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schizophrenia (SZ) based on the Diagnostic and Statistical Manual of
Mental Disorders (DSM) criteria alone (Zimmermann et al., 2009). Al-
though many clinical symptoms are common to various psychiatric
disorders, depressive symptoms are particularly ubiquitous in the
disease process or clinical staging of various psychiatric disorders
(Hafner et al., 2005). For instance, differentiation between BP pre-
senting with depressive symptoms and unipolar MDD is a topical
issue (Akiskal et al,, 1995). Indeed, most patients with BP with de-
pressive symptoms are initially diagnosed with and treated for MDD
(Akiskal et al., 1995; Goldberg et al., 2001). Therefore, biomarkers
that can facilitate early and accurate differentiation of BP with de-
pressive symptoms from MDD are necessary.

In addition, depressive symptoms that fulfil the operational diag-
nostic criteria for a depressive episode/major depression can also
occur at any stage of SZ and can contribute substantially to its associ-
ated morbidity and even mortality (an der Heiden et al.,, 2005). The
differentiation of SZ from MDD, especially in the early stages, is also
important because patients with SZ also exhibit non-psychotic and
non-specific prodromal symptoms (e.g., depressive or negative symp-
toms and cognitive deficits) for several years before the onset of
full-blown psychosis (McGorry et al., 2008). Therefore, the availabili-
ty of clinically useful and cost-effective biomarkers for the differential
diagnosis of major psychiatric disorders would likely enhance patient
management, improve treatment/therapeutic response and lead to
targeted therapies tailored to the individual (Holsboer, 2008). Despite
their potential, to date, no such biomarkers have been established.

Functional imaging studies are one source of potential biomarkers
(Gur et al., 2007; Phillips and Vieta, 2007); these studies have previ-
ously elucidated subtle brain abnormalities in patients with major
psychiatric disorders relative to healthy control (HC) individuals
and have been applied to the differential diagnosis of psychiatric
disorders (e.g., to differentiate MDD from SZ, Barch et al,, 2003 or
BP, Almeida et al., 2009). However, some functional neuroimaging
techniques are limited by the fact that, during the procedure, the
individuals need to be placed in an uncomfortable or unnatural set-
ting (e.g., lying in a supine position in a narrow gantry with the
head fixed during the entire examination), for accurate measurement.

In contrast, multi-channel near-infrared spectroscopy (NIRS)
using near-infrared light provides a completely non-invasive mea-
surement of the spatiotemporal characteristics of brain function in or-
dinary clinical settings and allows patients to be comfortably seated
in a well-lit room; therefore, it is considered a method for ‘real-world
neuroimaging’. Additionally, NIRS has relatively low maintenance
costs and does not involve ionising radiation or objectionable noise;
thus, it can be repeated as needed even for patients with psychiatric
disorders. The utility and limitations of NIRS have been discussed ex-
tensively in previous reports (Ferrari and Quaresima, 2012; Obrig and
Villringer, 2003; Strangman et al., 2002a). NIRS allows the measure-
ment of haemoglobin concentration changes (1) only in the cortical
surface area located immediately beneath the probes, but not in deeper
brain structures, and (2) with limited spatial resolution, although it
has a high temporal resolution. In NIRS, typical cortical activation re-
presents not only decreased concentration of deoxy-haemoglobin
([deoxy-Hb]), which is considered the main source of blood oxygena-
tion level-dependent (BOLD) contrast increase in functional magnetic
resonance imaging (fMRI), but also a relatively larger increase in
oxy-haemoglobin concentration ([oxy-Hb}) (Fig. 1).

The verbal fluency task (VFT) is a cognitive task that is used as a neu-
ropsychological test or a neuroimaging task. The VFT elicits different ab-
normalities relevant to each diagnostic group of major psychiatric
disorders (Curtis et al., 2001; Zanelli et al., 2010). We previously devel-
oped a very brief (<3 min) VFT and used it to investigate the differential
fronto-temporal haemodynamic pattern between MDD and SZ (Suto et
al., 2004) or MDD and BP (Kameyama et al., 2006), as well as the rela-
tionship between NIRS signals and functional impairment in SZ
(Takizawa et al., 2008). We also found functional NIRS abnormalities

in individuals at ultra-high risk for SZ and patients with first-episode
psychosis (Koike et al, 2011). However, the clinical applicability of
NIRS to the differential diagnosis of individuals remains uncertain. In
this study, we extended our translational approach to replicate our pre-
vious findings (Kameyama et al,, 2006; Suto et al., 2004) in a seven-site
collaborative study using a large, fully independent sample set, and to
evaluate the application of NIRS to psychiatric differential diagnosis in
natural clinical settings.

