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Abstract

Increased iron in subcortical structures in patients with Huntington’s Disease (HD) has
been suggested as a causal factor of neuronal degeneration. The present study examines
iron accumulation, measured using magnetic resonance imaging (MRI), in premanifest
gene carriers and in early HD patients as compared to healthy controls. In total 27 early
HD patients, 22 premanifest gene carriers and 25 healthy controls, from the Leiden site of
the TRACK-HD study, underwent 3T MRI including high resolution 3D T - and T -weighted
and asymmetric spin echo (ASE) sequences. Magnetic Field Correlation (MFC) maps of
iron levels were constructed to assess magnetic field inhomogeneities and compared
between groups in the caudate nucleus, putamen, globus pallidus, hippocampus,
amygdala, accumbens nucleus, and thalamus. Subsequently the relationship of MFC value
to volumetric data and disease state was examined. Higher MFC values were found in

the caudate nucleus (p<0.05) and putamen (p<0.005) of early HD compared to controls
and premanifest gene carriers. No differences in MFC were found between premanifest
gene carriers and controls. MFC in the caudate nucleus and putamen is a predictor of
disease state in HD. No correlation was found between the MFC value and volume of these
subcortical structures. We conclude that Huntington’s disease patients in the early stages
of the disease, but not premanifest gene carriers, have higher iron concentrations in the
caudate nucleus and putamen. We have demonstrated that the iron content of these
structures relates to disease state in gene carriers, independently of the measured volume
of these structures.

Chapter 7



Introduction

Huntington’s Disease (HD) is an autosomal dominant neurodegenerative disorder
characterised by brain atrophy and clinical deterioration in the domains of motor function,
cognition and behaviour. HD is caused by an expanded CAG repeat in the HTT gene on

the short arm of chromosome 4. Genetic testing can be performed in those at risk, prior
to disease onset, to ascertain that they carry the gene and will develop the disease in

the future. Histological reports describe profound cellular structure deterioration of the
putamen and caudate nucleus'?, as well as iron accumulation®. Autopsy brain tissue
extractions confirmed these findings in end-stage patients by demonstrating increased
absolute iron levels in these structures®.

MRI has been shown to be a valuable tool for estimating iron levels in vivo®’. Several

MRI techniques have been used to assess the distribution of iron in the brain in normal
aging®'® and in neurodegenerative diseases'***. These include T, and T,* mapping, as well
as susceptibility weighted imaging (SWI). Each of these techniques is simple to perform,
but have significant potential limitations. A confounding factor of both T- and T *-

based imaging is that measurements are also affected by changes in the water content,
associated for example with destructive brain processes’, and can mask the changes in
iron content®%14187 Ex vivo histological staining of putamen samples from HD patients
demonstrated elevated putamen iron levels'® but there was little correlation to T,-
weighted imaging of these samples. To overcome these limitations T, can be measured at
two different field strengths to remove the field independent contribution to T, changes.
Because the T, value of water is relatively field strength independent??, this method is a
more sensitive measurement of iron content. However, scanning subjects on two different
MRI systems is clinically impractical. MRl approaches based on changes in T,* relaxation
time have also been widely applied?®. In addition to the sensitivity of the measurement to
water content, a specific limitation of T,* imaging techniques is that measurements are
affected by local background sources of magnetic field inhomogeneities that cause signal
loss unrelated to the internal iron content of the tissue®. SWI is a technique that provides
an additional measure for detecting iron related changes by combining magnitude

and phase data into a single image?. Because changes in the magnetic field also lead

to changes in the MRI signal phase, it has been suggested as a more sensitive method

for detecting neurodegenerative disease related iron changes’. However SWI is not a
quantitative method and the limitations mentioned above for T,* techniques are also true
for SWI. Hence, the limitations posed by the above described methods demonstrates the
need for further development and application of existing and new techniques*?.

The recently developed quantitative technique of magnetic field correlation (MFC) imaging
has the potential to solve the limitations of previously applied MRI techniques in HD.
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MFC is sensitive to spatially inhomogeneous magnetic fields, such as those generated by
iron-rich regions. An advantage is that this technique is insensitive to changes in water
concentration. For this reason MFC has previously been used to study increased iron
concentrations in the basal ganglia in patients with aceruloplasminemia?!, patients with
traumatic brain injury?? and in patients with multiple sclerosis?. The relationship between
the measured MFC values and magnetic field inhomogeneities is more direct compared
to other relaxometry measurements, allowing for a clearer physical interpretation of MFC
measurements?24, Furthermore, MFC imaging can be implemented practically in a single
short scan at one field strength.

