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In Vivo MR Evaluation of Age-Related Increases in Brain Iron

George Bartzokis, Jim Mintz, David Sultzer, Peter Marx, James S. Herzberg, C. Kelly Phelan, and Stephen R. Marder

PURPOSE: To assess the validity of an MR method of evaluating tissue iron. METHODS: The
difference between the transverse relaxation rate (R,) measured with a high-field MR instrument
and the R, measured with a lower field instrument defines a measure termed the field-dependent
R increase (FDRI). Previous in vivo and in vitro studies indicated that FDRI is a specific measure
of tissue iron stores (ferritin). T2 relaxation times were obtained using two clinical MR instruments
operating at 0.5 T and 1.5 T. T2 relaxation times were measured in the frontal white matter,
caudate nucleus, putamen, and globus pallidus of 20 healthy adult male volunteers with an age
range of 20 to 81 years. R, was calculated as the reciprocal of T2 relaxation time. These in vivo
MR results were correlated with previously published postmortem data on age-related increases of
nonheme iron levels. RESULTS: The FDRI was very highly correlated with published brain iron
levels for the four regions examined. In the age range examined, robust and highly significant age-
related increases in FDRI were observed in the caudate and putamen. The correlations of age and
FDRI in the globus pallidus and white matter were significantly lower and did not have statistical
significance. CONCLUSIONS: The data provide additional evidence that FDRI is a specific measure
of tissue iron stores. The data also show that age-related increases in tissue iron stores can be
quantified in vivo despite significant age-related processes that oppose the increase in R, caused
by iron. These results are relevant to the investigation of neurodegenerative processes in which
iron may catalyze toxic free-radical reactions.

Iron; Brain, magnetic resonance; Brain, growth and development; Magnetic resonance, tissue
characterization; Age and aging
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The extrapyramidal system contains the high-
est concentration of iron in the brain. Levels range
from one-and-a-half to almost twice as high as
that in the liver (1). Up to 90% of nonheme iron
in the brain is in the iron-stage protein ferritin (1-
3). The ferritin complex consists of a multisubunit

Received May 21, 1993; accepted pending revision August 23; revision
received September 7.

Presented in part at the 12th Annual Meeting of the Society of
Magnetic Resonance in Medicine, New York, August 1993. Supported in
part by the Research Service of the Department of Veterans Affairs,
National Alliance for Research on Schizophrenia and Depression, the
Scottish Rite Schizophrenia Research Program, and National Institute of
Mental Health Grant 5T32-MH-17140.

From the Research Service (G.B., J.S.H.) and the Psychiatry Service
(G.B., .M., D.S., S.R.M.), West Los Angeles VA Medical Center; Depart-
ment of Psychiatry, University of California Los Angeles (G.B., J.M., D.S.,
C.K.P., S.R.M.); and Department of Radiology, Harbor-University of Cali-
fornia Los Angeles, Torrance (G.B.).

Address reprint requests to George Bartzokis, MD, West Los Angeles
VA Medical Center, Brentwood Division, 11301 Wilshire Blvd, Mail Code
B-151H, Los Angeles, CA 90073.

AJNR 15:1129-1138, Jun 1994 0195-6108/94/1506-1129
© American Society of Neuroradiology

protein shell (apoferritin) surrounding a crystalline
core of hydrous ferric oxide that may be made
up of as many as 4500 ferric iron atoms (4).

An association between high iron levels and
central nervous system damage has been ob-
served in a variety of disorders, and iron involve-
ment in the process of lipid peroxidation has been
suggested as a common mechanism (5-8). An in
vivo method that quantifies physiologic forms of
iron with specificity may therefore have clinical
and research value in evaluating neurodegenera-
tive disorders (9-13).