Specifically, we used NIRS with wide coverage of the prefrontal
and temporal cortices to investigate whether the frontal and tempo-
ral brain haemodynamic responses induced by cognitive activation
could serve as biomarkers of underlying major psychiatric disorders
with depression. To validate the reproducibility and generalisability
of the results, we applied an algorithm developed using the data gen-
erated at the initial site to the test data derived from the remaining 6
sites. We hypothesised that the spatiotemporal characteristics of the
haemodynamic responses detected by NIRS would not only differen-
tiate patients with psychiatric disorders from HCs with acceptable
sensitivity and specificity, but would also differentiate correctly and
with a high concordance rate patients with MDD from patients with
bipolar disorder and schizophrenia who present with depressive
symptoms.

Material and methods
Participants

This multi-site study was performed in 7 hospitals: 6 were affiliat-
ed with universities (Fukushima, Gunma, Mie, Tokyo, Showa, and
Tottori) and one was affiliated with the National Centre of Neurology
and Psychiatry of Japan. The sites were situated in the Tokyo metro-
politan area and in moderate-scale prefectural capital Ccities
(Fukushima, Maebashi, Tsu and Yonago). The participants were
recruited from June 2004 to June 2009, with the exception of recruit-
ment at the initial site (Gunma University Hospital in Maebashi City),
which was conducted over 6 years (March 2003 to March 2009). The
ethics committees of the participating hospitals approved this collab-
orative study. In accordance with the Declaration of Helsinki, all
participants gave written informed consent after receiving a complete
explanation of the study.

Six hundred and seventy-three in-patients and out-patients with
psychiatric disorders (MDD, BP and SZ), in addition to 1007 HC volun-
teers (Flow diagram (1)), were initially enrolled. Of note, these indi-
viduals were not the same as those included in our previous studies
(Kameyama et al., 2006; Suto et al,, 2004). The patients were diag-
nosed by experienced psychiatrists based on the Structured Clinical
Interview for DSM-IV Axis I Disorders (SCID) (First et al,, 1997). The
HC volunteers were hospital staff members, university students and
members of the general population who responded to website or
newspaper advertisements in each city. The SCID non-patient edition
was used to screen HC individuals. The exclusion criteria of the initial
enrolment were neurological illness, traumatic brain injury with any
known cognitive consequences and alcohol/substance abuse or addic-
tion. All participants were native Japanese speakers who were capa-
ble of performing a Japanese version of the VFT easily.

On the day of NIRS measurement, the depressive symptoms of
participants were evaluated using the 17-item Hamilton Rating
Scale for Depression (HAMD) (Hamilton, 1960) and their psychotic
and manic symptoms were evaluated using both the Positive and
Negative Syndrome Scale (PANSS) (Kay et al,, 1991) and the Young
Mania Rating Scale (YMRS) (Young et al., 1978), respectively, by
well-trained psychiatrists with no knowledge of the NIRS data. Dur-
ing the study, all patients with psychiatric disorders were medicated
with one or more agents (anti-psychotics, anti-depressants, anxio-
lytics and/or anti-parkinsonian agents), with the exception of 10
drug-free patients with MDD and 5 drug-free patients with SZ.
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Fig. 1. Typical fime-course pattern of near-infrared spectroscopy (NIRS) signals coupled
with the verbal fluency task. The ‘centroid value’ is indicated by the time [s], which is indi-
cated by a perpendicular line from the centroid of an NIRS signal-change area (calculated
with positive change) throughout all the task periods. Oxy-Hb: oxygenated haemoglobin
signal; deoxy-Hb: deoxygenated haemoglobin signal.

To minimise the influence of confounding factors, we performed
group matching for age and gender among the 4 diagnostic groups
using one-way analysis of variance (ANOVA) and a chi-squared test,
which excluded randomly selected individuals and brought the
mean age of the HC individuals and patients with MDD or SZ in closer
alignment with that of the patients with BP (44.0 &+ 14.9 years old
(y.0.)), which was the group with the fewest individuals (Table 1 and
Flow diagram (2)). For confirmation, we also analysed demographically
non-matched samples that are identified in the Supplementary Material
(I). The overall results were the same as those described in the main man-
uscript and the reduction in the total number of study participants after
demographical matching did not appear to have an influence on the de-
velopment of the algorithm (see Supplementary Material (I)).