Previous MRI studies have suggested that increased iron in the striatum could be a causal
factor of the symptoms of HD%°, Given that both prior to, and after, disease onset, brain
changes in the form of volumetric reductions have been systematically reported®-%, it

is possible that iron levels change both in the premanifest and in the manifest stages of
the disease. However, this hypothesis has only been examined previously in one group
of premanifest gene carriers of HD?. It has been suggested that increases in iron could
promote neurotoxicity through the induction of oxidative reactions!?*°. A question

still debated is whether these iron changes are causal or secondary factors of disease
processes. With this current study we aim to determine at which disease stage iron
accumulations increase in HD.

It remains unclear to what extent iron changes are independent of volume decreases in
both the premanifest and manifest phases of the disease, or whether iron levels alter as a
direct result of volumetric change?%31, Volume decreases may concentrate the iron that

is already present, or alternatively more iron may accumulate as the disease progresses.

It is important for our understanding of HD, as well as for future research, to differentiate
between these pathophysiological mechanisms. For this reason, the second aim of this
study is to examine and relate the potential iron changes to the amount of atrophy present
in the related subcortical grey matters structures.

The current reports of iron in HD examined only a selection of the subcortical grey

matter structures. However, recently atrophy has been demonstrated in seven major
subcortical structures in the progressive stages of HD?'. In this current study we investigate
in both premanifest and early HD the extent to which elevated iron may be present.

We hypothesize that iron concentrations will be higher in these subcortical grey matter
structures in HD patients. Furthermore, we expect that iron may play a role in HD that is
not explained by volumetric differences.
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Material and Methods

Participants

Participants were recruited from the Leiden University Medical Centre (LUMC) study site
of the longitudinal TRACK-HD study?, 27 manifest gene carriers in the early disease stages
one or two (early HD)%, 22 premanifest gene carriers (prior to disease onset) and 25
healthy controls underwent 3T MRI scanning including an asymmetric spin echo sequence
and functional assessment.

Inclusion criteria for the early HD group were a positive genetic test for the HTT gene with
40 or more CAG repeats, the presence of motor disturbances quantified by more than five
points on the Unified Huntington’s Disease Rating Scale — motor score (UHDRS-TMS), and
a minimum Total Functional Capacity (TFC) score of seven points32. Inclusion criteria for
premanifest gene carriers consisted of 40 or more CAG repeats, and the absence of motor
disturbances with five or less points on the UHDRS-TMS. A burden of pathology score
greater than 250°® was required. Age- and gender-matched gene-negative relatives of HD
gene carriers were included as healthy controls. Level of education in accordance to the
International Standard Classification of Education (ISCED) was recorded. The study was
approved by the Medical Ethical Committee and all participants gave informed consent.

MRI protocol

An MRI protocol including high-resolution 3D T -weighted and asymmetric spin echo (ASE)
sequences was applied using a 3 Tesla whole body scanner (Achieva, Philips Healthcare,
Best, The Netherlands) with an eight channel receive array head coil. Participants were
positioned carefully with the application of strapping or cushioning where needed, to
reduce the potential occurrence of involuntary head movement.

A 9.5 minute isotropic 1 mm?3D T, -weighted scan was acquired with the following
parameters: repetition time (TR)/ echo time (TE) = 7.7 ms/3.5 ms, field-of-view (FOV)

= 24x24x16.4 cm®. A T,-weighted image (turbo spin echo) was acquired with the same
volumetric spatial resolutions as the T -weighted images, with TE = 250 ms and TR = 2500
ms, also with a duration of 9.5 minutes. The T,-weighted image for this study was only
used to exclude any possible comorbidity. An 8 minute ASE sequence was implemented
with the following scan parameters: TR/TE/flip angle = 1005 ms/38 ms/90°. The FOV was
22x19x7cm? with a voxel size of 1.9x1.7x2mm? for 18 slices with an interslice gap of 2 mm,
positioned through the basal ganglia and an acquisition bandwidth of 290 Hz. The position
of the refocusing radiofrequency pulse was shifted from its original position towards the
excitation radiofrequency pulse by several time shifts =0, 2.3, 6.9, 11.5 and 13.8 ms, thus
varying the sensitivity of the sequence to magnetic field variations.
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Post-processing of MRI images