Brain extrapyramidal nuclei exhibit shorter T2
relaxation time than other gray matter. T2 short-
ening seems to be related to the high iron con-
centrations in the extrapyramidal nuclei (9-12,
14-17). Drayer (18) pointed out that multiple lines
of evidence support an association between T2
shortening and tissue iron levels. First, many
investigators have observed T2 shortening in dis-
orders with known abnormal iron accumulation
of brain and liver (9, 11, 12, 19-22). Second,
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some postmortem studies have reported that T2
shortening corresponded to increased iron levels
(9-12, 14). Third, age-related increases in brain
iron demonstrated in postmortem studies of
healthy humans (1, 23-25) are similar to age-
related T2 shortening observed in vivo (26-30).
However, the ability of MR to quantify iron levels
in vivo remains controversial (18): some investi-
gators report a lack of correlation between post-
mortem tissue iron levels and T2 values (31-33),
and there are contradictory reports on whether
age-related changes in brain T2 parameters pla-
teau in adulthood or continue into old age (27-
30).

Ferritin has been shown to exert a strong
magnetic effect that results in marked T2 short-
ening in vivo and in vitro (17, 22, 34-37). Field
dependence of tissue T2 parameters has also
been observed in vivo and in vitro (15, 17, 37-
41). Ferritin, which is ubiquitous in tissues (4),
has been shown to shorten T2 more in high-field
instruments than in low-field instruments (17, 40),
and this field-dependent effect seems specific to
ferritin (17). Recently, Bartzokis et al (17) reported
a method that exploits the field-dependent effects
of ferritin on T2 to quantify ferritin in vivo with
specificity. The method consists of measuring T2
on two different field-strength instruments, cal-
culating the transverse relaxation rate R, (R, =
1/T2 X 1000), and evaluating the difference in
R, (high-low field), termed field-dependent R
increase (FDRI).

There are multiple possible explanations for
the FDRI caused by ferritin. One explanation is
that the field inhomogeneity created by the het-
erogeneous distribution of paramagnetic ferric
iron atoms in the ferritin core increases the ob-
served R, to a greater extent in higher than in
lower field strength instruments. This is the same
explanation given for the field-dependent R, in-
creases observed in stationary red blood cells (42,
43). Other explanations involve special properties
that may be unique to iron in a crystalline form.
The small microcrystalline ferric oxide structures
in the ferritin complex (4) may exhibit a variety
of magnetic behaviors such as ferromagnetism,
antiferromagnetism (44, 45), and superpara-
magnetism (46). Regardless of the mechanism
producing the observed FDRI, iron in the form
found in ferritin, and in quantities found in normal
human brain, contributes markedly and specifi-
cally to the FDRI measured with clinical magnetic
resonance (MR) instruments (17).
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Here we present the application of the FDRI
method to the evaluation of age-related iron de-
posit increases in a group of healthy volunteers
and assess the validity of the FDRI method by
correlating in vivo MR results with previously
published postmortem data on age-related in-
creases in nonheme levels of iron (1).

Methods
Subjects

Twenty-three healthy adult male volunteers recruited
from the community and hospital staff participated in the
study after giving informed consent. Subjects were ex-
cluded if there was a family history of Alzheimer disease,
Huntington disease, or other neurodegenerative disorders,
or a history of head trauma that resulted in loss of con-
sciousness for longer than 15 minutes. These criteria ex-
cluded three subjects from the analysis (two with abnormal
motor exam and one with a family history of Alzheimer
disease). One patient with a family history of Parkinson
disease was included because of the low genetic risk for
this disease.

The remaining 20 subjects ranged in age from 20 to 81
years (mean, 55.5, SD, 18). All but one subject were right-
handed. All scored in the normal range on the Mini-Mental
State Examination (47) and on the Unified Parkinson’s
Disease Rating Scale (48).

MR Protocol

All subjects were scanned using the same two instru-
ments (1.5-T and 0.5-T Picker instruments, Cleveland,
Ohio), and both scans were done the same day using the
same imaging protocol.

Two pilot sequences were obtained to specify the loca-
tion and spatial orientation of the head and the position of
the axial image acquisition grid. First, a coronal pilot spin-
echo image 100/30/1 (repetition time/echo time/excita-
tions), 10-mm thickness, was acquired and used to align
the subsequent sagittal pilot images. The first section of
the image-acquisition grid of the sagittal pilot images was
aligned on the coronal pilot in order to image a true
midsagittal section of brain. Second, the sagittal pilot spin-
echo images 550/26/2, 5-mm thickness, were acquired.

