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Application of Diffusion Tensor Imaging to Brain Gray and
White Matter

ABSTRACT

In the present work we explore the gray and white matter applicability of diffusion tensor
imaging (DTI). To evaluate the effect of ferritin-bound iron on gray matter contrast on DT,
we created an in vitro model consisting of agarose gel phantoms doped with ferritin, and
validated our results in vivo on 29 healthy volunteer subjects 19-80 years of age in the basal
ganglia. We further explored the application of DTI to amyotrophic lateral sclerosis (ALS)
and multiple system atrophy (MSA); neurodegenerative diseases with gray and white matter
pathophysiological components. In the ALS study, 33 patients and 30 age- and sex-matched
controls were recruited, while in the MSA study, 20 probable MSA subjects (10 MSA-P, 10

MSA-C) and 20 age- and sex-matched controls were included.

We found that ferritin-bound iron makes a significant contribution to DTT indices in gray
matter regions of the brain, mediated by eigenvalue repulsion. This has important
implications for DTI studies targeting gray matter regions, especially in adolescence and in
diseases associated with altered brain-iron load such as Huntington disease and MSA. In
ALS, we found altered diffusion in the corona radiata and callosal body, and changes in R, in
the caudate nucleus and frontal white matter. In MSA, we observed widespread white matter
changes associated with a positive clinical history of cerebellar manifestations, while altered
DTI metrics in the putamen were associated with a positive clinical history of Parkinsonism.
The diagnostic potential of MRI in MSA may be greatly extended by applying DTI and
evaluating changes in the putamen and middle cerebellar peduncle, reaching very high

sensitivities and specificities.
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Aplikace zobrazeni difuzniho tenzoru na mozkovou Sedou a
bilou hmotu

ABSTRAKT

V piedlozené praci zkoumdme pouziti zobrazeni difuzniho tenzoru (DTI) v mozkové $edé a
bilé hmoté. K zhodnoceni efektu superparamagnetického ¢i antiferomagnetického Zeleza na
DT1I kontrast v §edé hmoté jsme vytvoiili in vitro model sestévajici se z fantomu, vyplnéného
agarovym gelem s feritinem. Nase vysledky jsme poté zhodnotili na 29 zdravych
dobrovolnicich (39-80 let véku), a to v oblasti bazalnich ganglii. Dale jsme zkoumali aplikace
DTI u amyotrofické laterdlni sklerézy (ALS) a (mnohoéetné systémové atrofie (MSA),
neurodegenerativnich chorob, postihujicich $edou i bilou hmotu mozkovou. V ALS studii 33
pacienti a 33 zdravych dobrovolniki srovnatelnych pohlavim i vékem bylo vysetfeno,
zatimco u MSA bylo zahrnuto 20 pacientt s diagnézou pravédpodobné MSA (10 s MSA-P a

10 s MSA-C) spolu s 20 zdravymi dobrovolniky, srovnatelnymi pohlavim a vékem.

Zjistili jsme, ze Zelezo vézané ve ferritnu signifikantné ovliviiuje skalarni veli¢iny DTI v §edé
hmoté mozkové. Tento poznatek ma duleZity vyznam pro DTI studie, zaméfené na oblasti
$edé hmoty, a to zvlasté u adolescentt a u osob trpicimi nemocemi se zménami uklddani
Zeleza, jako napiiklad Huntingtonova choroba ¢i MSA. U ALS jsme nalezli zménénou difuzi
v oblasti corona radiata a téla corporis callosi, a to spolu se zménami v R, v caput ncl. caudati
a ve frontélni bilé hmoté. U MSA jsme pozorovali rozséhlé zmény v bilé hmoté spojené

s pozitivnim klinickym obrazem mozeckové manifestace, zatimco zménéné DTT hodnoty

v putamen byly propojeny s pozitivnim obrazem parkinsonské manifestace. Diagnosticky
potencial magnetické rezonance u MSA muiZe byt vyznamné rozsifen aplikaci DTI a
sledovinim zmén zv14§té v putamen a sttednim cerebelldrnim pedunculu, kde tyto zmény

dosahuji vysoké senzitivity a specificity.
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1. Introducion

DIFFUSION TENSOR IMAGING (DTT) has become an invaluable tool in
probing the morphological and functional characteristics of the brain in both
clinical and research settings. DTT studies most often target the white matter
of the brain due to its highly anisotropic structure. Factors contributing to
DTI measurements in brain gray matter are not as well understood, however
some investigators have proposed various mechanisms to explain their
observations involving hypothetical structural changes [e.g,, 1, 8, 38]. The
presence of iron in the gray matter has also been suggested to affect DTI
measurements [23, 34]. Healthy gray matter is characterized by age-related
iron accumulation [ 14]. Ferritin-bound iron is the principal storage form of
physiologic brain iron [52], and exhibits predominantly superparamagnetic
behavior at room and body temperatures [5]. MRI is sensitive to the presence
of superparamagnetic iron as it shortens T, relaxation time. As spin-echo
echo planar imaging (SE-EPI) is T,-weighted, the attenuation of signal in
iron-rich areas of the brain can be readily appreciated in these images by

visual inspection.