Magnetic field correlation

Prior to post-processing all images were screened for artifacts and clinical abnormalities
by a clinical neuroradiologist from the radiology department of the LUMC. Furthermore
structural images were subjected to external quality control by a contract research
organisation (IXICO Ltd, London, UK). ASE images were fitted to a theoretical model
relating the signal decay to the homogeneity of the magnetic field?. The resulting MFC
maps display the amount of magnetic field inhomogeneities present for each voxel.
Higher MFC values correspond to a more inhomogeneous magnetic field. A correction was
applied to the MFC maps to account for the contributions of macroscopic magnetic field
inhomogeneities?! using the non shifted image and the first asymmetric echo image of 2.3
ms. These macroscopic field inhomogeneities arising from, for example, the cavernous
sinus and the skull are unrelated to iron content. The contributions from such areas were
corrected to retain the underlying microscopic variations, such as those caused by iron, in
the magnetic field in the remaining brain tissue.

Image Segmentation

Segmentation of the accumbens nucleus, amygdala, caudate nucleus, hippocampus,
globus pallidus, putamen and thalamus was performed on the T -weighted scans using the
FIRST tool** from FMRIB’s Software Library (FSL, Oxford). Based on these segmentations,
the absolute volume of each structure was calculated with FSLstats (FSL, Oxford), where
the resulting value represents the total bi-lateral volume of a single structure. The
volumetric analysis procedure, including a correction for intracranial volume, was identical
to that described previously?” making use of the FSL tools (FSL oxford). The segmentation
masks were registered to the MFC maps using the T -weighted scans and the quality of
the registration was visually inspected. Average MFC values were calculated for each
segmented bilateral structure.

Statistics

To examine differences in MFC and volume between the groups, one-way Multivariate
Analyses of Covariance (ANCOVA) were performed with the MFC value, or volumetric value
(corrected for intracranial volume), of each subcortical structure as the outcome variable,
while controlling for age and gender. The p value after post-hoc Bonferroni correction was
considered significant at p<0.05.

To determine the independent potential for MFC value as a marker of disease state in HD,
again only gene carriers were examined (premanifest+early HD, n=49). Logistic regression
analysis was performed with disease state (premanifest vs. early HD) as the variable to

be predicted. Age, gender, CAG repeat length, MFC value and volume of the relevant
subcortical structures were included as predictor variables'®**. These were entered in one
block (ENTER method) during analysis. All statistical analyses were performed with the
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SPSS 17.0 package (SPSS Inc., Chicago, USA).

Subsequently, two analyses were performed to investigate the potential correlation
between MFC values in any affected regions and volume changes in all gene carriers
(premanifest + early HD). First, to investigate the direct relationship between MFC value
and volume of the individual subcortical structures, Pearson’s partial correlation analysis
was performed, whilst controlling for the same covariates as in the logistic regression,
namely age, gender and CAG repeat length. Secondly, to test for the potential influence
of the interaction term (MFC value*volume) between MFC value and volume on disease
state (premanifest or early HD), a general linear model univariate analysis of variance was
performed.

To understand the potential relationship between iron levels and clinical measures,
Pearson’s partial correlation analysis was performed between iron in regions showing
aberrant levels and clinical measures while controlling for age, gender and CAG repeat
length. This was performed in the gene carrier group for the Unified Huntington’s Disease
Rating Scale — Total Motor Score (UHDRS), the Unified Huntington’s Disease Rating Scale
- Total functional Capacity measure (TFC), the number of correct answers on the Symbol
Digit Modalities Test (SDMT), the number of correct answer on the Stroop word reading
test (SWR) and the Beck’s Depression Inventory 2" Edition (BDI-Il). For the premanifest
gene carriers only an additional analysis was performed to understand any relationship
between iron levels and the number of years to predicted disease onset, calculated
according to the method by Langbehn et al. (2004)%*. Pearson correlation was applied
without covariates, as it is not appropriate to include covariates that are used in the
prediction of expected disease onset. The p value was Bonferroni corrected for multiple
comparisons.

Results

MFC value

No significant group differences were found for age, gender or education levels
between controls, premanifest gene carriers, and early HD (table 1). The early HD group
demonstrated lower scores on the TFC and higher total scores on the UHDRS (p<0.001)
compared to the healthy control group and premanifest gene carriers.

