2-weighted fast 
SE MR appear to have comparable 
correlations with iron staining, which 
are moderate to strong. A weaker cor-
relation with phase imaging may have 
been due to phase contrast depen-
dence on structural shape and not ex-
clusively iron content (39). T2-weight-
ed fast SE MR imaging may have had 
a weaker correlation because at high 
field strength, radiofrequency inter-
ference produces a spatial variation of 
flip angles. R2 mapping may have had 
a weaker correlation because fewer 
measurements were obtained due to 
limited section coverage.

Compared with the subjects imaged 
postmortem, the subject imaged in vivo 
had substantially higher correlations 
to iron staining with R2* mapping, 
R2 mapping, and phase imaging, but 
a similar correlation with T2-weighted 
fast SE MR imaging. Anecdotal inter-
subject comparison was hampered by 
differences in disease manifestation, 
blood flow, and oxygenation and, for 
T2-weighted fast SE MR imaging, by 
the fact that the transmit radiofrequen-
cy field may vary substantially between 
individuals at high field strength.

Previous studies have evaluated the 
correlation between MR imaging and 
quantitative iron measures, although 
not in MS. A study (21) similar to our 
own that focused on healthy individ-
uals yielded higher correlations than 
we obtained for R2* and similar cor-
relations for R2 by using a quantitative 
spectroscopic method to provide total 

large lesions appeared primarily isoin-
tense or hypointense, while the rims 
appeared variably hypointense. This 
did not correspond absolutely to the 
staining.

Subject 3 had six lesions that dem-
onstrated microscopic evidence of re-
myelination and were considered to 
be shadow plaques (Fig 6). Only one 

Subject 2 had 11 regions that con-
tained large chronic plaques, which 
demonstrated variable staining for iron. 
Primarily, staining was observed around 
the periphery (rim) of the plaques, with 
diffuse patchy staining throughout the 
lesions. On T2-weighted fast SE MR 
images, all lesions appeared hyperin-
tense. On phase images, the centers of 

Figure 3

Figure 3: In situ postmortem MR images and photographs of pathology samples from subject 1. (a) Cor-
responding pathology sample (left) stained with Perls iron stain and T2-weighted fast SE MR image (right). 
(b) Corresponding R2 map with six two-dimensional sections (left), which have less coverage than other 
MR imaging acquisitions, and R2* map (right). (c) Corresponding phase images processed with gradient 
fitting (left) and Hanning (right) methods. Phase wraps were not removed, and contrast within structures was 
reduced owing to a higher filter width. ppb = parts per billion, s = seconds.
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confounding effects on MR imaging. 
Myelin loss results in hypointensity 
on phase and R2* images, while iron 
accumulation results in hypointensity 
on phase images and hyperintensity 
on R2* images. Six nonstaining lesions 
in subject 1 demonstrated hypointen-
sity on phase images both around the 
periphery and centrally. Therefore, 
hypointensity on phase images should 
not be interpreted as iron in MS le-
sions (45) since it can also arise from 
demyelination. R2* maps with lesions 
displaying a rim of hyperintensity 
were specific for iron, although not 
sensitive, and could represent infiltra-
tion of inflammatory cells containing 
iron (22) preceding edema and mye-
lin loss. Subject 3 had shadow plaque 
MS lesions, which demonstrated no 
staining and were not visible on phase 
images, but appeared hypointense on 
R2* maps. This could indicate that 

iron staining. Also, prominent fea-
tures of MS, such as inflammation, 
neuronal degeneration, demyelination, 
and cellular swelling, can affect each 
MR imaging method, but primarily 
T2-weighted fast SE MR and R2 imag-
ing. These factors limit the ability to 
compare between cases. Furthermore, 
correlations may be different because 
whole-structure ROIs were used, sim-
ilar to widely used in vivo analysis 
(16,18,42,43), as opposed to multiple 
small territories within structures.