Neurodegenerative diseases, which may have both white and gray matter
components, are often the target of DTI studies. Amyotrophic lateral sclerosis
(ALS) is one such neurodegenerative disorder, which primarily affects motor

neurons in the anterior horns of the spinal cord, bulbar nuclei and the



cerebral motor cortex [31], with secondary degeneration of the emerging
tracts of both the central and peripheral nervous systems [20]. The diagnosis
of ALS is primarily clinical and is confirmed by the demonstration of lower
motor neuron loss on electromyography (EMG). Standard MR imaging of
ALS patients has not revealed any unique imaging features apart from cortical
atrophy, which is also characteristic of other neurodegenerative diseases.
Therefore, application of DTT in conjunction with other quantitative and
qualitative measures may improve the diagnostic process and advance

understand of the pathogenesis.

Multiple system atrophy (MSA) is also a neurodegenerative disease that is
poorly understood presents difficulty in establishing the diagnosis. Two
forms of MSA are currently recognized [11]: a parkinsonian form (MSA-P,
formerly striatonigral degeneration) characterized by parkinsonian features
poorly responsive to L-dopa, and a cerebellar form (MSA-C, formerly
olivopontocerebellar atrophy) with predominant cerebellar ataxia. The
designation to one group is determined by the predominant features at
evaluation. Standard MRI sequences have low sensitivity and specificity in
the evaluation of MSA [6, 24-26, 28, 30, 42, 45], therefore, DTI may further
improve the diagnostic process and advance our understand of the

pathogenesis in MSA.

2. Hypotheses and Objectives

The primary objective of the present work was to demonstrate the

applicability of DTT to the gray and white matter of the brain. We aimed to



characterize those factors that affect DTI metrics in brain gray matter,
concurrent with our hypothesis that ferritin-bound iron makes an important
contribution to DT measurements in gray matter regions. To test this
hypothesis, we created an in vitro model consisting of agarose gel phantoms
doped with ferritin, and validated our results in vivo on healthy volunteers.
We further investigated ALS and MSA for the purpose of improving the
diagnostic process and advancing our understanding of the underlying
pathophysiology, applying DT as well as evaluating standard qualitative and

quantitative measures.

3. Materials and Methods

APPLICATION TO GRAY MATTER

A series of 40-mL agarose phantoms were constructed using a 1.1%
concentration of agarose at physiologic pH (7.4). Agarose (Serva, Germany)
was dissolved when boiled in a 50-mM Tris-HCL buffer (pH 7.4) in
individual falcon tubes 115 mm in length and 26 mm in diameter. Ferritin was
added in S mgiron/100 mL increments up to 50 mg iron/100 mL. One gel
was left as a control and was allowed to cool without the addition of ferritin.
The phantoms were positioned perpendicular to the By field and scanned at
23° Celsius. Additionally, 29 volunteer subjects 19-80 years of age (14 male,
15 female; 53.2Y + 17 SD) were included. All volunteers were determined to

be free of neurological disease.

All images were acquired on Siemens Avanto 1.5T and Siemens Trio 3T



systems (Erlangen, Germany). SE-EPI data were collected in 30 gradient
directions at 1.5T (b = 1100 s/mm?*; TR = 8800 ms, TE = 98 ms; NEX = 2;
PE = AP/PA; 2.2 mm isotropic) and 3T (b = 1100 s/mm?; TR = 10100 ms,
TE =98 ms; NEX = 1; PE = AP/PA; 1.9 mm isotropic). Structural images
were acquired exclude pathology. CPMG data were also acquired (32
interecho times; TR = 3000 ms; 0.9 x 0.9 x 4 mm). Data were further
processed in FSL [47] and FA, MD and A1-3 maps generated. CPMG and
DTI data were coregistered, and masks placed in the caudate, putamen and
globus pallidus. Proton density (PD) was calculated for each echo-time 0 per
ROL SNR was determined on a per-ROI basis by dividing mean intra-ROI
signal intensity by the SD in a noise ROI, and multiplying by 0.65S to correct
for the Rician distribution of noise in magnitude images [10]. ROIs were
evaluated in both hemispheres and then averaged. In vitro SE-EPI data were
corrected by applying a displacement field generated by estimating the
displacement in each voxel from data acquired in opposite phase-encode
directions [21]. Measurements were further performed in Image]J viewer
[27]. Statistical analyses were performed in R (www.r-project.org). The Sidak
correction for multiple comparisons (D/AP procedure [41]) was applied to
maintain an alpha level of 0.05 (all reported P-values are corrected unless
otherwise stated). The Wilcoxon rank-sum test was used to examine gender

differences.

