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Background: Clinical estimates of brain iron concentration are achievable with quantitative transverse relaxation
rate Ry, via time-consuming multiple spin-echo (SE) sequences. The objective of this study was to investigate
whether quantitative iron-sensitive information may be derived from 3.0 T dual-contrast fast-spin-echo (FSE)
sequences (typically employed in anatomical non-quantitative evaluations), as a routinely-collected alternative
Brain iron to evaluate iron levels in healthy (HC) and Parkinson’s disease (PD) brains.

Dopamine transporter-specific binding ratio New method: MRI 3.0 T FSE data from the Parkinson’s Progression Markers Initiative (PPMI) (12 PD, 12 age- and
(SBR) gender-matched HC subjects) were cross-sectionally and longitudinally evaluated. A new measure, ‘effective Ry’,
was calculated for bilateral subcortical grey matter (caudate nucleus, putamen, globus pallidus, red nucleus,
substantia nigra). Linear regression analysis was performed to correlate ‘effective Ry’ with models of age-
dependent brain iron concentration and striatal dopamine transporter (DaT) receptor binding ratio.

Results: Effective Ry was strongly correlated with estimated brain iron concentration. In PD, putaminal effective
Ry difference was observed between the hemispheres contra-/ipsi-lateral to the predominantly symptomatic side
at onset. This hemispheric difference was correlated with the putaminal DaT binding ratios in PD.

Comparison with existing method(s): Effective Ry, derived from rapid dual-contrast FSE sequences, showed
viability as an alternative to Ry from SE sequences. Linear correlation of effective Ry with estimated iron con-
centration was comparable to documented iron-dependent Ry. The effective Ry correlation coefficient was
consistent with theoretical Ry iron-dependence at 3.0 T.

Conclusions: Effective Ry has clinical potential as a fast quantitative method, as an alternative to Rg, to aid
evaluation of brain iron levels and DaT function.

Parkinson’s disease
Asymmetry

regard to the human body overall, and as the brain develops there is an
age-dependency to iron levels with dynamic change over the human

1. Introduction

Iron is the most abundant transition metal in the body, and its ho-
meostasis is closely regulated to maintain the basic functions of the
organism (Ward et al., 2014). As a component of haemoglobin, iron is
essential for oxygen transportation. The many processes for which iron
is required include the synthesis of adenosine triphosphate and energy
generation in cytochromes. In the brain, iron is an essential co-factor in
myelin and neurotransmitter biosynthesis, oxidative phosphorylation,
and nitric oxide metabolism. Cellular and thereby regional variations in
demand for iron lead to region-specific patterns in the concentration and
distribution of iron (Haacke et al., 2005; Ramos et al., 2021). The iron
concentration in certain regions of the brain is comparatively high with
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life-span. There is an observed trend towards iron accumulation in the
brain in normal ageing (Chen et al., 1989; Zecca et al., 2001; Krebs et al.,
2014; Ramos et al., 2014; Hallgren and Sourander, 1958). In a landmark
work by Hallgren and Sourander (Hallgren and Sourander, 1958), the
non-haemin iron from 81 unfixed, post-mortem brains was quantified
using the orthophenanthroline method, after iron extraction from
homogenised tissue samples treated with acid. The authors reported
empirical relationships for age-dependent iron concentrations for 11
brain regions, featuring the most significant non-haemin iron concen-
tration increase from birth to the age of 50-60 yrs (Hallgren and
Sourander, 1958). Recent post-mortem studies also demonstrated brain
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iron levels changing as a function of normal ageing (Chen et al., 1989;
Zecca et al., 2001; Krebs et al., 2014; Ramos et al., 2014), using different
techniques including inductively coupled plasma spectroscopy and
atomic absorption spectroscopy (AAS). Pathological changes of iron
content in particular brain regions also have been reported in several
neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s
disease (Dexter et al., 1991; Mann et al., 1994), Huntington’s disease,
multiple sclerosis, multiple system atrophy, and neurodegeneration with
brain iron accumulation (Visanji et al., 2013; Bartzokis et al., 2007;
Kwiatkowski et al., 2012; Liman et al., 2012; Morris and Edwardson,
1994; Qian and Shen, 2001; Schipper, 2012).

Increasing interest has drawn researchers to determine how to detect
iron levels in living brains, utilising non-invasive and clinically available
techniques such as magnetic resonance imaging (MRI). Primarily stored
in ferritin, non-haemin brain iron demonstrates superparamagnetism
under an applied external magnetic field at normal body temperature
(Schenck, 1996), accelerating the relaxation of neighbouring protons
(Schenck, 1996; Gossuin et al., 2009; Gossuin et al., 2016). Several
quantitative MRI parameters have been reported to provide a measure of
brain tissue iron levels, including transverse relaxation rates Ry (St
Pierre et al., 2005; Hardy et al., 2005; Schenck, 1995; Gelman et al.,
1999; House et al., 2007) and Ry* (Chavhan et al., 2009; Hankins et al.,
2009; Deistung et al., 2013; Wang et al., 2014), R'2 (Gelman et al., 1999;
Qin et al., 2011; Ordidge et al., 1994a), field-dependent Ry increase
(FDRI) (Bartzokis et al., 1994a, 1993, 1994b), and most recently,
quantitative susceptibility mapping (QSM) (Langkammer et al., 2012).
Among these techniques, derived from clinically established spin-echo
(SE) and gradient echo (GRE) pulse sequences respectively, Ry (St
Pierre et al., 2005; Hardy et al., 2005; Schenck, 1995; Gelman et al.,
1999; House et al., 2007) and Ry* (Chavhan et al., 2009; Hankins et al.,
2009; Deistung et al., 2013; Wang et al., 2014) are widely employed.
Described by the static dephasing approximation, GRE-derived Ry* is
highly sensitive not only to tissue iron level, but also to the microscopic
iron distribution (Yablonskiy and Haacke, 1994). On the other hand,
elaborate methods such as FDRI (Bartzokis et al., 1994a, 1993, 1994b)
and Ré (Gelman et al., 1999; Qin et al., 2011; Ordidge et al., 1994a) can
reliably detect signal changes introduced by the brain iron level, but
they require either multiple acquisitions or specifically refined se-
quences. Emerging in the past decade, the advanced iron-sensitive
mapping technique QSM (Langkammer et al., 2012) employs sophisti-
cated post-processing methods to measure iron-induced susceptibility
change from GRE phase information, but it is also sensitive to acquisi-
tion parameters and processing algorithms. In this context, Ry, which is
comparatively unperturbed by heterogeneous cellular iron distribution
and acquisition parameters, remains a reliable approach to measure
tissue iron via the characteristic relaxation induced by molecular in-
teractions. Although the mechanisms of the iron enhanced R relaxation
are not yet fully understood (Gossuin et al., 2000; Hocq et al., 2015),
SE-derived Ry has demonstrated great sensitivity and specificity to liver
iron concentration, and is now established as a clinical tool for quanti-
tative iron imaging (St Pierre et al., 2005).