Typical examples of the brain structure segmentations (figure 1a) and MFC maps in a
healthy control (figure 1b), a premanifest gene carrier (figure 1c) and an early manifest
patient (figure 1d) are shown in figure 1. This figure demonstrates the spatial distribution
of the magnetic field inhomogeneities, with the highest values visible in the caudate
nucleus, putamen, and globus pallidus. Higher MFC values were observed in the early
HD group: the MFC group averages can be found in table 2 and are displayed in figure
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2. The MFC values in the caudate nucleus and putamen of HD patients were found to
be significantly higher than in healthy controls (p = 0.03 and p = 0.003, respectively).
No significant differences were found between premanifest gene carriers and controls.
No other nuclei showed differences either between early HD patients and controls, or
between premanifest gene carriers and controls.

Table 1. Demographic information of controls, premanifest gene carriers, and early
Huntington’s disease

Healthy Premanifest Early Manifest
Controls Gene Carriers Patients

N 25 22 27

Gender Female/Male 13/12 13/9 19/8

Mean yrs + SD 50.3+8.3 45.6+8.5 50.0+9.9

Age Range (min — max) 36 - 66 27 -62 30-64

Education level Mean ISCED level + SD 34+1.1 3.8+1.1 32+13

UHDRS Mean total score + SD 21+1.7 26+1.4 25.2 +15.4*

TFC Mean % SD; Range: 0-13 12.9+0.2 12.5+0.8 9.8 +2.8*%

N = number of participants, SD = Standard Deviation, ISCED = International Standard Classification of Education
(range 0-6), UHDRS = Unified Huntington’s Disease Rating Scale — Total Motor Score, TFC = Total Functional
Capacity, * Significantly different from both healthy controls and premanifest HD at p<0.001.

Figure 1. Typical example of magnitude images

A) Magnitude image showing segmentation of caudate nucleus (yellow), putamen (brown) and globus pallidus
(orange). The corresponding MFC maps for a healthy control (B), premanifest gene carrier (C) and early
Huntington’s disease patient (D). High MFC values are found in the subcortical grey matter structures, known to
correspond with high iron concentrations. Highest values are found in the early HD patient. The high MFC values
found laterally near the tissue-skull interface are caused by macroscopic magnetic field inhomogeneities from the
skull tissue interface that could not be properly corrected. The distance to the areas of interest is so large that no
interference with measurements in the deep gray matter structures is expected.
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Figure 2. Groups differences in MFC

Controls Premanifest gene Early HD
carriers

MFC value (s2)

Figure 2: MFC group averages for controls, premanifest and manifest HD. All images were registered to standard
space and averaged. The resulting average is a visual display of the values shown in table 2, however more
localised information is present in this visual display. High MFC values are found in the subcortical grey matter
structures, known to correspond with high iron concentrations.

Volume

The volumes of the caudate nucleus and putamen were smaller in early HD patients
compared to premanifest gene carriers and controls, and also smaller in premanifest gene
carriers as compared to controls (all p<0.0001). Smaller volumes of the accumbens nucleus
(p<0.0001), globus pallidus (p<0.0001) and thalamus (p=0.001) were also found in early HD
as compared to healthy controls only (table 2).
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Table 2. Average MFC values and subcortical grey matter volumes per subcortical nucleus

per study group
Mean MFC(s?) SD Volume (ml) SD

Accumbens nucleus

Control group 385.6 101.2 1.10 .25

Premanifest 343.2 93.7 .98* .19

Early HD 450.3 219.1 76%%8 17
Amygdala

Control group 446.6 122.0 2.54 44

Premanifest 419.0 108.6 2.46 45

Early HD 412.2 111.9 2.29 42
Caudate nucleus

Control group 398.6 55.0 6.96 91

Premanifest 372.4 76.8 5.86** 72

Early HD 478.1%*55 153.1 4,72%%58 .76
Hippocampus

Control group 452.0 102.8 7.91 .82

Premanifest 400.0 59.8 7.80 .80

Early HD 409.6 102.2 7.21 .86
Globus pallidus

Control group 643.7 120.8 3.54 42

Premanifest 715.3 215.2 3.27 A7

Early HD 807.4 368.9 2.67*%58 44
Putamen

Control group 481.8 120.6 4.83 71

Premanifest 491.8 154.0 4.14%* .50

Early HD 632.1%*8 190.6 3.28* %88 .50
Thalamus

Control group 388.4 60.3 15.23 1.45

Premanifest 377.8 92.9 14.80 1.39

Early HD 373.6 82.1 13.67** 1.39

MFC values represent average value in s, Volumetric analysis performed with correction for intercranial volume,
volumes reported represent absolute total volume of each left and right nucleus.