Finally, the midsagittal image was used to position the
axial image acquisition grid, as described in the next sec-
tion. The axial image acquisition sequence acquired inter-
leaved contiguous sections using a Carr Purcell Meiboom
Gill dual spin-echo sequence 2500/20,90/2, 192 gradient
steps, 3-mm section thickness, and 25-cm field of view.

Head and Image Section Positioning

The coronal and sagittal pilot scans obtained before the
axial image acquisition were used to determine the accu-
racy of repositioning the head in the second MR instrument
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and to make adjustments in head position if necessary.
The adjustments continued until the head was repositioned
to within 5 mm of the position used to acquire the first MR
study. The accuracy of head repositioning was ensured by
measuring the displacement of the apex of the third ven-
tricle (visualized in the coronal pilot) and the anterior
commissure (visualized in the midsagittal pilot) in the high-
field scan from the low-field scan.

After a symmetrical (as determined by laser light cross-
hairs) and comfortable head position was achieved, tape
was applied to the forehead of the subject in order to
reduce the likelihood of head displacement between the
three sequences (coronal, sagittal, and axial). In addition, a
comfortable semirigid pillow that formed a mold of the
back and sides of the subject’s own head was used. These
steps minimized shifts in the position of the head during
the image acquisition and helped ensure that the location
and spatial orientation of the head was the same in the two
scanners, because the same molded pillow was used in
both scanners.

To position the actual image sections identically within
the brain and thus sample the same volume of tissue, we
used the sagittal pilot scan. The axial section select grid
was adjusted so that the anterior commissure was con-
tained within the same section in both high- and low-field
instruments. This procedure ensured that the midsection
of the anterior commissure was clearly visible in one of the
subsequent axial sections. For increased consistency all
subsequent measures were referenced to this section (48).

Image Analysis

T2-weighted images were calculated using Picker sys-
tem software. T2 was calculated for each voxel by an
automated algorithm from the two signal intensities (echo
time = 20 and 90) of the dual spin-echo sequence to
produce gray-scale—-encoded T2 maps of the brain as
demonstrated in Figure 1.

The T2 measures were extracted using an Apple (Cu-
pertino, Calif) Macintosh configured image analysis work
station that reads optical disks containing the original MR
data stored in digital format. Morphometric (area) and T2
measures were then obtained in a semiautomated way
using software for the Apple Macintosh work station (Com-
pany for Quantitative Imaging, Los Angeles, Calif).

A single rater trained in the use of the image analysis
software and the recognition of the regions of interest
obtained all the measurements. The rater had no knowledge
of the purpose of the study, the way the data were subse-
quently used, or any clinical information on the subjects.

The image analysis software permits the rater to delin-
eate the structures of interest using a mouse. The contour
of the head of the caudate, putamen, globus pallidus, and
frontal white matter was drawn manually by the rater using
the gray/white matter contrast of the early echo (echo time
= 20) images. When necessary, the data contained in the
sections before and after the section being measured and
the late echo (echo time = 90) images were used to help
define the borders of the structures of interest. Thus, on
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images on which a border was ambiguous, the rater could
follow the border from a section of unambiguous delinea-
tion to the more difficult section being rated. The region of
interest is then “pasted” onto the T2 image and, with the
histogram and “shrink image” functions, any areas with a
T2 greater than 130 msec were removed before recording
the final gray matter area (Figs 1A and 1B).

Partial voluming of cerebrospinal fluid in a voxel con-
taining mostly brain tissue can markedly increase the T2
of the voxel. Therefore, in an effort to obtain a T2 measure
of homogeneous “cerebrospinal fluid—free” brain tissue, we
eliminated all pixels with values that fell above the right
side (higher T2 values) inflection point on the histogram
distribution of the region of interest (Fig 1B). The inflection
point was defined as the point on the right half of the
distribution contour that separates the curve concave
downward from the curve concave upward. Thus, most
pixels containing even small partial volumes of cerebrospi-
nal fluid were removed; the final measure was the average
T2 for the remaining homogeneous region of brain tissue
(Fig 1C).