APPLICATION IN AMYOTROPHIC LATERAL SCLEROSIS

Thirty-three subjects fulfilling the El-Escorial criteria [4] for clinically definite
ALS were included (18 men, 15 women; 62.0 Y & 8 SD; disease duration
3-59 months). Disease severity was assessed with the ALS Functional Rating
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Scale (ALS-FRS). All subjects were further evaluated for the presence or
absence of dementia by a series of neuropsychological tests [40]. Thirty
healthy, age-matched volunteers (CON; 16 men, 14 women; 59.7 Y £ 10 SD),

free of neurological disease, were also included.

Imaging was performed on a Siemens Symphony 1.5T System (Erlangen,
Germany). CPMG was performed as above. Diffusion data were obtained in
30 gradient directions (b = 400, 1100; TR = 7900 ms; TE = 101 ms; NEX =2,
1.25 mm isotropic). ROIs were placed in Image] [27] in several brain regions
(frontal white matter (FWM), frontal grey matter (FGM) and posterior limb
of the internal capsule (PLIC), caudate, putamen, globus pallidus). DTI was
performed in 24 subjects (ALS: 9 men, 3 women; 62.97 Y & 11 SD; CON: 9
men, 3 women; 63.22 + 11 SD). Data were processed in FSL [47] and FA and
MD maps generated. TBSS (Tract-Based Spatial Statistics, [48]) was
additionally performed using an FA threshold > 0.3 and results thresholded
at P < 0.0S. The Wilcoxon two-sample test was used for intergroup
comparisons using an a priori hypothesis of decreased R, in the patient group,

and correction for multiple comparisons was performed.

APPLICATION IN MULTIPLE SYSTEM ATROPHY

Twenty subjects probable MSA were included (10 male, 10 female, 60.9Y + 7
SD), including ten MSA-P (4 male, 6 female, 62.0 Y + 9 SD) and ten MSA-C
(5 male, 5 female, 59.9 Y & 4 SD). Demographic characteristics of the MSA
group are presented in Table 3.0.1. Twenty healthy volunteer subjects (9
male, 11 female, 61.3 Y &+ 7 SD) were additionally included.



Table 3.0.1: MSA Patient demographics

Sub Sex Age(y) Park Cereb LRP HCB Dur(y) Dx

01 F 59.6 — + - + 4 MSA-C
02 F 69.4 + + - + 2 MSA-P
03 F 63.3 + + + + 3 MSA-C
04 M 65.7 + - + — 2 MSA-P
0S M 58.7 + + + + S MSA-C
06 F 49.7 + + + + 4 MSA-C
07 M 68.3 + — + — 2 MSA-P
08 M 65.3 + + + — 10 MSA-C
09 F 80.3 + + + + 3 MSA-P
10 M 61.5 + + + + 6 MSA-C
11 F 55.0 + + + + 8 MSA-P
12 M 62.9 — + - + 2 MSA-C
13 F 60.2 — + — + S MSA-C
14 F 56.3 + + + + 2 MSA-C
15 M 59.0 + — + + 3 MSA-P
16 M 55.1 + + — S MSA-P
17 F 534 + + + - 2 MSA-P
18 F 53.6 + - + — 1 MSA-P
19 F 60.2 + - + + 6 MSA-P
20 M 61.1 — + + — 2 MSA-C

Table 3.0.1: Demographic characteristics of all MSA patient par-
ticipants. Parkinsonism was considered positive in the presence of
bradykinesia and rigidity, while cerebellar signs were documented

as positive in the presence of gait ataxia, cerebellar dysarthria, limb
ataxia, or cerebellar oculomotor dysfunction. vy, years; Park, Parkin-
sonism; Cereb, cerebellar signs; LRP, signal changes in lateral rim of
the putamen; HCB, hot cross bun sign; Dur, duration; dx, diagno-
sis; F, female; M, male; MSA-C, multiple system atrophy, cerebellar
subtype; MSA-P multiple system atrophy, parkinsonian subtype.

Imaging was performed on a Siemens Avanto 1.5T scanner (Erlangen,
Germany). Standard structural images were acquired to exclude pathology in

controls and to evaluate the presence/absence of radiological signs associated



with MSA (signal changes in the lateral putamen associated with the
accumulation of iron and gliosis [42, 44, 53], and signal changes occurring in
a cruciate pattern in the pons (“hot cross bun” sign) associated with the
selective depletion of pontine neurons and myelinated transverse
pontocerebellar fibers [42]). SE-EPI data were acquired in 12 gradient
directions (b = 1100; TR = 8839 ms, TE = 95 ms; NEX = 2; 2.2 mm
isotropic) and processed offline in FSL [47], and FA, MD, RD and 11 maps
generated (13 was additionally assessed in the basal ganglia). TBSS [48] was
performed at a threshold of FA > 0.4 and results thresholded at P < 0.05.
Automated ROI analyses were performed in the caudate, putamen, globus
pallidus and middle cerebellar peduncle and further processed in R
(www.r-project.org). The Sidék correction for multiple comparisons (D/AP
procedure [41]) was applied to maintain an alpha level of 0.0S (all reported
P-values are corrected unless otherwise stated). A one-way analysis of
variance (ANOVA) test was used in the gray matter regions to test for group
differences, followed by the Tukey-Kramer procedure in those regions and
metrics that reached significance. The pROC package [37] was used for

receiver operating characteristic (ROC) analyses.