Nevertheless, the long acquisition time of the SE sequence has been
the main disadvantage of the conventional Ry method in clinical set-
tings, which has been a barrier to its adoption in routine neuroimaging.
To generate the Ry map, four to seven echo images are commonly
required for data fitting, where the acquisition time for each echo image
of the brain is typically 5-10 min. Attempts to overcome this limitation
include a dual-echo SE method (Hardy et al., 2005), where the number
of echoes required to fit the observed signal to the exponential decay of
the apparent transverse relaxation is minimised. This has shown satis-
factory results when the echo times (Tg) were selected carefully (Clark
et al., 2003; St Pierre et al., 2004). Multi-echo spin-echo (MESE) may be
the most common alternative to the SE, using a single scan of ~ 10 min
duration to derive Ry in the clinical setting, by generating multiple
echoes within one repetition with a series of radiofrequency (RF) refo-
cussing pulses. A routine clinical MRI sequence, turbo-spin-echo (TSE)
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(Fellner et al., 1994; Weigel and Hennig, 2006) (also known as
fast-spin-echo (FSE) (Jones et al., 1992)), can further accelerate the scan
time compared with the MESE sequence, enabling single- or
multiple-echo contrast image acquisition in ~ 5 min. Utilising
segmented k-space, the contrast in FSE MRI is determined by the
effective T at which the MR signal fills in the central k-space, generating
brain tissue contrast that is comparable to that obtained by SE and
MESE. Due to its versatility in generating MRI contrast and its rapid
acquisition, FSE has been made widely available as a routine pulse
sequence on clinical scanners from different vendors (Siemens, Philips,
GE healthcare), and large datasets have been established through clin-
ical practice and cohort studies (Jack et al., 2008; I. Parkinson Pro-
gression Marker, 2011). However, despite the clinical advantages, FSE
has not been commonly employed for quantitative assessment because
of its rather complex signal formation, and the extent to which there is a
quantitative association between FSE-derived MRI measurements and
brain iron levels remains to be elucidated.

At clinical field strengths, FSE MRI has been used almost exclusively
for anatomical purposes to date, and the sensitivity of the whole brain
quantitative FSE-derived transverse relaxation time (T2 = 1/Ry) was
reported to be insufficient for diagnostic purposes at 1.5 T (Bauer et al.,
2010). Recent efforts were made to recover the ‘true’ To from the MR
images obtained by the FSE sequence by modelling the signal decay
(McPhee and Wilman, 2015, 2017; Uddin et al., 2017). However, ac-
curate results require extensive details of acquisition parameters,
including the shape of the RF pulse and the actual flip angle, but this
information is often unavailable for retrospectively-accessed datasets.

In this study we propose an alternative and straightforward method
to utilise dual-contrast FSE data, an attempt to derive a quantitative MRI
measure, which we term ‘effective Ry’, to provide sensitivity to iron
levels in the brain. Human brain 3.0 T MRI data available from the
Parkinson’s Progression Markers Initiative (PPMI), collected from Par-
kinson’s disease patients and healthy control study participants, was
evaluated with reference to prior-published post-mortem measures of
regional brain iron concentrations. The extent of the effective Ry as a
quantitative MRI method to indicate dopaminergic functional changes
in the brain in PD was also investigated in case-control cross-sectional
and longitudinal studies.

2. Methods
2.1. PPMI subjects

All participants were screened by the study core of PPMI before
enrolment and satisfied the inclusion and exclusion criteria of the PPMI
cohort study. Motor, neuropsychiatric and cognitive clinical assessments
were performed by the PPMI clinical core for each subject, including
Unified Parkinson’s Disease Rating Scale (UPDRS), the University of
Pennsylvania Smell Identification Test (UPSIT), and Montreal Cognitive
Assessment (MoCA). Neuroimaging scans, including structural MRI and
dopamine transporter single-photon emission computerised tomogra-
phy (SPECT) imaging were performed by the imaging core for each
subject at screening.

PPMI inclusion criteria for Parkinson’s disease (PD) participants
were to: 1) have been diagnosed as having PD for < 2 years at screening;
2) be aged 30 years or older at the time of PD diagnosis; 3) be at Hoehn
and Yahr Stage I or II at PPMI study baseline (0-month); 4) have had at
least two of the following symptoms: resting tremor, bradykinesia, ri-
gidity (must have either resting tremor or bradykinesia) or either
asymmetric resting tremor or asymmetric bradykinesia; 5) have had
confirmation from the PPMI imaging core that their screening dopamine
transporter SPECT scan was consistent with dopamine transporter
deficit; 6) not be expected to require PD medicine within 6 months of
baseline. The exclusion criteria were: 1) subjects taking PD medication
(levodopa, dopamine agonists, MAO-B inhibitors, or amantadine), or
having taken PD medication within 60 days, or for more than a total of
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60 days, prior to baseline; 2) to have received medicines (neuroleptics,
metoclopramide, alpha methyldopa, methylphenidate, reserpine, or
amphetamine derivative) that might interfere with dopamine trans-
porter SPECT imaging within 6 months of screening; 3) use of investi-
gational drugs or devices within 60 days of baseline.

PPMI inclusion criteria for healthy control subjects (HC) required
that subjects must be 30 years old or above at screening. Exclusion
criteria for HC were to have: 1) any current or active clinically signifi-
cant neurological disorder, or to have previously obtained an MRI scan
with evidence of a clinically significant neurological disorder; 2)
received medicines that might interfere with dopamine transporter
SPECT imaging with 6 months of screening; 3) used investigational
drugs or devices within 60 days of baseline; 4) any MoCA score less than
or equal to 26; 5) a first degree relative with idiopathic PD.

2.2. Retrospective MR data selection

All retrospective MR data obtained and analysed in this work were
screened and selected from the PPMI MRI database for a rigorous case-
control analysis, therefore, criteria were applied to minimise the po-
tential bias introduced by the magnetic field strength, vendors, age, and
gender. Retrospective clinical 3.0 T MR data were selected to ensure the
highest possible image resolution and signal-to-noise ratio, and the
images acquired by Siemens TrioTim system [see Section 2.3] were
selected for processing and analysis, as this provided the greatest data
availability for cross-sectional and longitudinal analysis. To investigate
the impact on MRI of age-dependent iron accumulation, subjects aged
40-60 yrs at baseline were selected. Finally, the MRI data from 12 HC
(age range 40.6-60.1 yrs, 7 males and 5 females) and 12 age- and
gender-matched, early-stage drug-free PD (age range 39.2-60.3 yrs, 7
males and 5 females) were selected, processed, and analysed.

2.3. MR acquisition

The MR data from PPMI had been acquired with a dual-contrast 2D
FSE pulse sequence on Siemens TrioTim (syngo MR B15) system, either
’Axial PD-T2 FSE’ or "Axial PD-T2 FSE FS’. The resulting proton density-
weighted and Ty-weighted images were acquired using the following
acquisition parameters: repetition time (Tgr) = 3000 or 3270 ms, echo
spacing (ESP) = 11.2 ms, echo train length (ETL) = 14, effective Tg =
11.2 and 101 ms, flip angle (FA) = 150°, acquisition plane = axial, field
of view (FOV) = 256 x 228 mm, matrix size = 256 x 228, in-plane
resolution =1 x 1 rnmz, bandwidth (BW) = 47.6 kHz, percent phase
FOV = 0.9, slice thickness = 3 mm, number of slices = 52 or 54.

2.4. DaTScan acquisition and calculation of Striatal Binding Ratio (SBR)

As documented in the PPMI imaging and analysis protocols, func-
tional SPECT imaging of striatal dopamine transporters (DaTScan) was
performed for the participants after 1ZI-ioflupane injection. The SPECT
data were reconstructed and processed prior to the SBR calculation by
the PPMI imaging core. The SBR used in this work is provided by the
PPMI study documentation, which was calculated as the uptake density
of [regions of interest (ROI) / the occipital cortex (reference tissue)] — 1.

In the PPMI study, the SBR was calculated for the bilateral caudate
and putamen, indicating the dopamine receptor associated with dopa-
mine transporter (DaT) uptake in the brain regions.

2.5. Calculation of the effective transverse relaxation rate Ry

Compared with the SE- or MESE-derived Ry, the ‘effective Ry’ pre-
sented here is calculated using the proton density-weighted and Ts-
weighted images acquired by the dual-contrast FSE sequence, sampled
from the apparent Ty decay of the signal (Fig. 1).