T2 data for each of the four regions of interest were
obtained from contiguous pairs of sections. The section
containing the anterior commissure and the section im-
mediately superior to it were used to obtain the putamen
and globus pallidus T2 data (Fig 1). The third and fourth
sections above the anterior commissure were used to obtain
the T2 data for caudate nucleus and frontal lobe white
matter. The average T2 of the two sections and the 6-mm-
thick volume of the two sections were the raw data. R,
was calculated as the reciprocal of T2 X 1000. The average
R, and the sum of the volumes of the two hemispheres
were the final measures used in the subsequent analyses.

Results

Correlations Between FDRI and Brain Iron
Concentrations

The R, data from the individual subjects are
displayed in Figure 2. Data from the 20 subjects
were analyzed using a 4 X 2 within-subject re-
peated measures analysis of variance. Within-
subject factors were brain region (frontal white
matter, caudate, putamen, and globus pallidus)
and field strength (0.5 T and 1.5 T). The region-
x field-strength interaction was significant (mul-
tivariate analysis of variance, F = 104.14, df =
3.17, P = .0001, repeated measures analysis of
variance, F = 199.03, df = 3.57, P = .0001).

Subsequently, follow-up statistical tests within
and between regions were performed. As shown
in Table 1, the increase in R, at the higher field
strength was significant in all four brain regions,
using the ¢ test for correlated samples.

Pairwise contrasts were computed, comparing
the FDRI across the four brain regions. Even the
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Inflection Point

Fig. 1. A, For a basal ganglia region of interest like the globus pallidus, the operator manually delineates the structure using the
contrast on the early echo (echo time 20) of the dual spin-echo sequence 2500/20,90/2. A indicates anterior commissure; B, frontal

white matter; C, caudate; D, putamen; and E, globus pallidus.

B, Because the region of interest may contain cerebrospinal fluid intensity pixels, the region of interest is pasted on the T2 image;
pixels with a T2 value greater than 130 msec are eliminated before the area measurement is recorded. To obtain the T2 measurement,
all region of interest pixels with values above the inflection point of the histogram distribution are eliminated.

C, The resulting T2 value is representative of the remaining homogeneous tissue of the region of interest, free of partial volume

effects caused by small areas of hyperintensity.

smallest difference (caudate versus putamen
FDRI) was significant (t = 2.65, P = .016). For
all the remaining comparisons, the FDRI for each
structure was highly significantly different from
all other structures (t > 7.23, P> .0001).

The correlation between the average FDRI for
the 20 subjects and published brain nonheme iron
concentrations observed in frontal white matter,
caudate, putamen, and globus pallidus (4.24,
9.28, 13.32, and 21.3 mg iron/100 g tissue,
respectively) of normal adult human brain (1) was
r=.962, df =2, P= .0385.

Correlation Between FDRI and Age

We examined the relationship between age and
FDRI in a correlation analysis. The results (Table

2) show highly significant correlations between
age and FDRI in two of the four regions of interest
(caudate and putamen). The scatterplots of these
data in the caudate and putamen (Fig 3) indicated
that these correlations were not unduly influenced
by outliers.

The correlations between the R, values ob-
tained in the four regions of interest and age at
each of two field strengths (0.5 T and 1.5 T) are
displayed in Table 3. These correlations suggest
that FDRI may be a more specific measure of
iron stores than high-field R, alone. This is be-
cause the high-field magnet may be sensitive to
two different aging processes, one of which is
associated with increasing R,, and the other with
decreasing R. In caudate and putamen, high-field
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* Field Dependant R, Increase (FDRI) defined as the difference in the means of calculated R ,values obtained
using the two field strength instrurnents(0.5T AND 1.5T).

TABLE 1: Brain R values at two field strengths

Field R, Values,®

Region Strength, T Mean (SD) FDRI Difference®
White matter 15 15.48 (.676) 1.38 (t = 12.1, p = .0001)
0.5 14.10 (.741)
Caudate 1.5 15.18 (.698) 2.24 (t = 20.0, p = .0001)
0.5 12.94 (.401)
Putamen 1.5 15.71 (.833) 2.47 (t= 15.4, p = .0001)

0.5 13.23 (.326)
Globus Pallidus 1.5 20.04 (1.31) 5.29 (t = 21.3, p = .0001)
0.5 14.76 (.646)

® Means from 20 subjects (age 20 to 81 years) examined with both
0.5-T and 1.5-T instruments. R, in seconds™.