Because our clinically valuable target were help-seeking unremitted
patients, subsequently we excluded study participants with extremely
mild symptoms (HAMD score < 5, PANSS depression item score < 1,
PANSS negative symptom score < 11, PANSS general psychopathology
score < 21, or PANSS positive symptom score - negative symptom
score < 11; the latter 3 criteria were based on the criteria from the
PANSS manual for the 5th percentile of patients with mild SZ, Kay et al,
1991). We also excluded patients in a manic phase (YMRS score > 10)
from the NIRS measurement; rather, we focused on patients with BP
who were in the depressive phase because the different phases may pro-
duce different brain dysfunctions in patients with BP (Phillips and Vieta,
2007), and manic patients with BP were diagnosed without apparent dif-
ficulty (Flow diagram (3)).

Activation task

The activation task used in this study was similar to that used in our
previous studies (Kameyama et al., 2006; Suto et al., 2004; Takizawa et

al,, 2008). Briefly, a VFT (letter version) was administered and NIRS signal
([oxy-Hb] and [deoxy-Hb]) changes were measured during a 10 s
pre-task baseline period, a 60 s activation period and a 55 s post-task
baseline period. During the activation period, the participants were
instructed to utter as many Japanese words beginning with a designated
syllable as possible. For the pre- and post-task baseline periods, the indi-
viduals were instructed to simply repeat Japanese vowels out loud. The
total number of correct words generated during the 60 s activation period
was used as the measure of task performance (Table 1).

Among the many neuropsychological tasks used for detecting
neurocognitive deficits in patients with major psychiatric disorders
(Barrett et al., 2009; Zanelli et al., 2010), we selected the VFT because
it is an executive task that exhibits distinct differences in performance
and neuroimaging data among each diagnostic group of major psy-
chiatric disorders (Costafreda et al., 2006; Curtis et al., 2001; Zanelli
et al., 2010). In addition, the VFT is easy to understand and execute;
in fact, all participants generated more than one word during the
VFT. Therefore, this task is suitable for translational research aimed
at identifying practical biomarkers.

NIRS measurement

The NIRS apparatus and measurement procedure were described in
full previously (Takizawa et al,, 2008). Briefly, we used a 52-channel
NIRS system (ETG-4000; Hitachi Medical Co., Tokyo, Japan). The pre-
paration of the apparatus, including the audiovisual on-screen in-
structions, usually took less than 7 min and our brief version of the
VFT took less than 3 min, which is less demanding for participants
(10-15 min is necessary for the entire procedure).

NIRS is based on the principle that near-infrared light is preferential-
ly absorbed by haemoglobin and less so by other tissues. Near-infrared
light emitted from the skin travels into the body, is reflected and
absorbed by the internal tissues and reappears on the skin. Thus, the
absorption of near-infrared light reflects haemoglobin concentration
([Hb]) in the tissue placed beneath emission and detection probe pairs.
Measurements taken using 2 or more wavelengths of near-infrared
light enable the determination of [oxy-Hb] and [deoxy-Hb] changes be-
cause their absorptions are different at different wavelengths. The
ETG-4000 system measures relative changes in [oxy-Hb] and [deoxy-Hb]
using 2 wavelengths (695 and 830 nm) of infrared light, based on
the modified Beer-Lambert law.(Yamashita et al, 1996) In this
continuous-wave NIRS system, these [Hb] values include a differential
pathlength factor (DPF); therefore, the unit of this form of NIRS measure-
ment is mM-mm. The distance between pairs of source-detector probes
was set to 3.0 cm and each measurement area located between pairs of
source-detector probes was defined as one ‘channel’. It is assumed that
a machine in which the source-detector spacing is 3.0 cm measures
points at a depth of 2-3 cm from the scalp (i.e., the surface of the cerebral
cortex) (Okada and Delpy, 2003). The temporal resolution of NIRS was
setto 0.1 s.