In an FSE pulse sequence, the noise-free signal is determined by the
Tg located at the central k-space, effective Tg (Tg(f)) which may be
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Fig. 1. MR signal decay in the dual-contrast fast-spin-echo (FSE) pulse

sequence. Tgfp: effective echo time.

approximated as:

TE(e)

S(Teen) = Soe ™

€5)

where S(Tg)) is the effective Tg-dependent magnitude MR signal, So
the signal intensity at time t =0, and T, denotes the corresponding
effective transverse relaxation time (effective T5) to be estimated.

For a dual-contrast sequence:

TE(er)

Seo (Teegn) = Soe™ ™
and (2)

TE(efr2)

St (TE(eff2)) =Se

for the proton density-weighted MR signal and the To-weighted
signal respectively, as demonstrated in Fig. 1. Hence, the effective Ry is
calculated by the reciprocal of the effective Ts:

()
Effective R, = &

3)
ATg(epr)

where:
ATE(Eﬂ') = TE(f.th) - TE(e./.‘fl)' 4

Given the high sensitivity of the logarithm to the background noise,
the background noise is subtracted from all MR magnitude signals to
obtain a zero-mean background before fitting.

2.6. Segmentation

The brain regions known to be particularly rich in iron were manu-
ally segmented and measured using ImageJ (Fig. 2), based on a pub-
lished human brain atlas (Naidich et al., 2009), including bilateral
caudate nucleus head (CN), globus pallidus (GP), putamen (PUT), red
nucleus (RN) and substantia nigra (SN). The manual segmentation was
carried out on consecutive slices of the proton density- and Ty-weighted
images to obtain volume measurements of the regions. For repeated
longitudinal measurements, a set of ROIs for the individual was
segmented based on the baseline acquisition, and this ROI was trans-
lated to the follow-up scans, and manually refined where necessary.
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Fig. 2. Example segmentation of in vivo human brain MRI obtained from PPMI.
ROI overlay on the effective R, parametric maps (left column) derived from
effective echo time (Tgesn)= 11 and 101 ms. CN: caudate nucleus, GP: globus
pallidus, PUT: putamen, RN: red nucleus, SN: substantia nigra.

2.7. Estimation of brain iron concentration

The average iron concentrations for various brain regions have been
reviewed elsewhere (Haacke et al., 2005; Ramos et al., 2021). Although
variations in absolute brain iron concentrations have been reported, the
relative concentrations between brain regions, as reported in multiple
sources, are generally found to be consistent. However, the iron con-
centration in the healthy brain is known to be dynamic as a function of
age (Chenetal., 1989; Zecca et al., 2001; Krebs et al., 2014; Ramos et al.,
2014; Hallgren and Sourander, 1958). Therefore, in this study the
age-dependent iron concentrations for different brain regions were
estimated from Hallgren and Sourander’s post-mortem study on unfixed
tissue (Hallgren and Sourander, 1958), which contains the largest
sample size and the widest age-span in the literature to date.

The iron concentrations in caudate nucleus, globus pallidus, and
putamen were calculated for these subjects according Hallgren and
Sourander’s empirically-derived regression equations relating iron level
to the age of the subject (Hallgren and Sourander, 1958). However, the
high variation in age-dependent iron concentration prevented equiva-
lent relationships being determined for the substantia nigra and red
nucleus, so here we were reliant on simply using the average iron con-
centration in the substantia nigra and red nucleus, measured respec-
tively from 52 and 44 healthy subjects (age range 30-100 yrs), obtained
in the same study (Hallgren and Sourander, 1958).

2.8. Data processing and statistical analysis

The mean, median, and standard deviation of each measurement
within the bilateral ROIs were extracted, and the histogram of the pixel
values were examined and tested for normality using Shapiro-Wilk test.
The mean values and the median values of the effective Ry, were
compared and the mean effective Ry values were used for subsequent
analysis.

Any difference in the age and clinical assessment results at baseline
(0-month) between HC and PD were tested using the independent t-test
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for the subject selection. Data normality was tested using Shapiro-Wilk
test. Any difference in the effective R, measurements between left and
right hemispheres were tested using the paired two-samples t-test in the
HC and PD groups respectively. To investigate the feasibility of differ-
entiating the brain regions with the effective Ry, the baseline (0-month)
measurements of the effective Ry from bilateral brain regions of par-
ticipants were calculated by averaging the measurement from the left
and right hemisphere in each subject, and then combining these results
to find the average value by region for each subject group. Then
Friedman’s two-way analysis of variance (ANOVA) was employed for all
5 brain regions, with diagnostic groups (i.e. HC and PD) as the between-
group variable; subsequently the difference of mean effective Ry values
between each two brain regions was tested using the paired two-samples
t-test.

For the remaining analysis, the measured effective Ry from both
hemispheres was calculated for the HC group by averaging as described
above. However, the bilateral measurements of the PD subjects were
grouped by the symptom-associated hemispheres, according to the
asymmetrical laterality of the Parkinsonism reported in each in-
dividual’s PPMI clinical assessment. This is because the unilaterality of
motor symptoms and neurodegeneration in PD has been widely
observed at onset (Djaldetti et al., 2006; Hobson, 2012; Barrett et al.,
2011) and found to affect neuroimaging measurements such as MRI
(Wang et al., 2015; Prasad et al., 2018) and SPECT (Sixel-Doring et al.,
2011; Booth et al., 2015a, 2015b; Pagano, 12 et al., 2016). Hence, in this
study, the lateral effective Ry measurements from each brain region in
the PD patients were then analysed in two hemispheric groups: the
hemisphere contralateral to the individual’s PD symptom predominance
at onset (PD contralateral), and the ipsilateral hemisphere (PD ipsilat-
eral). The disease unilaterality for individual PD patients as referred to
in this study was directly and individually assessed by PPMI at the study
enrolment, and the laterality was reported as a part of the subject’s
clinical assessment result.

To investigate the correlation of effective Ry and brain iron levels,
linear regression analysis with the least-squares method was performed
between the measured effective Ry values and the estimated iron con-
centration based on the subject’s age (Hallgren and Sourander, 1958), in
HC, PD contralateral and PD ipsilateral groups respectively. As predic-
tive regression models for iron levels in substantia nigra and red nucleus
as a function of age are not available from the same report, the published
average iron concentrations for these two regions (Hallgren and
Sourander, 1958) were used as noted above. A linear model:
effectiveRx(s™!) = k[Fe](mg/100g wet weight) + C, was employed for the
regression analysis, where k and C denote the slope coefficient and the
intercept offset respectively. The individually observed effective Ry
measurements employed for the analysis, are weighted by m,
where ¢ denotes the standard deviation of the pixelwise measurement
within the individual ROI on the effective R maps. Regression analysis
was also performed to investigate any relationship between the effective
Ry measurement and motor dysfunction (described by the UPDRS Part
III score). To investigate the relationship between the effective Ry and
the striatal DaT function, regression analysis was performed for HC and
PD respectively between the bilateral effective Ry and the corresponding
SBR of caudate nucleus and putamen, and between the hemispheric
differences (left-right) of the effective Ry and the SBR.