4. Results

APPLICATION TO GRAY MATTER

Alinear dependence of R, (1/T2) on ferritin-bound iron concentration was
observed in vitro at 1.5T (Figure 4.0.1a; R> = 0.99, P < 0.001) and at 3T



R ) o odas
Fer100g mg™" Rys” SNR

Figure 4.0.1: In vitro results: a) Linear dependence of R, on ferritin-
bound iron at 1.5T and 3T, b) linear dependence of 1/SNR on R2

at 1.5T and 3T, c) eigenvalues (11-3) as a function of 1/SNR. Fe,
ferritin-bound iron; SNR, signal-to-noise ratio.

(Figure 4.0.1a; R* = 0.99, P < 0.001). The relationship between SNR and R,
was found to be reciprocal, therefore reciprocal SNR (1/SNR) was used in all
further analyses to achieve linearity. 1/SNR increased linearly (SNR
decreased) with increasing iron concentration at both 1.5T (R* = 0.79,

P =0.002) and at 3T (R* = 0.84, P < 0.001), and also increased linearly
(SNR decreased) with increasing R, at 1.ST (Figure 4.0.1b; R* = 0.80,

P =0.001) and 3T (Figure 4.0.1b; R* = 0.86, P < 0.001).

In examining the linear relationship between the eigenvalues (21-3) and
1/SNR (Figure 4.0.1c), only the fit between 13 and 1/SNR at 3T was
significant (R* = 0.92, P < 0.001), although there was a trend between A1 and
1/SNR at 3T (R* =049, P = 0.08). Correlation between the eigenvalues and
R, was similar (Figure 4.0.2a), with the fit between A3 and R, significant at 3T
(R*=0.70, P = 0.006) and a trend between 11 and R, at 3T (R* = 0.53,

P =0.06). A linear correlation was observed between FA and 1/SNR at 1.5T
(R*=0.74,P = 0.004) and 3T (R* = 0.84, P < 0.001). The fit between FA and
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Figure 4.0.2: In vivo results: a) Eigenvalues (211-3) plotted as a
function of R,, FA as a function of R,, MD as a function of R,. FA,
fractional anisotropy; MD, mean diffusivity.

R, did not reach significance at 1.5T (Figure 4.0.2b; R* = 0.40, P = 0.17), but
was significant at 3T (Figure 4.0.2b; R* = 0.76, P = 0.002). No changes in MD
were detected (Figure 4.0.2c).

Alinear dependence of 1/SNR on R, was observed in vivo (R* = 0.67,

P < 0.001). The eigenvalues decreased linearly with increasing R,

(Figure 4.0.3a; A1: R* =0.10, P = 0.03; A2: R* = 0.36, P < 0.001; A3:
R*=0.58, P < 0.001), and a similar pattern was seen between the Eigenvalues
and 1/SNR, although the fit with 11 was not significant (A1: R* = 0.02,

P = 0.56; 12: R* = 0.17, P < 0.001; 23: R> = 0.34, P < 0.001). As in vitro, FA
increased with increasing 1/SNR (R* = 0.34, P < 0.001) and R,

(Figure 4.0.3b; R* = 0.51, P < 0.001), with stronger correlation between FA
and R,. MD decreased with increasing 1/SNR (R* = 0.19, P < 0.001) and R,
(Figure 4.0.3c; R* = 0.39, P < 0.001), again with stronger correlations
between MD and R,. PD correlated only weakly with R, (R* = 0.15,

P =0.003), FA (R* = 0.22, P < 0.001), and 13 (R* = 0.13, P = 0.006).
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Figure 4.0.3: In vivo results: a) Eigenvalues (11-3) plotted as a
function of R,, b) linear dependence of FA on R,, c) linear depen-
dence of MD on R,. FA, fractional anisotropy; MD, mean diffusivity;
CAU, caudate; PUT, putamen; PAL, globus pallidus.

APPLICATION IN AMYOTROPHIC LATERAL SCLEROSIS

We detected significantly decreased R, in the head of the left caudate nucleus
(P =0.002, uncorrected) in ALS subjects (Table 4.0.1). Lower R, was also
present in the deep FWM in ALS patients (left, P = 0.002 uncorrected; right,
P = 0.004 uncorrected). R, in the FWM also correlated negatively with age in
both patients and controls. No dependence of R, on disease duration was
observed, and no relaxometric or FA/MD differences between ALS subjects
and controls were detected in the PLIC. TBSS showed decreased FA in ALS

patients in the bilateral corona radiata and callosal body.
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Table 4.0.1: Select T, relaxometry results in ALS

Region ALS SD Controls SD  P-value
Head CN,L 997 64 956 34 0.002*
Head CN,R 99 7.1 96.6 4.5 0.023

FWM, L 88.8 78 84 49  0.002*
FWM, R 882 63 844 4.5 0.004*

Table 4.0.1: Select T, relaxometry results (in milliseconds) in ALS
and control subjects. P-values are uncorrected, significant differences
after correction for multiple comparisons are marked with an asterisk
(*). ALS, amyotrophic lateral sclerosis; SD, standard deviation; L,
left; R, right; CN, caudate nucleus; FWM, frontal white matter; GP,
globus pallidus; Cingulate, cingulate gyrus; CST, corticospinal tract.