The arrangement of the probes measured relative [oxy-Hb] and
[deoxy-Hb] signal changes in the bilateral prefrontal cortical area
(i.e., dorso-lateral [Brodmann areas (BAs) 9 and 46], ventro-lateral
[BAs 44, 45, and 47] and fronto-polar [BA 10] regions) and in the
superior and middle temporal cortical surface regions, which
was corroborated by a multi-individual study of anatomical cranio-
cerebral correction via the international 10-20 system (Fig. 2 and
Table S1) (Tsuzuki et al., 2007). However, in the 10-20 system, the
anterior parts of the probes (e.g., Fpz) can be positioned precisely,
whereas the position errors of more lateral probes might be increased
due to inter-individual head size variability. In addition, although we
initially aimed to analyse single-individual and single-channel levels
in this study, studies of repeated NIRS measures have demonstrated
acceptable reliability of the NIRS signal at the group and cluster levels,
whereas retest reliability was unsatisfactory at the single-individual
and single-channel levels (Schecklmann et al,, 2008).
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Table 1

Demographic and clinical characteristics of the 4 age- and gender-matched diagnostic groups at all 7 study sites.

Major depressive Schizophrenia

Bipolar disorder Healthy control Group difference

disorder
Mean SD Mean SD Mean SD Mean SD p-Value
n 153 136 134 590
Age years 43.8 127 43.7 121 44.0 149 43.9 15.7 0.99
Gender, women/men 77/76 67/69 69/65 314/276 0.81°
Education, years 14.0 1.9 15.2 2.0 15.6 2.0 16.1 24 <0.01
Estimated premorbid IQ 106.0 101 103.7 11.2 106.9 8.6 107.2 10.1 023
Task performance 13.0 38 136 44 12.0 3.6 153 4.8 <0.01
Age at onset, years 39.2 11.3 234 74 329 124 -
PANSS
Positive - 16.3 5.0 - -
Negative - 21.0 6.0 - -
General psychopathology - 37.0 7.6 - -
HAM-D 14.1 6.7 - 84 7.0 -
YMRS - - 4.7 5.9 -
GAF 53.9 9.7 473 114 55.5 133 -

Abbreviations: 1Q, intelligence quotient; PANSS, Positive and Negative Syndrome Scale; GAF, global assessment of functioning.
@ Chi-square test was used for testing group difference. Otherwise, one-way ANOVA was used.

Therefore, instead of undertaking a full analysis at the single-
individual and single-channel levels, here we performed an analysis
of NIRS signals at the single-individual and cluster levels. A principal
component analysis (PCA) of NIRS [oxy-Hb] signal changes in targeted
fronto-temporal channels was performed at the initial study site as a
preliminary analysis to capture a channel cluster of the analogous
time-course pattern in HC individuals. Subsequently, the weight
maps of the first and second principal component graphs were used
to identify 2 cluster components.

These analyses suggested that 2 cluster components were identified
and that the 2 clusters included the frontal region (11 channels) and the
bilateral temporal region (10 channels each) (see Supplementary Mate-
rial (II) and eFig. S1). The channels in these 2 respective regions of inter-
est were averaged and transformed into representative ‘Region 1 (R1)’
and ‘Region 2 (R2)’ NIRS signals for each individual (Fig. 3). According
to registration into the LONI Probabilistic Brain Atlas 40 (LBPA40)
(Fig. 2) (see Supplementary Table S1 for LBPA40 anatomical labels)
(Shattuck et al., 2008), the R1 NIRS signal consisted of signals from
channels located approximately in the fronto-polar and dorsolateral
prefrontal cortical regions (i.e., superior and middle frontal gyri), where-
as the R2 NIRS signal consisted of signals from channels located approx-
imately in the ventro-lateral prefrontal cortex and the superior and
middle temporal cortical regions (i.e., inferior frontal gyrus and superior
and middle temporal gyri).

An automatic artefact-rejection procedure (see Supplementary
Material (Ill)) was followed and individual data were excluded

when there were fewer than 6 remaining channels from each of the
2 cluster regions (Flow diagram (4)).

Statistical analyses

Taking into consideration the potential application of the technique
in ordinary clinical settings and personalised care, a conservative
receiver operating characteristic (ROC) analysis was performed and
used to generate simple indices of NIRS signal patterns, to aid individual
diagnoses.

The spatiotemporal characteristics of the frontal and temporal
haemodynamic responses induced by VFT were assessed and subse-
quently applied to an algorithm using the simplest and fewest variables
for differential diagnosis. Because previous studies have shown that the
best way to differentiate patients with MDD from those with BP or SZ is
to describe the time-course of changes in the NIRS signal associated
with the VFT (Kameyama et al., 2006; Suto et al., 2004), we chose to
create 2 simple visual indices, referred to here as ‘integral value’ and
‘centroid value’, to capture these time-course changes.