For each brain region, the distribution of the effective Ry measure-
ments in each group was tested for normality using Lilliefors test. For
between-group comparisons, equal variance was tested by the two-
sample F-test. The independent-samples Mann-Whitney U test was
performed to test for equal medians between the effective Ry values
obtained from HC and each PD hemispheric group. Any difference be-
tween the two hemispheres (contralateral vs. ipsilateral) of PD patients
was tested for using the related-samples Wilcoxon signed rank test. The
null hypothesis was rejected at the 5% significance level (p < 0.05) for
all hypothesis testing. The analysis was carried out cross-sectionally for
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Table 1

Subject information at baseline. HC: healthy control, PD: Parkinson’s disease,
UPDRS: Unified Parkinson’s Disease Rating Scale score, UPSIT: University of
Pennsylvania Smell Identification Test score, MoCA: Montreal Cognitive
Assessment score, N: number of subjects. *A non-parametric independent-sam-
ples Mann-Whitney U test was performed for the MoCA data which had a non-
normal distribution.

HC (N =12) PD (N =12) p

Gender (M/F) 7/5 7/5 n/a
Age (year) 49.48 + 5.55 49.62 + 6.10 > 0.5
Hoehn & Yahr year n/a 1.55 + 0.52 n/a
Disease duration (month) n/a 2.82 +2.44 n/a
UPDRS Total 1.33 +£1.41 27.82 +9.80 < 0.001
UPSIT Total 35.22 + 2.54 21.63 +9.04 < 0.001
MoCA 28.92 +1.08 28.25 + 2.60 >0.4*

the measurements obtained at baseline and at each follow-up visit at 12,
24 and 48 months where data were available (N = 11/12, 5/12, 6/11
for HC/PD at 12, 24, 48 months respectively). For the longitudinal
analysis, the unavailable longitudinal data were imputed for visual-
isation purposes (not for hypothesis testing), to minimise the missing
data bias. The correction used longitudinal data from corresponding
individuals to estimate the missing values via shape-preserving piece-
wise cubic spline interpolation. The longitudinal trajectories of the ab-
solute effective Ry values measured within each brain region for each
group were plotted and the absolute effective Ry values measured be-
tween each visit compared. The related-samples Wilcoxon signed rank
test was performed between the effective Ry, measurements at each visit
for individuals from each group respectively, to detect any longitudinal
change in the effective Ry. To demonstrate the time-dependent trend for
each brain region, the longitudinal change of the effective R, for indi-
vidual participants was also calculated as a percentage change at the 12,
24 and 48 month follow-up studies, with respect to the individual’s
baseline measurement (0 months). All statistical analyses were per-
formed within MATLAB (R2019b, MathWorks).

3. Results
3.1. Subject information

The PPMI-acquired MR data in this study were selected to avoid

Table 2
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potential bias introduced by differences in vendor and sequence, and the
HC and PD subjects were age- and gender-matched. All subjects selected
were right-handed. Subject information at baseline and clinical assess-
ment results are summarised in Table 1. The age distribution for the two
diagnostic groups showed no significant difference (p > 0.05) at base-
line. Compared with HC, the early-stage (average Hoehn & Yahr = 1.55
+ 0.52 yrs) PD group showed significant olfactory degeneration (UPSIT,
p < 0.05), but no cognitive decline (MoCA, p > 0.4).

3.2. Effective Ry in various brain regions at baseline

As no statistically significant effective Ry difference had been found
between the left and right hemispheres of HC or PD (p > 0.1, paired two-
samples t-test), between-region analysis of effective Ry at baseline by
brain region was performed after averaging the measurement from the
left and right hemisphere in each subject, and then combining these
results to find the average value by region for each subject group. At
baseline, Friedman’s two-way ANOVA showed statistically significant
differences (F > 1, p < 0.05) between the effective R, of different brain
regions. Moreover, in the HC group, the baseline effective Ry was found
to be significantly different between brain regions (paired 2-sample t-
test, p < 0.05), except for comparisons of the substantia nigra and red
nucleus (Table 2). Compared with the prior-published iron concentra-
tion difference (Hallgren and Sourander, 1958) between the brain re-
gions, the baseline effective R, difference between the substantia nigra
and the putamen (SN - PUT) in HC is lower than expected but statisti-
cally significant (p = 0.001), with a value smaller than for the com-
parisons between globus pallidus and substantia nigra (GP - SN) and for
putamen and caudate nucleus (PUT - CN).

In HC, baseline effective Ry values for the individual brain regions
are concordant with prior-published average iron concentrations
measured in healthy brains (Table 3). However, at baseline the overall
effective Ry difference between HC and PD groups does not show sta-
tistical significance (p > 0.1).

3.3. Correlation of effective Ry with estimated iron concentration in the
brain

Due to the unilateral nature of PD (Djaldetti et al., 2006; Hobson,
2012; Barrett et al., 2011), the effective Ry measurements were analysed
by the hemispheres contralateral and ipsilateral to the side of the body

Baseline effective R, difference between brain regions compared alongside prior-published brain iron concentration differences by region in healthy controls (HC)
(Hallgren and Sourander, 1958). CN: caudate nucleus, GP: globus pallidus, PUT: putamen, RN: red nucleus, SN: substantia nigra, N: number of subjects.

Comparison between brain regions Published average iron concentration

Observed effective R, difference in HC (N = 12)

difference in healthy brains (Hallgren and Sourander, 1958)

Difference p Difference (s™1) p
(mg/100 g wet weight)
GP - SN 2.84 <0.01 1.61 < 0.001
SN - PUT 5.14 < 0.001 1.43 0.001
PUT - CN 4.04 < 0.001 2.3 < 0.001
SN - RN n/a n/a -0.08 0.72
GP - RN n/a n/a 1.53 < 0.001
Table 3

Baseline effective R; in healthy control (HC) and Parkinson’s disease (PD) subjects in comparison with the prior-published brain iron concentrations (Hallgren and
Sourander, 1958). CN: caudate nucleus, GP: globus pallidus, PUT: putamen, RN: red nucleus, SN: substantia nigra, N: number of subjects.

Brain regions
in healthy brains (Hallgren and Sourander, 1958)

Published average brain iron concentration (mg/100 g wet weight)

Observed effective Ry (s 1) at baseline

HC (N =12) PD (N =12)
CN 9.28 £+ 2.14 (N = 58) 10.48 +0.28 10.52 £+ 0.56
PUT 13.32 £ 3.43 (N = 56) 12.78 £+ 0.65 12.56 + 0.83
SN 18.46 £+ 6.52 (N = 52) 14.21 £+ 1.02 14.43 £ 0.91
RN 19.48 + 6.86 (N = 44) 14.29 +£ 0.74 14.04 £ 0.69
GP 21.30 + 3.49 (N = 55) 15.82 + 0.81 16.22 + 0.76
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Fig. 3. Linear correlation of the effective R, with the estimated iron concen-
tration in healthy controls (HC). Marker: median; error bar: range. tAverage
iron concentrations are employed. *Estimated from Hallgren & Sourander’s
study (Hallgren and Sourander, 1958). CN: caudate nucleus, GP: globus pal-
lidus, PUT: putamen, RN: red nucleus, SN: substantia nigra.

where symptoms were predominant at onset. Fig. 3 shows the linear
correlation between the iron concentrations estimated as a function of
age, from the prior-published post-mortem iron concentration data for
healthy brains (Hallgren and Sourander, 1958), and the effective Ry
measurements (n = 175) pooled from all ROIs of healthy individuals for
all visits (0/12/24/48 month).

In HC, the results demonstrated a linear correlation (Pearson’s p >
0.88, F >> 1, p < < 0.001) between the observed effective Ry and the
estimated iron concentration (Fig. 3, Table 4). Compared with the HC
group (adjusted R? = 0.88), less variation of the measured effective Ry
can be explained by the estimated iron concentration in the PD
contralateral (adjusted R> = 0.81) and PD ipsilateral (adjusted R? =
0.81) groups, whereas the strength of the correlations are comparable
(p = 0.8864, 0.8862 and 0.8699 for HC, PD contralateral and PD ipsi-
lateral, respectively).