APPLICATION IN MULTIPLE SYSTEM ATROPHY

In MSA, TBSS showed widespread differences in RD and MD, with changes
in FA and AD following but in fewer voxels (Figure 4.0.4). RD and MD were
increased and FA reduced in the superior cerebellar peduncles (SCP), middle
cerebellar peduncles (MCP) and inferior cerebellar peduncles (ICP)
bilaterally (Figure 4.0.4a-c). Changes in RD and MD were also more
widespread supratentorially, being increased throughout the corona radiata
and commissural fibers bilaterally, in the body and genu of the corpus
callosum in the midline, the bilateral internal and external capsules and in
many subcortical areas (Figure 4.0.4a,b). Reduced FA followed a similar

pattern but was observed in fewer voxels (Figure 4.0.4c).

We further explored differences between controls and the MSA-P and MSA-C
diagnostic subgroups by TBSS. In MSA-P, only supratentorial differences

11



were observed in comparison with controls. In MSA-C, differences were

similar to those between all MSA subjects and controls.

Considering the surprising result that no differences between the MSA-C and
MSA-P diagnostic subgroups were detected by TBSS, we hypothesized that
this negative result may be due to overlap between the patient groups.
Therefore, the MSA group was reclassified according to phenotype into three
subgroups: cMSA (cerebellar positive), pMSA (parkinsonian positive), and
mMSA (mixed, both cerebellar and parkinsonian positive). Further TBSS
analyses were conducted. In the cMSA group, we observed widespread
changes similar to all MSA patients versus controls. No differences between
PMSA and controls were detected by TBSS. In examining cMSA versus
PMSA patients, differences were detected primarily infratentorially in RD and
MD.

We additionally evaluated DTI metrics in the basal ganglia (caudate nucleus,
putamen, globus pallidus). Tests were performed using different patient
classifications: between the traditional MSA subgroups (MSA-C, MSA-P)
and controls (traditional), and between parkinsonian-positive MSA subjects
(pPOS), parkinsonian-negative MSA subjects (pNEG) and controls
(phenotypic). We found significant differences in the bilateral putamen only,
in A1, 23, MD and RD (see Table 4.0.1). No differences in FA in the putamen
were detected. ROC analyses in those metrics reaching significance indicated
that A1 and MD provided the best potential classification ability in the
bilateral putamen under both patient classifications (Table 4.0.1).

Reclassification of the data by phenotype resulted in generally greater area

12



Figure 4.0.4: TBSS results: voxels demonstrating significant

(P < 0.05) differences between all patients and controls. a) Radial
diffusivity (patients > controls), b) mean diffusivity (patients > con-
trols), c) fractional anisotropy (patients < controls), and d) axial
diffusivity (patients > controls). TBSS, tract-based spatial statistics;
MSA, multiple system atrophy.
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Table 4.0.1: ANOVA results in the bilateral putamen

Traditional Phenotypic

Side  Metric  F-value P-value Side  Metric  F-value P-value

L FA F(2,37) =2.7185 P=0.82 L FA F(2,37) =1.6619 P =0.99
L A1 F(2,37) =12.636 P =0.001 L Al F(2,37) =10.364 P =0.006
L A3 F(2,37) =9.3191 P =0.011 L A3 F(2,37) =84826 P =0.019
L MD F(2,37)=11.674 P=0.002 L MD F(2,37) =9.9842 P =0.007
L RD F(2,37)=10.575 P=0005 L RD F(2,37)=93218 P =001l
R FA F(2,37) =2.0814 P=096 R FA F(2,37) =0.2823 P =0.99
R Al F(2,37)=15.833 P<0.001 R Al F(2,37) =12451 P =0.002
R A3 F(2,37)=11.688 P=0.002 R A3 F(2,37) =10.993 P =0.004
R MD F(2,37)=14196 P <0001 R MD F(2,37) =12.153 P =0.002
R RD F(2,37) =12.786 P =0.001 R RD F(2,37) =11.543 P =0.003

Table 4.0.1: Results of ANOVA analyses of ROI data in the bilat-
eral putamen. L, left; R, right; FA, fractional anisotropy; MD, mean
diffusivity; RD, radial diffusivity

between the two ROC curves (see Table 4.0.1).
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Table 4.0.1: ROC results in the bilateral putamen