® Field-dependent R, increase (FDRI) difference is defined as the
difference between the means of calculated R, values for each brain region

obtained using the two field-strength instruments.

TABLE 2: Correlations of age with FDRI across brain®

Caudat Put Globus White

sheate Harnen Pallidus Matter
r .76 i 34 .29
P .0001 .0001 .14 .21

° Field-dependent R, increase (FDRI) is defined as the difference
between the R, values for each brain region obtained using the two field-
strength MR instruments.

R, increased strongly with age, as would be ex-
pected if it were measuring increasing iron con-
tent. However, high-field R, decreased signifi-
cantly in white matter, suggesting that it also is
affected by a second aging process that presum-
ably is unrelated to iron storage, such as myelin
loss or water increase (30, 33, 41).

As seen in Table 3, low-field R, seems to be a
relatively pure measure of this second process.

In white matter, it decreases with age even more
strongly than the high-field measure. However, it
shows virtually none of the tendency to increase
with age in caudate or putamen. Thus, it provides
a basis for correction of the high-field reading,
subtracting variance associated with non-field-
dependent changes.

The specificity of the FDRI method is graphi-
cally shown in Figure 4, which displays the
regression lines of age versus the R, at both field
strengths and the FDRI for the four regions of
interest.

We used multiple regression analyses to eval-
uate the correlation between R, and age when
data from the high- and low-field-strength mag-
nets were combined, and to estimate the optimal
weights to maximize that correlation. For the
regression coefficients in caudate and putamen
regions, these weights are roughly equal, opposite
in sign (low-field negatively correlated and high-
field positively correlated with age), and statisti-
cally significant, suggesting that a simple differ-
ence score (ie, the FDRI) is close to the optimal
weighting. In the caudate and putamen, the high-
field R, was significantly and positively associated
with age (P < .0002). In all four regions the
multivariate analysis indicated that low-field R,
was significantly and inversely associated with
age (P < .05). This suggests that, in all four
regions, the low-field magnet provides a more
specific measure of age-related processes that are
unrelated to iron stores and decrease R, with age.
In the age range examined, adding information
from the high-field-strength magnet did not im-
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TABLE 3: Correlations of age with R, determined using high- and
low-field-strength MR instruments across brain regions

Field Globus White
Strength Sanglaty  POSIOSD oo Mabe
05T r .17 08 32  —65
P .48 74 17 0017
15T r .64 69 13 =50
P 0023 0007 57 0262

prove the correlation in the globus pallidus and
the white matter regions.

In the age range examined, the correlations of
age with FDRI in caudate and putamen were
significantly higher (P < .05) than in white matter
and globus pallidus (Table 2 and Fig 4). In fact,
the modest correlations in the latter two regions
seemed to be entirely attributable to the two
subjects’ being in their 20s. When these two were
deleted and the correlations recomputed using
only subjects older than 30, results were still
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highly significant in the caudate (r = .66, P <
.01, df = 16) and putamen (r = .61, P < .01, df
= 16), but the correlations fell essentially to zero
in globus pallidus (r = .12, not significant) and
white matter (r = —.06, not significant). Similar
results were obtained even when the analyses
were based only on those subjects older than 40.
Thus, as documented in Figure 3, age-related
increases in iron continue well past middle age in
the caudate and putamen. This observation is
consistent with postmortem data, suggesting that
maximum values of iron for caudate and putamen
are reached after the 40s, as compared with the
30s in the rest of the extrapyramidal system and
white matter (1).

On analysis of the morphometric data, a sig-
nificant correlation between age and the volume
of the putamen was observed (r = —.5269, P =
.0170). The caudate and globus pallidus volumes
were not significantly correlated with age (r =
—.0225, r = —.2370, respectively). When the
correlations of age versus FDRI were reevaluated
with the effect of volume partialed out, the pu-
tamen correlation was lowered but remained ro-
bust and statistically significant (r = .6539, P =
.0010). The caudate and globus pallidus correla-
tions remained essentially unchanged.