Fig. 4 shows individual values of effective Ry as a function of subject
age for HC, PD contralateral and PD ipsilateral, plotted against the age-
dependent predicted iron level in normal ageing. In the HC group (Fig. 4,
top panel), the trend for the age-dependence of effective Ry in caudate
nucleus, putamen, and globus pallidus was well aligned with the cor-
responding age-dependent trend in predicted iron concentrations.
Larger variations were observed in globus pallidus and putamen of older
subjects (age > 54 yrs). In putamen, the effective Ry also showed a slight
overestimation among younger HC (age < 50 yrs). Compared with HC,
the effective Ry demonstrated larger variations in all three brain regions
in both contralateral (Fig. 4, middle panel) and ipsilateral (Fig. 4, lower
panel) PD hemispheres, compared with the iron levels predicted for
normal ageing. The value of effective Ry was elevated for the globus
pallidus in PD, and the effective Ry in the putamen declined with age in

Table 4
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PD contralateral and ipsilateral hemispheres, relative to predicted age-
dependent iron levels in HC.

3.4. Comparison of median effective R, values between groups

When comparing ipsilateral and contralateral hemispheres, the PD
data showed higher effective Ry values in putamen at baseline, 12-
month, and 24-month measurements (each significant at p < 0.05),
indicative of higher effective Ry at the 48-month visit (p < 0.068) for
ipsilateral versus contralateral putamen (Fig. 5). Indication of a higher
effective Ry (ipsilateral vs. contralateral, p = 0.05) was found for the
global pallidus at 48 months (Fig. 5). The magnitude of the effective Ry
of the substantia nigra was lower for ipsilateral versus contralateral, but
did not reach statistical significance (p < 0.092 at the 24-month scan).
In the red nucleus and the caudate nucleus, equivalent effective Ry
values were observed between the hemispheres (Fig. S1, Supplementary
Material).

For the comparison of HC with either PD hemispheric group, a sta-
tistically significantly higher effective Ry was only found in the globus
pallidus of the PD ipsilateral group (at 24 months, p < 0.05), compared
to HC, and this measure was female-dominated due to the lack of HC
data at 24 months (N = 5).

3.5. Relationship between effective Rz and SBR in putamen and caudate

Fig. 6 shows the PPMI-reported bilateral SBR results with the cor-
responding effective Ry in HC and PD at baseline. Manifesting as lower
SBR, the decreased presynaptic tracer uptake indicated the dysfunction
of DaT in putamen and caudate of the PD bilateral hemispheres
compared with HC.

As shown in Table S1 (Supplementary Material), the SBR reduction
for PD was more prominent in the contralateral than ipsilateral hemi-
sphere to the side of the body with symptomatic predominance at onset.
To investigate hemispheric difference, the correlation between the left-
right effective Ry difference and the corresponding left-right DaT SBR
difference in putamen and caudate at baseline was tested. As shown in
Fig. 7, the result suggests a positive relationship in putamen between the
left-right hemispheric difference of the effective Ry and of the SBR in PD
(Pearson’s p = 0.524, p =0.08), with the presence of an outlier
(arrowed) from a patient who showed unstable predominant laterality
over the 48-month study (PD4, Table S1 in Supplementary Material and
accompanying Data_ PPMILxlsx). A Pearson correlation analysis without
the outlier confirmed a strong significant positive linear correlation of
the hemispheric SBR difference with the effective Ry difference in PD
putamen at baseline (Pearson’s p = 0.932, p < 0.001). In HC putamen a
positive trend but no statistically significant correlation was found
(Pearson’s p = 0.315, p > 0.1), and neither PD or HC exhibited a rela-
tionship between these variables in the caudate.

In PD, when the measurements from baseline to 48 months were
pooled (Fig. S2, Supplementary Material), the positive linear correla-
tions between the putaminal effective Ry and the DaT SBR, and between
their hemispheric differences, were still significant (p < 0.05).
Compared with baseline, the positive relationships for pooled data were
weaker between the putaminal effective Ry and the DaT SBR (Pearson’s
p = 0.467 vs. 0.359), and between their hemispheric differences (Pear-
son’s p = 0.524 vs. 0.371), as smaller SBR, and smaller SBR hemispheric
difference were observed in the later visits. In caudate, the

Summary of the regression analysis between effective R, values and estimated iron concentration in different groups. n = number of observations (number of scans of
subjects x number of regions per subject), RMSE: root-mean-square error, HC: healthy control, PD: Parkinson’s disease.

Group n Pearson’s p Slope (k) Intercept (C) Adjusted R? RMSE
HC 175 0.8864 0.37 £ 0.01 7.13 £0.15 0.88 0.587
PD contralateral 235 0.8821 0.37 £0.01 7.22+£0.17 0.81 0.739
PD ipsilateral 235 0.8699 0.38 £0.01 7.08 £0.17 0.81 0.764
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Fig. 4. Observed effective Ry values for healthy controls (HC), N = 12 (top),
and Parkinson’s disease (PD), N =12 contralateral (middle) and ipsilateral
(bottom) hemispheres, shown with symbols: diamonds = globus pallidus (GP),
triangles = putamen (PUT), circles = caudate nucleus (CN). These effective R,
values are plotted for visual comparison with prior-published iron concentra-
tions reported for normal ageing (grey lines showing data extracted from
Hallgren & Sourander (Hallgren and Sourander, 1958)). The correlation be-
tween the two variables: effective R, (left y-axis) and iron concentration (right
y-axis), was obtained from a weighted linear regression analysis of the observed
effective R, and the estimated age-dependent iron concentration [Fe] (Hallgren
and Sourander, 1958) of the CN, GP, and PUT in HC (n = 105), giving effective
Ry = (0.42 + 0.01) x [Fe] + (6.73 + 0.16), adjusted R?> = 0.91, RMSE = 0.534,
F >> 1, p << 0.001. This regression analysis was not extended to the PD
observations because the Hallgren & Sourander dataset only evaluated brains
from healthy individuals.

corresponding relationships were not statistically significant (Fig. S2,
Supplementary Material). Due to the lack of longitudinal SBR results for
HC in the PPMI study, the equivalent comparison between HC and PD
could not be made in this work.

3.6. Longitudinal change in effective Ry by brain region

The results provided the longitudinal trajectories of the effective Ry
of individual subjects in different groups (Fig. S3, Supplementary Ma-
terial), as well as group medians and distributions (Fig. S4, Supple-
mentary Material) after estimation of missing data (see Methods). Up to
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48 months, the effective Ry of PD ipsilateral hemispheres showed an
increase in the caudate (12-month to 24-month measurements,
p < 0.05, Fig. S3, Supplementary Material), but the other longitudinal
effective Ry measures by brain region were largely unchanged from the
group median for HC, PD ipsilateral and PD contralateral hemispheres.
This was possibly because of the large within-group variation, compared
with the subtle longitudinal changes of the effective Ry. Particularly,
heterogeneous longitudinal trajectories were observed in caudate nu-
cleus, substantia nigra, and red nucleus in PD ipsilateral and PD
contralateral hemispheres, compared with HC subjects. Although no
significant longitudinal change was otherwise detected for each group
(Fig. S3, Supplementary Material), the most consistent increasing trends
were observed in putamen. For all regions, the longitudinal behaviour of
effective Ry did not vary significantly between HC, PD ipsilateral and PD
contralateral hemispheres.