Traditional Phenotypic
AUC AUC
Side Metric Convs MSA-C  Convs MSA-P  Side Metric ConvspNEG ConvspPOS
L Al 0.78 0.95 L Al 0.61 0.90
L A3 0.74 0.82 L A3 0.51 0.84
L MD 0.78 0.93 L MD 0.62 092
L RD 0.80 0.89 L RD 0.64 0.90
R Al 0.87 0.92 R Al 0.85 0.90
R A3 0.86 0.87 R A3 0.79 0.88
R MD 0.87 0.90 R MD 0.82 0.90
R RD 0.87 0.87 R RD 0.82 0.88

Table 4.0.1: Results of ROC analyses of ROI data in the bilateral
putamen between patients and controls. AUC, area under curve;

MSA-C, multiple system atrophy, traditional cerebellar subtype; MSA-
P multiple system atrophy, traditional parkinsonian subtype; pNEG,
parkinsonian-negative; pPOS, parkinsonian-positive; L, left; R, right;
MD, mean diffusivity; RD, radial diffusivity.

ROC analyses in the MCP were also performed using two patient
classifications: between the traditional MSA subgroups (MSA-C, MSA-P)

and controls (traditional), and between cerebellar-positive MSA subjects

(cPOS), cerebellar-negative MSA subjects (<(NEG) and controls

(phenotypic). Reclassification of the data by phenotype again resulted in

generally greater area between the two ROC curves (see Table 4.0.1).
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Table 4.0.1: ROC results in the MCP

Traditional Phenotypic

AUC AUC

Side  Metric Convs MSA-C Convs MSA-P  Side Metric ConvscPOS ConvscNEG

L RD 0.96 0.77 L RD 0.97 0.61
L MD 0.92 0.78 L MD 0.94 0.63
L FA 0.97 0.7§ L FA 0.98 0.58
L Al 0.87 0.73 L Al 0.85 0.68

Table 4.0.1: Results of ROC analyses of ROI data in the bilateral
MCP between patients and controls. AUC, area under curve; MSA-C,
multiple system atrophy, cerebellar subtype; MSA-P multiple system
atrophy, parkinsonian subtype; cPOS, cerebellar-positive MSA; cNEG,
cerebellar-negative MSA; L, left; R, right; RD, radial diffusivity; MD,
mean diffusivity; FA, fractional anisotropy.

We also assessed qualitative radiological signs associated with MSA that are
appreciable on traditional imaging sequences; signal changes in the lateral
putamen, and the hot cross bun sign in the pons (see Table 4.0.1). Traditional
classification and classification by phenotype (cPOS, pPOS) were performed.
In general, we observed better performance when considering MSA by
phenotypic expression, the only exception being a higher negative predictive

value (NPV) of the hot cross bun test in the traditional classification.
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Table 4.0.1: Qualitative radiological signs

Traditional Phenotypic

BUN RIM BUN RIM

Sensitivity .80 73 .79 94
Specificity .50 33 .67 75
PPV .62 .57 .85 94
NPV 71 .50 .57 74

Table 4.0.1: Evaluation of qualitative radiological signs typically asso-
ciated with multiple system atrophy. Phenotypic classifications were
cerebellar-positive MSA (cPOS) in evaluation of the BUN sign, and
parkinsonian-positive (pPOS) in assessment of the RIM sign. BUN,
hot cross bun sign, RIM, signal changes in the lateral rim of the puta-
men, PPV, positive predictive value, NPV, negative predictive value.

S. Discussion

APPLICATION TO GRAY MATTER

‘We have shown the applicability of DTT to both gray and white matter regions
of the brain. While the correlates of DTI metrics in brain white matter are
relatively well understood [49-51], DT1 in the gray matter is more difficult to
interpret. Our in vitro data illustrate the isolated effect of ferritin-bound iron,
mediated by iron-dependent signal attenuation. Eigenvalue repulsion with

decreasing SNR has been previously reported [3, 35]. Although only changes
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in A3 were significant at 3T, there was a clear visual trend of eigenvalue
repulsion that was reflected in FA changes. FA increased with increasing
1/SNR (decreasing SNR) and R,, while MD was insensitive to these changes
in vitro. These findings are supported by our in vivo data where similar
correlations were observed. Linear dependencies between tensor-derived
scalars and 1/SNR and R, were achieved in pooled data, with FA increasing
and MD decreasing as 1/SNR and R, increased.

Certain factors must be taken into consideration when attempting to interpret
differences between the in vivo and in vitro results. The in vivo environment is
more complex, with many factors that could contribute to DTI measurements
such as the presence of myelinated fibers in gray matter structures and
physiological noise. Furthermore, the clustering effect of ferritin in vivo
increases magnetic inhomogeneity [13, 52]. R, is also not only dependent on
iron content, but is affected by several factors such as temperature, tissue
density, and water content [2, 3, 35]. A3 showed the strongest correlation
with R, both in vitro and in vivo, seemingly the least affected by confounding
factors in vivo. A3 measurements within the individual nuclei followed R,
values, while FA and MD values proved less specific. The pattern observed in
FA values within the basal ganglia is in agreement with previously published
data [17].