* Significantly different from healthy controls (p<0.05)

** Significantly different from healthy controls (p<0.005)

§ Significantly different from premanifest gene carriers (p<0.05)

§§ Significantly different from premanifest gene carriers (p<0.005)

Predicting disease state

Logistic regression was performed to assess the predictive quality of subcortical

MFC values of the caudate nucleus and putamen to disease state in all gene carriers
(premanifest or early HD) as shown in table 3. The MFC values and volumes of the caudate
nucleus, and putamen were significant predictors of disease state. In contrast, age, gender
and CAG repeat length were not significant contributors to the prediction of disease state.
Figure 3 shows the relationship between volume and MFC value for the caudate nucleus
and putamen. In assessing further the independence of these two significant predictors
the Pearson’s partial correlation showed that the MFC value and volume were not related

130 | Chapter 7



to one another in the caudate nucleus (r=-0.105, p=0.486) or putamen (r=-0.132, p=0.382)

in gene carriers (premanifest + early HD). The univariate analysis of variance assessing any

potential interaction effect of MFC and volume on disease state also showed no interaction
(caudate nucleus: p=0.916; putamen: p=0.992).

Table 3. Logistic regression model for predicting disease state (premanifest vs. early
manifest) in all gene carrying participants

Total model Level of statistical significance
(p value)
X2 DF p MFC value Volume
Caudate nucleus 333 5 <0.0005 0.02 0.01
Putamen 40 5 <0.0005 0.04 0.01

Table shows only those predictors that significantly contributed to the model. MFC values represent average
value per subcortical nucleus. DF = degrees of freedom. Volumes included are total volume of left and right
nucleus per subcortical structure.

Relationship to clinical measures

The relationship between clinical measures and iron levels in the caudate nucleus and
putamen was examined for both gene carriers groups. No relationship was found between
UHDRS total motor score, TFC, SDMT, SWR or BDI-Il and iron levels in the putamen or
caudate nucleus. For the premanifest group only correlation no significant relationship
between predicted years to onset and iron in the caudate nucleus or putamen was

shown. Individual iron levels versus a measure of disease load, namely burden of disease
pathology?3, are displayed for individual gene carriers in figure 4.
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Figure 3: Individual MFC values set out against volumetric data for (A) caudate nucleus and
(B) putamen.
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Figure 4: Burden of disease pathology scores ((CAG - 35.5) * age) versus MFC values for all
gene carriers (premanifest + manifest) in the caudate nucleus and putamen.
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Discussion

This study’s main findings show increased levels of iron, as demonstrated by higher MFC
values, in caudate nucleus and putamen in patients with early HD. MFC values were not
significantly different to controls in premanifest gene carriers. For clarity and consistency
with other studies, we will refer to changes in the measured iron-dependent quantity,
namely MFC values, as changes in iron'%%¢ The iron levels in the putamen and caudate
nucleus are not related to the volume of these structures. Furthermore, iron levels appear
to predict the disease state (premanifest or early manifest) of HD gene carriers.

In early HD the caudate nucleus and putamen show significantly higher MFC values. This
is in line with in vivo' and ex vivo>*® findings. The relative MFC values in the healthy
controls correspond to ex-vivo-determined levels of iron, whereby the globus pallidus
showed highest values for all participant groups, which is in agreement with previous
studies of both aging and neurodegeneration-38,

No significant differences in iron were observed between premanifest gene carriers and
healthy controls. The only other report in premanifest gene carriers found elevated iron
in the globus pallidus®. However, this report was based on a group with less stringent
inclusion criteria of individuals, namely without overt motor signs as opposed to a UHDRS
cut-off point of 5. The correlation which Jurgens et al. (2010) found between the number
of hypointense pixels and total motor score, demonstrates that all of the participants
with higher iron levels would have been classified as having early manifest HD under our
criteria®. It is certainly possible that the iron levels are not high enough for MFC, or any
other existing imaging techniques, to pick up small changes in premanifest gene carriers,
or that abnormal iron depositions do not occur until later in the disease process. The
volumetric decreases of the caudate nucleus and putamen in premanifest gene carriers
found in this present study are in line with previous reports*?’.