To examine normalised longitudinal change at the individual level,
the percentage change in effective Ry with respect to baseline was
calculated for each subject (Supplementary Material, Table S2), and the
findings are summarised in Fig. S5 (Supplementary Material). The me-
dian percentage change of the effective Ry in HC is small over this 48-
month period, when any iron-associated effective Ry increase with
normal ageing for the age-group considered is expected to be near-
negligible. In HC, the slight positive increase in effective Ry after 48
months is consistent with that predicted for caudate nucleus and puta-
men, but globus pallidus showed a slight decrease.

Substantia nigra was unchanged in HC (—0.2%), whereas small in-
creases in the effective Ry in PD contralateral and ipsilateral hemi-
spheres were measured (contralateral 1.32% and ipsilateral 1.23%
increase from baseline after 48 months). Similarly, a small decrease in
red nucleus effective Ry was observed in HC after 48 months (—1.71%),
but not in the contralateral or ipsilateral hemispheres of PD.

The data from these groups did not reveal any statistically significant
differences between HC, PD contralateral or ipsilateral hemispheres. It is
noteworthy that within-group variation increases over time in all
groups, and that heterogeneity in individual longitudinal trajectories
persists after minimising baseline variation among subjects.

4. Discussion

4.1. Effective Ry is linearly proportional to regional brain iron level,
offering an alternative to conventional Ry

Based on the results shown in Fig. 5, significantly different effective
Ry values are found for the different brain regions (p < 0.05), and the
differences correspond to the differentiation of these regions by reported
tissue iron concentration (Haacke et al., 2005; Ramos et al., 2021). As
shown in Table 3, the baseline effective Ry values measured in caudate
nucleus, putamen, red nucleus, substantia nigra, and globus pallidus are
significantly different (except for the comparison of red nucleus with
substantia nigra), and a ranking of the magnitude of the effective Ry
values in these brain regions aligns with the predicted corresponding
age-dependent iron concentrations from an independent post-mortem
study (Hallgren and Sourander, 1958).

When examining the data from HC, evidence that effective Ry cor-
relates with brain iron concentration is further supported by the
regression analysis, with a strong significant linear correlation (R% =
0.88, p < 0.05) for effective Ry versus estimated brain iron as a function
of age (Hallgren and Sourander, 1958). The theoretical iron-dependent
coefficient kesimare for conventional Ry at 3.0 T field strength (B) is as
follows (Vymazal et al., 1996):

Kestimare = 14.1+6.2 x B =32.7s""'mg™" /g ~ 0.33s 'mg™" /100g (5)

Here, the slope coefficient found in the present study, k = 0.37 s~/
mg/100 g in the HC group is within 12% of this theoretical value.
Compared to conventional Ry measurement of these brain regions at
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Fig. 5. Effective R, measured in globus pallidus (left), putamen (middle), and substantia nigra (right) in healthy controls (HC), Parkinson’s disease (PD) contralateral
and ipsilateral brain hemispheres at 0, 12, 24, and 48 months. Significant differences indicated as ** (p < 0.005), * (p < 0.05).

3.0 T (Haacke et al., 2005; Gelman et al., 1999; McPhee and Wilman, and pulse sequences.

2015; Barbosa et al., 2015), effective Ry derived from the FSE sequence When examining the data from PD patients, the trends in effective Ry
has a consistently lower magnitude. We suggest that in this case the continue to be consistent with the predicted iron levels (Hallgren and
apparent underestimate may arise from factors including i) the timing of Sourander, 1958), and the correlations found in the current study are in
the second effective echo Tgefr) (101 ms), by which point signal from the general agreement with reported linear relationships between conven-
iron-richer regions of tissue will have largely decayed, and ii) the tional Ry and brain iron concentration (Hallgren and Sourander, 1958;
reduced FA (5/6n) employed in the PPMI dual-contrast FSE sequence, Gelman et al., 1999; House et al., 2007; Barbosa et al., 2015; Bartzokis
which is common in clinical practice to reduce the specific absorption et al., 1994; Drayer et al., 1986). It is concluded that effective R, mea-
rate. Nevertheless, although there is a difference in absolute magnitude, surements derived from dual-contrast FSE sequences have potential to
the iron-dependent coefficient k (slope) for effective Ry is sufficiently provide estimates of Ry in place of the more time-consuming conven-
consistent with theoretical predictions that the difference is constrained tional R,, to indicate brain iron levels.

to being a constant iron-independent offset that will arise from mea- A key point to consider is whether the linear regression approach is
surement system differences including details of acquisition parameters appropriate here, as multiple observations have been made for each
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Fig. 6. Bilateral measurements of the effective R, and dopamine transporters
(DaT) striatal binding ratio (SBR) in the putamen and caudate at baseline.

person (multiple regions and multiple time points). The justification
arises from the way the independent variable, the estimated iron con-
centration, was calculated (Method Section 2.7, Page 7), as age is the
primary determinant of regional brain iron concentration. In the present
work, our use of the empirical relationships established by Hallgren and
Sourander (Hallgren and Sourander, 1958) meant that the relationships
between the measurements of multiple brain regions from one subject
were already modelled by each subject’s age. The estimated regional
iron concentrations were incremented with age for each individual
subject to map to the timeline for the scans they had received as par-
ticipants in the longitudinal PPMI MRI studies. Therefore, we consider a
simpler linear regression analysis suitable for this case, as the known
covariant for the observations (age) has been accounted for prior to the
fitting. To detect any potential autocorrelation, we also performed re-
sidual analysis and tested the residuals with the Durbin-Watson test, and
the result showed that the null hypothesis was not rejected (p > 0.1),
suggesting no first-order autocorrelation. A summary of the linear
regression analysis performed for the individual visits for each of the HC
and PD groups is included in Supplementary Materials Table S4 and
Figs. S6, S7, and S8.

4.2. Effective Ry can reveal asymmetric disease manifestation between PD
brain hemispheres

The unilaterality of motor and non-motor symptoms are clinically
recognised in PD (Djaldetti et al., 2006; Hobson, 2012; Barrett et al.,
2011), and concordant results were found in this work when comparing
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Fig. 7. Correlation between the hemispheric difference of the effective R, and
dopamine transporters (DaT) striatal binding ratio (SBR) in the putamen and
caudate at baseline.

the group medians of effective Ry between two PD brain hemispheric
groups separated based on asymmetrical disease severity at onset. We
showed that in the globus pallidus and putamen, the effective Ry values
were larger in the brain hemisphere ipsilateral to the body side that is
predominantly affected by PD at onset, than the contralateral hemi-
sphere (Section 3.4). Conversely, there was no statistically significant
hemispheric difference in the substantia nigra in PD brains, which we
note is a key region in PD pathogenesis (Damier, 1999). Potential in-
terpretations of these findings include different stages of neuro-
degeneration in these brain regions, different rates of progression, and
domination of the signal attenuation in the dual-contrast FSE images by
different mechanisms in the substantia nigra in comparison to the other
brain regions evaluated in the PD patients.

The hemispheric differences in the brains of individuals with PD has
been previously reported in neuroimaging results, primarily SPECT
(Sixel-Doring et al., 2011; Verstappen et al., 2007) and positron emis-
sion tomography (PET) (Martin-Bastida et al., 2019; Kumar et al., 2003;
Kumakura et al., 2010), and demonstrated as asymmetrically reduced
presynaptic striatal tracer uptake by DaT and increased postsynaptic
tracer uptake by striatal dopaminergic receptors Dj. Manifested in
caudate and putamen, the hemisphere contralateral to the predomi-
nantly affected body side showed more severe dysfunction of dopamine
transportation, compared with the ipsilateral hemisphere. In substantia
nigra, a recent PET study suggested reduced striatal dopamine trans-
porter binding in PD brains, correlated with the pigmentation of the
ventral nigra tier in the contralateral hemisphere but not the ipsilateral
side (Martin-Bastida et al., 2019). The unilateral reduction of the
nigrostriatal terminal density was consistent with the existing
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post-mortem observation of asymmetrical neuron loss in the substantia
nigra in PD (Kempster et al., 1989). A recent MRI study showed an in-
crease in mean diffusivity and decreased fractional anisotropy in the
contralateral putamen, while in the substantia nigra the difference was
prominent in the transverse relaxation rates Ry, Ro* and Ry’, with larger
values observed in the nigra contralateral to the symptomatic body side
in 27 PD patients (Wang et al., 2015).