In MS lesions in our current study, 
a single MR imaging method alone 
could not adequately determine the 
presence of iron. This is contradic-
tory to results of a previous study 
(44), which indicated that iron is the 
dominant source of phase contrast in 
MS lesions. The pathophysiology of le-
sions can involve several simultaneous 
processes (1,22), which can have 

iron in limited sample volumes. In ad-
dition, an evaluation (15) of one pa-
tient with Alzheimer disease yielded a 
higher correlation for phase imaging 
by using x-ray fluorescence mapping 
for iron. These previous works de-
tected total iron, but the MR imaging 
measures were mainly sensitive to fer-
ric paramagnetic iron. In our study, 
Perls iron stain was used to provide 
a complete slice depiction of ferric 
iron variation. Although Perls iron 
staining is generally considered to be 
qualitative, results of one study (41) 
demonstrated strong correlations (r 
= 0.945) between quantitative chemi-
cal iron measures and similar optical 
density measures. In MS, macromo-
lecular mass fraction could be altered 
as proteins or lipids are degraded or 
synthesized in response to disease ac-
tivity, which can alter quantitative MR 
imaging values (14) without influencing 

Figure 4

Figure 4: In vivo (a) R2, (b) R2*, (c) phase with gradient background removal, and (d) T2-weighted fast SE MR images from 
subject 4. Note that vessels are less pronounced on b and c, acquired in vivo versus postmortem (Fig 3). ppb = parts per billion, 
s = seconds.
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large influence on these measurements 
because many voxels were averaged. 
Independent regression analysis was 
conducted because of variable pa-
rameters, including brain duration in 
formalin and time after death of MR 
imaging, which precluded a single re-
gression. Therefore, P values should 
be interpreted appropriately, as they 
have not been corrected for multiple 
comparisons. In subject 4, additional 
changes could have taken place over 
the year between imaging and death, 
which could affect correlation findings. 

imaging time (12). Therefore, the re-
sults should have better applicability 
for in vivo use. An additional limitation 
is that MR images were acquired in the 
standard axial plane, while the attend-
ing neuropathologist preferred coronal 
sections in three cases, so MR image 
reformatting was necessary to achieve 
correspondence. However, since large 
ROIs were used around structural bor-
ders for quantitative measurements on 
both pathologic slices and MR images, 
resolution and original orientation 
of MR images should not have had a 

R2* maps are more sensitive to myelin 
loss or dysfunction than are phase im-
ages when iron is absent.

Advantages of phase imaging in-
clude short imaging time, low specific 
absorption rate, and less sensitiv-
ity to water content changes. How-
ever, the method of postprocessing 
can affect the extent of background 
phase removal and contrast within 
large deep gray matter structures 
(40,46,47), where a Hanning filter 
may be suboptimal in both regards. 
Furthermore, external field effects 
from improper background removal 
or other nearby iron-containing struc-
tures could influence measured phase 
values; therefore, directly adjacent 
reference phase measures should be 
obtained. The R2* mapping protocol 
was also relatively time efficient; how-
ever, similar to phase imaging, it can 
be sensitive to susceptibility differ-
ences, such as near air-tissue inter-
faces or large venous structures. R2 
mapping uses SE to refocus the signal 
in these regions. However, to com-
pensate for a high specific absorption 
rate, which is problematic at high 
field strength (48), a limited number 
of sections and long repetition times 
were used. Given these constraints, 
the R2 method used thicker sections 
and slightly lower in-plane resolution 
than did the R2* method; thus, spatial 
resolution differences may have also 
played a role in the lower correlation 
with iron. T2-weighted fast SE MR 
images were acquired at the highest 
spatial resolution (0.06–0.12 mm3), 
which enabled high spatial specific-
ity, but radiofrequency inhomogeneity 
and additional contrast mechanisms 
could lead to variable image contrast 
with this method.