This study has demonstrated that the individual iron content of the caudate nucleus and
putamen independently predicts disease state in gene carriers (premanifest versus early
manifest), also when taking into consideration the predictive value of other commonly
related factors, such as volume, CAG repeat length or age. Furthermore the iron content in
the putamen and caudate nucleus is not directly related to the volume of these structures,
and there is no interaction effect present that explains disease state. Therefore, our results
indicate that volumetric decrease and iron increase are two independent processes in HD,
with iron accumulation not occurring as a direct result of volume decrease (Figure 4). This
is an important finding as it reiterates the need for increasing our understanding of the
pathophysiological processes related to iron in HD. When considering this conclusion it is
important to exclude the possibility of epiphenomenonological results, especially in early
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HD. We addressed this by accounting for those factors most commonly found to explain
the variance between premanifest and manifest gene carriers3¥3>. We propose that iron
levels may be regarded as a marker of disease state, as iron does not differentiate those
prior to disease onset from controls, but does distinguish between premanifest gene
carriers and those in the earliest stages of HD. Reproduction and longitudinal evaluation
of potential iron accumulation may demonstrate the capacity to predict symptom
progression or, as previously suggested, the age of disease onset®.

Iron content in early HD was not found to be higher than in controls in the amygdala,
hippocampus, nucleus accumbens or thalamus. This both replicates and also adds to
previous findings in which no differences were found in the hippocampus and thalamus?®.
We have measured a pattern of elevated iron in early HD that could be toxic or an
accelerated process of normal aging. However, oxidative stress related mechanisms, as a
result of higher free radicals cannot be excluded®. It may be that iron depositions primarily
affect nuclei that consist of the same types of cells, such as the medium spiny neurons
common to the putamen and caudate nucleus, or as demonstrated in HD patients and
mice, the microglia®. Many hypotheses on the role of iron in neurodegeneration have been
formulated but the exact mechanisms remains unclear!?4%42,

Globus pallidus iron depositions showed an increase in the early HD group as compared to
controls: however, this was not statistically significant. This may be related to the sequence
parameters, and not due to an intrinsic absence of higher iron levels, especially as another
study in manifest HD*® found higher iron in the globus pallidus. The chosen ASE parameters
could be suboptimal for measurements in areas of very high iron concentration as a

result of the pronounced signal reduction. As a result a higher standard deviation can be
expected in the MFC maps within the globus pallidus, which was indeed the case. Future
research at ultra high field strength (7 Tesla and above) could increase the sensitivity of the
MFC method.

We believe that the technique used in our study is a more direct measure of iron than
conventional T -, T,"- and SWI based methods that have been used extensively to study
the distribution of iron in the brain®%4, due primarily to the robustness with respect to
any altered water concentrations. In the study by Bartzokis et al. (2007) T, relaxation
values were obtained by scanning patients at two different field strengths and significant
differences were found in iron concentration of the putamen, globus pallidus, and caudate
nucleus in manifest HD patients®. This is comparable to the results of our study. Vymazal
et al. (2007) measured T, relaxation values at a single field strength and found changes

in the globus pallidus and white matter only in HD patients®®. The discrepancy between
these and our results can potentially be explained by the sensitivity of T, measurements to
water content, which is thought to change during disease progression due to, for example,
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breakdown of the structural integrity of myelin®'>°, Although we cannot definitively
exclude all potential sources of magnetic field variation*®, we believe that based on ex-
vivo studies* the changes observed in our and previous studies are related primarily to
increased iron. An advantage of MFC measurements is that the macroscopic component of
the field inhomogeneities can be separated from the microscopic components, which is a
confounding factor for T," based techniques.

A possible limitation could be the influence of other sources of magnetic field variation,
such as the cavernous sinus or skull. However all possible steps were taken to prevent
this influence. After correction a remainder of macroscopic field variations is still present
located laterally near skull-tissue interface and around large vessels. However, upon visual
inspection, the macroscopic contribution of these regions around the basal ganglia are
adequately corrected.

In conclusion, we have demonstrated that patients with early HD have higher magnetic
field inhomogeneities in the caudate nucleus and putamen. This is not found in
premanifest gene carriers. The iron content of the caudate nucleus, putamen seems

to independently predicts disease state in HD gene carriers. Futhermore, we have
demonstrated that increased iron accumulation is an independent disease process not
related to structural atrophy.
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