With the effective Ry derived from the dual-contrast FSE MRI, our
results show evidence of these hemispheric differences in PD patients,
especially in putamen, with statistically significant differences at base-
line, 12 months and 24 months. The hemispheric difference in putamen
effective Ry might be attributed to the asymmetrical reduction of the
putaminal dopaminergic fibre density (Kordower et al., 2013), pre-
dominant in the contralateral hemisphere, which results in increased
diffusivity (Wang et al., 2015) and would account for the decreased
effective Ry reported here. This is further supported by our longitudinal
observation of the putamen effective Ry (Fig. S4, Supplementary Mate-
rial), where the PD hemispheric difference persists but decreases with
time. This is consistent with the prior-reported progressive loss of the
dopaminergic fibres in dorsal putamen, where virtually depleted puta-
minal dopaminergic fibres were observed four years post-diagnosis
(Kordower et al., 2013). Hence, the effective Ry difference between
the contralateral and ipsilateral putamen within PD hemispheres be-
comes marginal over time.

In contrast, more than 50% of the dopaminergic neurons in the
substantia nigra have already been lost in the early stages of PD (Damier,
1999; Kordower et al., 2013; Braak et al., 2003), with unilateral
depletion (Kempster et al., 1989). Consequently, the impact of
previously-documented pathological iron accumulation (Dexter et al.,
1991; Sofic et al., 1988; Griffiths et al., 1999; Oakley et al., 2007) on the
effective Ry could be confounded by other pathological changes
affecting tissue integrity. Our data are consistent with higher effective
Rz in the PD contralateral hemisphere versus the ipsilateral PD hemi-
sphere and HC, but with great individual and longitudinal variation
(Fig. S4, Supplementary Material), especially within the two PD groups
where this may arise from asymmetry in changing levels of tissue iron
associated with disease pathology, consistent with prior-published MRI
observations (Wang et al., 2015). When accounting for effective Ry
signal in the PD substantia nigra, it is important to acknowledge recent
biophysical modelling of iron-induced transverse relaxation (Bram-
merloh et al., 2020; Brammerloh et al., 2021) which attributes the
increased transverse relaxation rate in nigrosome 1 predominantly to
neuromelanin-bound iron in dopaminergic neurons (rather than iron
stored in ferritin). Here, the iron-rich neuromelanin had a significant
effect on Rp*, described by the static dephasing approximation
(Yablonskiy and Haacke, 1994), whereas for R; the signal was consid-
erably affected by nigrosome integrity and was affected to a lesser extent
by iron-rich neuromelanin.

4.3. Putaminal effective Ry in PD corresponds to local DaT dysfunction
severity in early-stage PD

The positive linear correlation between the putaminal effective Ry,
and the corresponding DaT SBR, suggests that the observed effective Ry
in PD putamen is associated with disease progression as defined by the
severity of putaminal DaT dysfunction at baseline (Fig. 6) and during the
48-month period (Fig. S2, Supplementary Material). Moreover, in this
study, the results suggest a very strong positive correlation between the
effect of putaminal effective Ry and SBR of stable asymmetrical PD at
baseline (Fig. 7). These findings are also consistent with the concept of
unilateral progression of putaminal cell loss and dopaminergic fibre
density reduction in the PD hemispheres (Kordower et al., 2013), sug-
gesting potential for hemispheric differences in degeneration to be
quantified by effective R, in early stage PD.

10
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4.4. Effective Ry measurement of individual brain regions has limited
capacity to distinguish HC and PD

Previously reported post-mortem findings using a variety of tech-
niques, including histochemistry, mass spectrometry, AAS, and electron
beam microprobe analysis (Dexter et al., 1991; Sofic et al., 1988; Grif-
fiths et al., 1999; Oakley et al., 2007), demonstrated an elevation of iron
concentration in dopaminergic neurons within the substantia nigra in
brain tissue from individuals with PD compared to HC. This informed
our hypothesis that an increased effective Ry could be observed in PD
relative to HC, caused by enhanced proton relaxation induced by
elevated accumulation of iron in this brain region.

However, we did not observe evidence of statistically-significant
differences in effective Ry at the level of individual brain regions that
would allow PD patients to be distinguished from HC (p > 0.1). This
might in part be a consequence of the limited sample size, as strict in-
clusion criteria to match age, gender, vendors and acquisition parame-
ters constrained the number of individuals eligible for inclusion in the
analysis. On the other hand, the consistency of the group median data
obtained at baseline and at 12 months suggests the observed differences
between the study groups are unlikely to be caused by random noise. At
baseline and 12 months, the group medians of the effective Ry values
show a rank of PD ipsilateral > PD contralateral > HC in the globus
pallidus and in the putamen. In the substantia nigra, the median effec-
tive Ry at baseline, 12 month and 24 months are higher in the PD
contralateral hemisphere when compared with the ipsilateral PD
hemisphere and with HC.

The effective Ry values obtained here from substantia nigra in the
HC, PD contralateral and PD ipsilateral groups, compare well with prior-
reported differences in Ry. An increase in the magnitude of conventional
Ry in the substantia nigra of ~ 4.5% was previously reported for PD
compared to HC (Barbosa et al., 2015) using a GRASE sequence at the
same field strength (3.0 T), where for HC (N = 30), R, = 20.7 £ 1.7 st
and for idiopathic PD patients (N = 20), R, = 21.7 £ 1.7 s L Here, at
baseline we found an increase of ~ 2.8% in the effective Ry in the
substantia nigra of contralateral PD hemispheres, compared with HC
(effective Ry = 14.21 £ 1.06 s’l), but not in the ipsilateral PD hemi-
sphere. At 12 months, the PD contralateral and ipsilateral hemispheres
showed ~ 4.3% and ~ 2.1% increases respectively in the substantia
nigra, in comparison with HC (effective Ry = 14.02 + 0.9 s71).

The apparent lack of sensitivity of Ry to changing iron status in the
PD substantia nigra may perhaps be explained by signal variations
arising from changes to the diffusion coefficient of the tissue, due to
neuron loss. This is a common limitation of conventional Ry — and by
extension the concept of an effective Ry introduced in this work. Neuron
death in the substantia nigra manifests at an early stage in PD (Damier,
1999), and can counteract the Ty-shortening effect caused by the iron
accumulation (Wang, 9 et al., 2016). In fact, large variations in con-
ventional Ry among individual PD patients was previously reported by
Ordidge et al (Ordidge et al., 1994b). Using a hybrid SE-GRE sequence,
Ordidge showed that three out of seven PD patients had abnormal Ty
measurements within the substantia nigra (T, = 123 + 82 ms), and four
had similar Ty values (35.9 + 4.1 ms) compared to the seven HC (35.1
+ 4.3 ms). Here, our effective Ry measure derived from an FSE pulse
sequence may be also influenced by the water diffusion coefficient
changing in relation to neuron death, decreasing the observed effective
Ry (Barbosa et al., 2015). A former study (Georgi et al., 2019) concluded
that the effects of microstructural changes on water diffusion and R,
were negligible in human subcortical grey matter, but their observation
was arguably confounded by the fixation of the brain samples (Shatil
et al., 2018; Dawe et al., 2009; Birkl et al., 2016). Other studies in the
field support our suggestion concerning the altered diffusion properties
of the degenerating tissue, including a recent diffusion imaging analysis
of the PPMI cohort suggesting cross-sectional and longitudinal increases
in non-compartmentalised water (‘free water’) within the substantia
nigra of PD patients (Dzieciol et al., 2021; Ofori et al., 2015, 2015).
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Other factors, such as the B effect, long 2nd Tg(fr), partial volume ef-
fect, and the sample size, may also contribute to the observed variations
in signal.