The integral value describes the size of the haemodynamic response
during the 60 s activation task period, whereas the centroid value
serves as an index of time-course changes throughout the task, with
periods representing the timing of the haemodynamic response. The
centroid value is indicated by a time shown with a perpendicular
line from the centroid of the NIRS signal change area (calculated as
a positive change) throughout the task periods (from O [s] to 125 [s]

Fig. 2. Regions of interest (Regions 1 and 2) of the near-infrared spectroscopy (NIRS) signals. The locations of near-infrared spectroscopy (NIRS) measurements were probabilis-
tically estimated and anatomically labelled in the standard brain space (LBPA40) according to Tsuzuki et al. (2007). Region 1: (ch 25-28, ch 36-38 and ch 46-49); Region 2,

Right: (ch 22-24, ch 32-35 and ch 43-45); Left: (ch 29-31, ch 39-42 and ch 50-52).
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Fig. 3. Time courses of the haemodynamic responses in Region 1 (R1) and Region 2 (R2)
in the 4 diagnostic groups. Panels A and B show the time courses of the haemodynamic
responses in R1 and R2, respectively.

(= 10 [s] + 60 [s] + 55 [s])) (see Fig. 1). To confirm the reproduci-
bility of each single index between the 2 measurements, a test-retest
analysis (single-measure intra-class correlation (ICC) analysis using a
one-way random effect model) revealed the presence of significant
intra-class correlation coefficients for both the R1 and R2 integral values
[r =047, p = 0.01; r = 059, p<0.01, respectively] and the R1
centroid value [r = 0.65, p < 0.01], but not for the R2 centroid value
[r = 0.20, p = 0.19] (see Supplementary material (IV)). PCA and ICC
analyses revealed that the 2 indices of NIRS analysis during VFT were
acceptable at the single-individual and cluster levels. Thus, the 3 signif-
icant variables were used for further analysis.
' The 2 representative R1 and R2 NIRS signals obtained from each
individual were averaged separately for each type of [Hb] and the in-
tegral and centroid values were calculated using parametric statistical
tests. Further analyses focused on the increases in [oxy-Hb], because
these appear to reflect task-related cortical activation more directly
than do decreases in [deoxy-Hb], as evidenced by the stronger
correlation between the former and the blood oxygenation level-
dependent signal measured by fMRI (Strangman et al., 2002b) and
by the results of animal studies (Hoshi et al., 2001). As the typical
[oxy-Hb] activation pattern had a positive direction (Fig. 1), data
with positive [oxy-Hb] changes (i.e., data with an integral value >0)
in R1 and R2 were used to create an algorithm (Flow diagram (4)).
Dataexhibiting negative [oxy-Hb] changes were added to the analysis
and were described in the results as being appropriate. The analysis of
[deoxy-Hb] changes was reported in Supplementary Material (V);
however, no significant variable was found regarding [deoxy-Hb]
changes.

First, as a preliminary analysis to identify the variable that differ-
entiates patients with psychiatric diseases from HCs most robustly,
the 3 variables, including both integral and centroid values of the R1
NIRS signal and the integral value of the R2 NIRS signal, were

compared among all of the patients and the age- and
gender-matched controls at the initial study site using ANOVA. The
resulting significant variables were applied to ROC analyses at the
remaining 6 sites.

Because mental health professionals in real clinical settings must
differentiate patients with MDD from those with BP or SZ presenting
with depression as accurately as possible, the second main analysis
performed here aimed to determine the most informative variable
and the optimal threshold to discriminate patients with MDD from
those with non-MDD disorders. In the present study, the 3 variables,
including both integral and centroid indices of R1 and the integral R2
index of the NIRS signal, were compared among patients with MDD
and those with either of the other 2 disorders using ANOVA; the
variables that were deemed to be significant were applied to the
ROC analysis. The preliminary data from the initial site were used to
determine an optimal threshold, which was then validated using
the test data from the remaining 6 sites.

Third, Pearson's correlation analysis was performed between the
significant variables and demographic confounding factors. Data
were tested for a normal distribution using the Kolmogorov-Smirnov
test. Data that were not normally distributed were analysed using
Spearman'’s correlation analysis.