There were several limitations asso-
ciated with our study. Different param-
eters were chosen for each MR imaging 
method, including section thickness, in-
plane resolution, and coverage, which 
could have made direct comparison 
between methods difficult. The optimal 
in vivo parameters for each method 
were used, and these parameters were 
chosen to achieve appropriate signal-
to-noise ratio, image contrast, and 

Table 3

Perls Iron Staining of Lesions Compared with MR Imaging Intensity

Lesion Iron Staining
Phase

Center Rim
R2*

Center Rim

Subject 1
1 Complete Heterogeneous Hypointense Heterogeneous Hyperintense
2 Complete Hypointense Isointense Isointense Hyperintense
3 Complete Heterogeneous Isointense Hypointense Hyperintense
4 Complete Hypointense Isointense Isointense Isointense
5 Complete Hypointense Isointense Hypointense Isointense
6 None Hypointense Isointense Hypointense Isointense
7 None Hypointense Isointense Hypointense Isointense
8 Complete Hypointense Isointense Hypointense Hyperintense
9 None Hypointense Isointense Hypointense Isointense
10 None Hypointense Hypointense Hypointense Isointense
11 Complete Hypointense Isointense Heterogeneous Isointense
12 None Hypointense Hypointense Hypointense Isointense
13 None Hypointense Isointense Hypointense Isointense

Subject 2
1 Rim Isointense Hypointense No data No data
2 Complete Hypointense Isointense No data No data
3 Rim Isointense Isointense No data No data
4 Rim Isointense Hypointense No data No data
5 Rim Isointense Hypointense No data No data
6 Rim Isointense Hypointense No data No data
7 Rim Isointense Heterogeneous No data No data
8 Rim Isointense Hypointense No data No data
9 Rim Isointense Hypointense No data No data
10 Rim Isointense Hypointense No data No data
11 Rim Isointense Hypointense No data No data

Subject 3
1 None Isointense Isointense Hypointense Isointense
2 None Isointense Isointense Hypointense Isointense
3 None Isointense Isointense Hypointense Isointense
4 None Isointense Isointense Hypointense Isointense
5 None Isointense Isointense Hypointense Isointense
6 None Isointense Isointense Hypointense Isointense

Note.—Intensities given are compared with adjacent tissue. Center = MR lesion intensity excluding periphery, Rim = MR intensity 

of lesion periphery.
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Figure 6

Figure 6: (a) Pathology specimen and (b–d) in 
situ postmortem MR images from subject 3 show 
evidence of shadow plaques as defined by patho-
logic findings. (a) Perls iron–stained 8-mm-thick 
coronal cerebral slice shows absence of macro-
scopically identifiable lesions. (b) T2-weighted 
fast SE MR image shows an area of hyperintensity 
(arrow) corresponding to an MS lesion. (c) Phase 
image shows no visible lesion. (d) R2* map shows 
an area of hypointensity (arrow) corresponding to 
a lesion.

Figure 5

Figure 5: (a) Pathology specimen and (b–d) in situ postmortem MR images from subject 1. (a) Perls iron–stained 8-mm-thick axial cerebral slice superior to the left 
lateral ventricle with staining (1a, 1b, 2, 4) and nonstaining (3) lesions. (b) T2-weighted fast SE MR image with focal hyperintensities corresponding to both staining and 
nonstaining lesions. (c) R2* map shows two centrally hypointense lesions with hyperintense rims (1a, 1b), an isointense lesion (2), and a hypointense lesion (4), which all 
correspond to staining lesions. Hypointense lesion (3) corresponds to nonstaining lesion. (d) Phase image processed with gradient method shows hypointensity in both 
staining and nonstaining lesions. Partial volume effects are visible from the superior aspect of the left lateral ventricle on b–d.

Furthermore, changes occurring hours 
after death could also affect iron cor-
relations in subjects 1–3.

In conclusion, subcortical gray mat-
ter measurement of transverse relaxation 
rates (ie, R2 and R2*) and phase imag-
ing, as well as standard T2-weighted fast 
SE MR imaging, provide good correlation 
with iron content as measured with Perls 
iron stain in subject with MS, with R2* 
having the highest correlation. The rela-
tionship between iron and MS lesion ap-
pearance on MR images was highly var-
iable owing to the influence of complex 
pathophysiologic characteristics other 
than iron on image contrast.
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