Measurement Reliability

Test-retest reliability of the FDRI measure-
ments was assessed by computing intraclass cor-
relation coefficients on two ratings of six scans
done 1 month apart by the same rater. The
statistic was computed by estimating variance
components associated with between-subject and
within-subject variability. The coefficients reflect
the proportion of total variance accounted for by
differences among subjects (SAS Proc VAR-
COMP). Significance of the intraclass correlations
was determined using the general linear model,
with subjects forming the grouping factor (SAS
Proc GLM). Reliability was very good for the
caudate (r = .981, F = 105, P < .0001), puta-
men (ry, = .946, F = 36.1, P < .0002), globus
pallidus (rx = .995, F = 377, P < .0001), and
white matter (r, = .877, F = 15.26, P < .0023).

Discussion

The data demonstrate robust and highly signif-
icant age-related increases in FDRI in the caudate
and putamen. These age-related increases in iron
stores are specific to the caudate and putamen
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of adults because, in this age range, globus palli-
dus and white matter FDRI increased significantly
less with age despite significant age-related
changes in white matter R, measures.

The data confirm that the R, values obtained
with high-field clinical instruments are more sen-
sitive to the iron content of tissue than low-field-
strength instruments (14) and that FDRI can be
observed and quantified with clinical MR instru-
ments operating at field strengths of 0.5 T and
1.5 T (17). The FDRI of the four brain structures
examined is very highly correlated with published
nonheme iron concentrations of adult brain (1).
Thus, the data strengthen the evidence that R,
values obtained with high-field clinical instru-
ments are affected by the ferritin content of
tissue, and that FDRI may be useful as a specific

quantitative measure of tissue ferritin content
(17).

20 30 40 50 60 70 80
AGE

In addition, the data show that although age-
related changes in R, relaxation times can be
detected with high-field MR instruments alone, a
stronger and more specific relationship is ob-
served with the FDRI method (Tables 2 and 3).
The specificity of the FDRI for ferritin is high-
lighted by comparing white matter FDRI with
basal ganglia FDRI. White matter has high-field-
independent R, processes (probably related to the
myelin content) as indicated by the high R, values
obtained for this tissue with both 0.5- and 1.5-T
instruments relative to the basal ganglia R, values
(Figs 2 and 4). The FDRI method eliminates these
field-independent R, effects and shows white mat-
ter to have the lowest FDRI of the four regions,
which is consistent with postmortem data on
nonheme iron levels (1, 25). In addition, there is
a robust and statistically significant age-related
decrease in R, observed in white matter with both
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the high- and low-field-strength instruments
(Table 3). This is probably related to a diffuse
age-related loss of myelin and/or increased water
content and not to age-related “loss” of iron. The
FDRI method eliminates these field-independent
age-related R, decreases and reveals only a neg-
ligible age-related rise in white matter FDRI (Table
2), which is again consistent with postmortem
data on nonheme iron levels (1, 25).

The age-related decrease in white matter R,
has been previously reported (50), and it dem-
onstrates the presence of other field-independent
age-related processes that oppose the age-related
R, increase caused by increasing iron deposits.
This observation is of technical importance be-
cause it suggests that MR methods of evaluating
iron deposits that use white matter intensity val-
ues as a reference or correction factor (15, 28)
may be affected by these complex and concom-
itant age-related processes.

The specificity of the FDRI method is also
suggested by a close examination of the globus
pallidus data (Tables 2 and 3 and Fig 4). The
negative correlation of globus pallidus R, with age
on the low-field instrument again suggests that
globus pallidus water content may increase with
age, thus causing an age-related decrease in R,.
On the other hand, the high-field-strength instru-
ment does not seem to show this process. These
observations could be explained by a small con-
comitant age-related increase in iron levels, sug-
gested by the modest age-related increase in FDRI
(Table 2) and nonheme iron levels (1), in this age
range. Thus, in the high-field instrument, the age-
related increase in R, caused by increasing iron
levels would oppose the age-related decrease in
R, (demonstrated by the low-field instrument),
resulting in the apparent absence of any age-
related trends.