The argument that an increase of the free water in the substantia
nigra accounts for these observations is consistent with the asymmetry
of findings in the PD ipsilateral and contralateral groups, both for sub-
stantia nigra and in comparison with the results from the putamen and
globus pallidus. The effective Ry of the substantia nigra is comparatively
lower in the PD ipsilateral group than the contralateral group, whereas
the effective Ry of putamen and globus pallidus is relatively higher in the
PD ipsilateral group than the contralateral group. If this is considered in
the context of PD progression, the neuron loss in early-stage PD is pre-
dominantly in the substantia nigra, with putamen and globus pallidus
largely preserved (Halliday et al., 2008; Burke et al., 2008). Therefore,
signal attenuation and effective Ry in the preserved regions might be
expected to be dominated by iron concentration in the iron-rich regions,
whereas free-water effects are already offsetting iron-associated signal
in the substantia nigra. Recent attempts to manually separating the
pixels by the dominant contribution (i.e., iron, free water) of the MRI
signal by thresholding or modelling (Haacke et al., 2010; Sethi et al.,
2018) might provide a future means to account more precisely for the
pathology-associated changes in free water.

4.5. Longitudinal change in effective Ry appears consistent with age-
dependent changes in iron levels in HC, and with both iron status and
microstructural changes in PD

In line with the previously reported post-mortem observations and
MRI results (Hallgren and Sourander, 1958; Langkammer et al., 2012;
Thomas et al., 1993; Persson et al., 2015), the longitudinal trend of the
effective Ry in HC reflects iron accumulation with normal ageing in the
brain. In the caudate nucleus and the putamen, there is evidence of a
slight increase in effective Ry over the 48-month study period. The
absence of an equivalent increasing trend for globus pallidus in this
study of subjects aged 40-60 yrs is consistent with effective Ry paral-
leling tissue iron status, as non-haemin iron concentration in globus
pallidus plateaus at an earlier stage of life (30-40 yrs) (Hallgren and
Sourander, 1958).

The value of effective Ry as a function of time has been examined at
the level of the group and of the individual. Within-group variations in
absolute effective Ry for individuals are most pronounced in caudate
nucleus, red nucleus, and substantia nigra. A factor contributing to this
observation may be partial volume effects (particularly for measures
from comparatively small volume regions). However, it might reason-
ably be assumed that this source of noise would be independent of
subject group, and in practice the fluctuation in effective Ry values as a
function of time was more pronounced in PD than HC, especially for the
substantia nigra in some individuals over the 48-month study period.
The suggestion that this variability in transverse relaxation in PD pa-
tients is a genuine disease-associated finding (rather than an artefact of
measurement) is supported by observations from two other studies
which used Ry * (Ulla et al., 2013; Wieler et al., 2015). Longitudinal
measures of the transverse relaxation rate Ry * in the substantia nigra
showed individual variability in PD patients leading to inconsistent
conclusions, where Ulla et al (Ulla et al., 2013). reported longitudinally
increased Ry * values in the substantia nigra of 14 PD patients after 36
months (compared to HC (N = 18) showing no statistically-significant
change in Ry * ), and in another study no overall change in Ry * was
detected in early-stage PD patients (N = 19) after 36 months (Wieler
et al., 2015). The authors of these studies suggested that the individual
variations in PD substantia nigra Ry * might be attributed to disease
severity as assessed by UPDRS score. In the present study we did not see
evidence to support a relationship between UPDRS part III score and
effective Ry in PD substantia nigra (p > 0.1).

Although both effective Ry and Ry* are sensitive to brain iron status,
Rp* is obtained with a GRE pulse sequence which is sensitive to field
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inhomogeneities caused by bulk susceptibility sources in the tissue, such
as clustering and locally accumulated iron content. Hence, Ry* is
affected by both the concentration and the local distribution of the tissue
iron (Kiselev and Novikov, 2018). Therefore, the variation in Ry* from
PD substantia nigra might be explained by cellular-level iron status
(Oakley et al., 2007; Brammerloh et al., 2020; Zucca et al., 2017; Bie-
semeier et al., 2016; Lee et al., 2017). By contrast, Ry and effective Ry are
comparatively insensitive to the microscopic distribution of iron, and
can be expected to better reflect the intrinsic molecular and mesoscopic
proton relaxation of the biological tissue.

In summary, we demonstrate here a new measure of transverse
relaxation that can be derived from a standard rapid clinical sequence:
effective Ry, calculated from dual-contrast FSE MRI. Although effective
R; is necessarily constrained by the sequence design (where with only
two echo times there can be no accurate fitting of exponential transverse
relaxation behaviours), effective Ry shows utility as a quantifiable
parameter as detailed in this paper and may be widely obtained because
dual-contrast FSE is such a widely-employed anatomical MR pulse
sequence. Dual-contrast FSE requires much shorter acquisition times
than SE or MESE pulse sequences that are used to obtain conventional
Ry, and FSE is routinely-used in large-cohort MRI studies available to the
research community. As with conventional Ry, the effective Ry shows
evidence of a linear dependence on age-dependent brain iron concen-
tration (Hallgren and Sourander, 1958), with an iron-dependent coef-
ficient comparable to that for conventional Ry at the same (3.0 T)
clinical field strength (Vymazal et al., 1996). Moreover, effective Ry
shows sensitivity to asymmetrical disease progression in PD brain
hemispheres. In particular, the effective Ry of the putamen parallels the
hemispherical difference in DaT dysfunction severity in early-stage PD,
linearly correlating with hemispherical SBR difference as measured by
SPECT. Meanwhile, in healthy controls, the age-dependent longitudinal
change in effective Ry for individual HC are consistent with both
confirmed post-mortem and clinical MRI indications of trends in
age-dependent brain iron accumulation (Hallgren and Sourander, 1958;
Langkammer et al., 2012; Thomas et al., 1993; Persson et al., 2015).
Here, the priority was to ensure well-matched datasets, excluding
criteria (such as differences in vendor or acquisition sequences) that
might affect the values obtained. It would therefore be beneficial to
undertake the correlation and longitudinal analyses in larger cohorts in
future, when sufficiently large datasets are available, to reduce scope for
the influence of variations at the level of the individual.

5. Conclusions

In this work a simple, reproducible method to extract a quantitative
measure related to Ry, the ‘effective Ry’ is demonstrated, calculated from
a dual-contrast FSE sequence that is typically used to evaluate anatomy
in clinical MRI, and from which the dual echo contrast is normally
treated as qualitative. Using MRI data obtained at 3.0 T from partici-
pants in the PPMI study, we performed detailed quantitative analysis of
the FSE data, evaluating our proposed novel measure of effective Ry
within multiple brain regions in healthy volunteers and individuals with
confirmed Parkinson’s disease. The cross-sectional and longitudinal
analyses in this study indicate that effective Ry can be a useful quanti-
tative measure obtained from dual-contrast FSE data, exhibiting linear
correlation with age-dependent estimates of tissue iron concentration in
healthy brains, and showing evidence of sensitivity to measures of
Parkinson’s disease severity and progression in patients.
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