Several mechanisms have been proposed to explain DTI findings in gray
matter regions, such as the loss of myelinated fibers passing through gray
matter structures [9, 38], neuronal and dendrite elimination with age [16]
and the targeted loss of certain dendrite connections leading to increased
anisotropy [15], as well as tissue compaction and gliosis associated with aging
[54]. Our results show that ferritin-bound iron makes an important

contribution to DTT metrics in low-signal, isotropic, iron-rich regions, which
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is an important consideration in studies examining the DTT characteristics of
gray matter regions, especially in studies focused on adolescence as well as
diseases associated with altered brain-iron load such as Huntington disease
and MSA. Based on our in vitro findings, we would expect that a fifty percent
increase in R, would result in a 75% increase in FA. This estimate is roughly in
agreement with our in vivo observations where additional confounding
factors, as discussed previously, would be expected to contributions as

well.

APPLICATION TO AMYOTROPHIC LATERAL SCLEROSIS

We have shown T, relaxation rate differences in the head of caudate nucleus
in ALS subjects in comparison to controls. Changes of T, relaxation rate in
this region are of further importance as the caudate nucleus has been used as
an internal reference in qualitative and quantitative studies of ALS patients
[18, 19, 29]. It is interesting to note that the relaxation rate changes detected
in this region were not dependent on disease duration. This suggests that
decreased R, is already present in the earlier stages of the disease and could
therefore serve as an early marker of disease activity. We also detected
significantly decreased R, in the bilateral FWM of ALS patients compared to
controls. Therefore, we recommend that FWM (as well as head of caudate
nuclei) not be used as an internal reference for the assessment of increased
signal intensity in various brain regions in ALS [18, 19]. Additionally, no
changes were detected in the PLIC, a region suspected of signal intensity
changes in ALS. Furthermore, although TBSS revealed FA changes in the
corona radiata and callossal body, no differences were detected in the lower

CST. Our study therefore quantitatively confirms earlier statements [7, 12]
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that the relatively hyperintense signal in the internal capsule is a physiological

variant and not disease related as was believed [20, 56].

APPLICATION TO MULTIPLE SYSTEM ATROPHY

We observed widespread differences in the white matter of MSA subjects in
comparison to controls, reflected primarily in increased RD and MD (see
Figure 4.0.4). While MD is known to be a sensitive but non-specific marker of
morphological changes in the white matter, RD has been shown to correlate
with myelin integrity [49, 50]. Our findings therefore lend support to the
hypothesis that MSA is a primary oligodendrogliopathy.

In examining DTI differences between the MSA-P and MSA-C subgroups
and controls, we observed similar differences between MSA-C subjects and
controls as with all patients, and only supratentorial differences between
MSA-P subjects and controls. Again, the MSA-C and MSA-P subgroups
showed the greatest differences in RD and MD. These observations are not in
conflict with those reported previously [22, 32, 36, 46]. Half of the patient
participants in our study exhibited both cerebellar and parkinsonian
manifestations, in agreement with previous studies [33, 43]. As we did not
observe any differences between the MSA-C and MSA-P diagnostic
subgroups by TBSS, we hypothesized that the large degree of overlap was
likely responsible. We therefore reclassified our patient group by phenotype,
separating those subjects with only cerebellar (cMSA) or parkinsonian
manifestations (pMSA) from those with a mixed presentation. TBSS was

then performed on the restructured groups.
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Differences between cMSA subjects and controls by TBSS were similar to
those between MSA-C and controls. To our surprise, pMSA subjects did not
differ significantly from controls in any region, by any DTI metric. This may
indicate an alternate pathogenesis behind the parkinsonian component of
MSA. In a large series of 100 definite MSA cases, Ozawa et al. [33] reported
that pathological changes in striatonigral degeneration likely begin in the
substantia nigra, where neuronal cell death appears to occur independent of
GCI accumulation, and concluded that other factors contribute to this
phenotype. The authors did not observe any cases of pure striatonigral or
olivopontocerebellar pathology (corresponding to pMSA and cMSA in the
present work), likely related to the postmortem nature of the study, i.e., at the
terminus of the disease process it is likely that both striatonigral and
olivopontocerebellar systems are effected. Our observations in pMSA and
cMSA support the hypothesis that factors other than GCI accumulation may
be responsible for striatonigral degeneration. The differences in DT metrics
detected by TBSS between patients and controls were driven by the cerebellar
component of the disease, i.e., by patients with a positive cerebellar
phenotype, supported by the finding that the pMSA subgroup did not differ

from controls.