Multiple tissue changes such as increased
water content can be expected in normal aging
(30) and other neurodegenerative disorders as
tissue is destroyed (51, 52). The specificity pro-
vided by the FDRI method may prove useful in
investigating the role of iron in neurodegenerative
disorders because single-field-strength instrument
measurements of R, have often been disappoint-
ing (30, 33, 41).

Several limitations need to be acknowledged
before further comments. Our sample size is
small, and the presence of some curvilinearity to
the age-related FDRI increases cannot be ruled
out. The data were obtained from a small (6-mm-
thick) sample of the region of interest; different
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relationships may be detected if the structures
are evaluated in their entirety or if other portions
of the structures are evaluated. We were unable
to assess the detailed nature of age-related in-
creases in FDRI in a variety of field strengths
because only two field-strength instruments were
available. In addition, in a cross-sectional study
of normal aging only limited inferences can be
made about the significance of the results to
pathologic conditions. Nevertheless, the data
show that clinical instruments can provide T2
measurements, which even if not accurate in
absolute terms, can be reliably measured and can
provide useful quantification of FDRI.

Some postmortem and MR studies conclude
that the age-related increases in the iron levels of
most brain regions reach a plateau in adulthood
(1, 29, 30); others suggest that the increases in
iron stores in the basal ganglia continue into the
80s (25, 27, 28). In evaluating cross-sectional
data on healthy aging one must keep in mind
that an apparent plateau in iron levels in the older
age group may actually be a “ceiling effect.” This
effect may be substantial if brain iron levels are
themselves associated with mortality and/or neu-
rologic conditions that cause subjects to be ex-
cluded from participating in a study of normal
aging. In the current study this effect may have
attenuated some or all of the age-FDRI and age-
R; relationships.

We attempted to evaluate whether the in-
creased iron is simply a marker for age-related
cell loss that results in higher iron concentrations
(27, 53), or whether the iron contributes to the
pathogenesis of disease processes and normal
aging, as others have suggested (8, 13, 54-57).
We were able to detect an age-related reduction
in size of the putamen (50, 58). When the corre-
lations of age with FDRI were reevaluated with
the effect of volume partialed out, the putamen
correlation was lowered but remained robust and
statistically significant. The caudate and globus
pallidus correlations remained essentially un-
changed. Thus, the age-related increase in FDRI
could not be solely explained by reduction in the
volume’s causing an increase in the iron concen-
tration of the structure. More definitive answers
to the question of whether increased rates of
brain atrophy are related to increased iron levels
must await prospective studies.

There are many possible clinical applications
for an in vivo method of specifically quantifying
iron stores at the millimeter resolution provided
by MR. The central nervous system is at espe-
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cially high risk for damage from free radical
neurotoxic metabolic processes catalyzed by
iron (59, 60). Thus, increased iron levels may
have significant pathophysiologic consequences,
which are manifested as different clinical phe-
nomena depending on which brain region is most
affected. The involvement of iron and free radical
neurotoxic processes has in fact been postulated
for a variety of age-related neuropsychiatric dis-
orders such as Parkinson disease (33, 55, 56),
Alzheimer disease (8, 53, 54, 57, 61), Huntington
disease (25, 33), tardive dyskinesia (13), and
possibly the process of brain aging itself (57).
Because the increase in brain iron is age-related
(1, 23-30), the role of iron in all age-related
neurodegenerative disorders deserves investiga-
tion. If a causal relationship is demonstrated, new
avenues of treatment and prevention of these
diseases would be possible (62). In addition, serial
evaluations of FDRI could be used to monitor
iron chelating treatments (63) which are currently
used in patients with transfusion hemosiderosis
and have been tentatively shown to be effective
in the treatment of some patients with Alzheimer
disease (62).

Using MR imaging, in vivo evaluation of the
role of iron in neurodegenerative disorders is now
possible because field-independent changes in R,
can be eliminated through the FDRI method.
Because ferritin is present in all tissues, the above
discussion could be generalized to other organs,
especially those with relatively high iron concen-
trations, such as the liver, spleen, and muscle.
Additional work is necessary to define further the
specificity of iron in the form found in ferritin as
the sole or major contributor to FDRI and to
delineate the quantitative relationship between
ferritin levels and FDRI.
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