In evaluating differences in DT metrics in the basal ganglia between MSA
subjects and controls, we explored differences between both the traditional
MSA subgroups and controls, as well as between phenotypic MSA subgroups
and controls. The reclassification by phenotype was performed in an attempt
to increase the utility of DTT in this setting, concordant with our hypothesis
that parkinsonian-positive MSA subjects (pPOS) would likely show
alterations in the basal ganglia, while parkinsonian-negative MSA subjects

(pNEG) would likely not. The addition of A3 to the analysis was made to
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further clarify any diffusion changes noted, as iron accumulation in the
putamen has been shown previously [53, 55], and we have shown that
ferritin-bound iron results in eigenvalue repulsion [39]. We detected
significant differences between the MSA-P group and others, and between
the pMSA group and others, in RD, MD, 1 and A3 in the putamen only, with
no differences observed in FA. Further ROC analyses were carried out to
explore the classification potential of these metrics in the putamen. Similar
results were seen between the MSA-P versus control and pPOS versus control
tests. Performance was reduced however in the pNEG versus control tests in
comparison to the MSA-C versus control tests. This reflects the transfer of
parkinsonian-positive MSA-C subjects to the pPOS group when reclassified,
and as their classification ability no longer contributed to the AUC, it
decreased. Thus, the sensitivity and specificity improved with reclassification,

as more subjects were correctly classified.

We applied similar ROC analyses to the MCP, to evaluate the diagnostic
potential of this region in MSA subjects with positive cerebellar
manifestations. The MCP was chosen in large part due to the robust results
observed by TBSS and therefore ANOVA was not performed in this region.
‘We again explored differences between both the traditional MSA subgroups
and controls, as well as between phenotypic MSA subgroups and controls.
The reclassification by phenotype was similarly performed in an attempt to
increase the utility of DT in this region, concordant with our hypothesis that
cerebellar-positive MSA subjects (cPOS) would likely show alterations in the
MCP, while cerebellar-negative MSA subjects (c(NEG) would likely not.
Similar to our results in the putamen, we observed better overall performance
when the data were reclassified. The AUC in ctNEG versus controls was lower

than in MSA-P versus controls, again reflecting the reallocation of
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classification ability driven by phenotype. Therefore, classification by
phenotype improved the sensitivity and specificity of the tests, allowing more

patients to be correctly classified.

As a comparison and to provide complementary diagnostic information, we
also evaluated the presence or absence of radiological signs associated with
MSA that are appreciable on traditional imaging sequences; signal changes in
the lateral putamen, and the hot cross bun sign in the pons. In general, we
observed better performance when considering MSA by phenotypic
expression, the only exception being a higher NPV when considering the hot
cross bun sign under the traditional classification. The reason for this
paradoxically better result in the traditional classification is that one MSA-P
subject with a positive cerebellar phenotype (MSA-P, cPOS) had more
generalized cerebellar atrophy without an appreciable hot cross bun sign.
Therefore, this subject was classified a true negative when considering the
traditional classification, and as a false negative under the phenotypic
classification. Thus, these two qualitative signs may not be sufficient in the
diagnostic process, however, we have shown that qualitative radiological signs
may serve a complementary role to the more robust DTT evaluation in MSA
patients, especially when considering the disease process from a phenotypical

perspective.

6. Conclusions

‘We have shown the effect of ferritin-bound iron on DTI metrics in vitro, with

correlation in vivo. Signal attenuation on SE-EPI data due to predominantly
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superparamagnetic ferritin-bound iron is reflected in increased R, and
decreased SNR, resulting in systematic, artifactual changes in tensor-derived
scalars. This effect has little consequence in brain white matter where the
SNR is very high, but in low-signal regions such as the gray matter DTI
metrics may be significantly affected. This observation has important
implications for DTT studies targeting gray matter regions, especially in
studies focused on adolescence as well as diseases associated with altered

brain-iron load such as Huntington disease and MSA.

In ALS, we found only non-specific changes in DTT metrics in the brain white
matter. Additionally we found decreased R, in the left caudate and bilateral
FWM, which may aid in the diagnostic process and disqualifies these regions
as internal controls in ALS studies. Furthermore, we demonstrated that the
PLIC is not a reliable diagnostic marker of ALS. Considering these qualitative
and quantitative measures, the evaluation of ALS subjects by MRI may be

improved.

In MSA, we detected widespread changes in the brain white matter, however
only in MSA subjects with a positive clinical history of cerebellar
manifestations. In MSA subjects with only parkinsonian features, no
alterations in DT metrics in the white matter were detected. This has
important implications in the diagnosis of MSA. However, in MSA patients
with a positive clinical history of Parkinsonism, we detected significantly
altered tensor-derived scalars in the bilateral putamen. These changes
included increased A3, and considering our in vitro results, indicates that DTT
changes in the putamen are likely driven primarily by true changes in diffusion
rather than changes in local iron status. In considering these observations
together, we have shown that DTI in the MCP in cerebellar-positive MSA

subjects and in the putamen in parkinsonian-positive MSA subjects may
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differentiate MSA from control subjects with very high accuracy, greatly
improving existing methods. For this purpose, we propose the use of MD,
which showed very high accuracy in all relevant tests, and is readily accessible

in most commercial software packages furnished by manufacturers.
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