In particular, regarding clinical confounding factors, such as symp-
toms (HAMD, YMRS and PANSS scores) and medication doses (anti-
depressants: imipramine (IMP) equivalent dose; antipsychotics:
chlorpromazine (CPZ) equivalent dose; anxiolytics: diazepam equivalent
dose; and anti-parkinsonian drugs: biperiden equivalent dose, lithium
dose, sodium valproate dose and carbamazepine dose), a stepwise
multiple linear regression analysis was performed with a probability
of F for conservative entry and removal criteria of 0.01 and 0.05,
respectively, to elucidate the complicated relationships among
these clinical confounding factors in each diagnostic group.

All data are expressed as mean and standard deviation (SD). The
significance level was set to alpha = 0.05. When a difference was
considered significant, we presented both the effect size (Cohen's d)
and the 95% confidence interval (CI). Statistical analyses were
performed using the SPSS 16.0.1] software (SPSS Inc., Tokyo, Japan).

Results
Demographic characteristics

Table 1 shows the demographic and clinical characteristics of the 4
age- and gender-matched diagnostic groups used in this study.
One-way ANOVA revealed an absence of significant age differences
among the groups (p = 0.99) and a chi-squared test showed an ab-
sence of gender differences among the groups (p = 0.81). In addi-
tion, the age and gender distributions among the 4 diagnostic
groups were not significantly different at the initial site (Gunma Uni-
versity, MDD: 39.9 (11.7) y.o,, 12/15; BP: 41.1 (13.2) y.0,, 22/15; SZ:
40.1 (14.9) y.0., 11/20; and HC: 40.0 (4.2) y.0., 7/10) (age, p = 0.98;
gender, p = 0.24) and at the other 6 sites (MDD: 44.6 (12.7) y.o.,
65/61; BP: 45.1 (15.4) y.0., 47/50; SZ: 44.8 4+ 11.0 y.o0., 56/49; and
HC: 44.0 &+ 15.9 y.0., 307/266) (age, p = 0.89; gender, p = 0.81).

Preliminary test of the difference between HCs and patients

Although it was not the main theme of this study, to compare our
results with those of studies of biomarkers performed only to detect
functional abnormalities in patients against a control group, we also
analysed the differences between HC individuals and patients to con-
firm the significance of the 3 variables chosen for analysis. Full analy-
ses are described in Supplementary Material (VI).

From the analyses performed using data from the initial site, we
adopted both R1 and R2 integral values as statistically significant
variables for the algorithm. Thresholds were dependent on the
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purpose for which the variables were used (Table 2). For example, if
the optimal thresholds of the integral values of R1 and R2 derived
from the initial site (73 and 104) were applied to the independent
test data from the remaining 6 sites, the sensitivities were 0.73
(proportion of patients/measurement: 96/131) and 0.79 (104/131)
and the specificities were 0.63 (proportion of HCs/measurement:
326/514) and 0.63 (324/514) for R1 (positive predictive value
(PPV) = 0.37, negative predictive value (NPV) = 0.90) and R2
(PPV = 0.40, NPV = 0.92), respectively.

Test for differentiation of patients with unipolar MDD from those with BP
and SZ

Using the preliminary data from the initial site, one-way ANOVA
performed between the patients with MDD and those with one of
the other 2 disorders of interest (BP or SZ) revealed a significant dif-
ference in the R1 centroid values [F(1,53) = 9.54,p < 0.01; d = 0.96,
95% (I, (0.25 to 1.62)], but not in the R1 [F(1,53) = 0.14,p = 0.71] or
the R2 [F(1,53) = 0.05, p = 0.83] integral values.

As the significant R1 centroid value proved to be the most useful
variable, we applied it to ROC analysis for the differentiation of
patients with unipolar MDD from those with non-MDD disorders.
The resulting area under the ROC curve (Az) value was 0.74 [95% CI,
(0.61 to 0.87)] and the optimal threshold was 54 [s] from the extreme
top left point of the ROC curve (eFig. S4).

To validate the optimal threshold calculated, we applied it to the
independent test data of the remaining 6 sites, to differentiate the
patients with MDD from those with SZ and BP [Az = 0.81, 95% (],
(0.74 to 0.89); d = 1.17,95% CI, (0.79 to 1.54); optimal threshold =
54 [s], PPV = 0.79, NPV = 0.82; Fig. 4]. Using this threshold (54 [s]),
74.6% of the patients with MDD (proportion of patients/measurement:
41/55) and 85.5% of those with SZ or BP (65/76) were classified correct-
ly [76.9% of BP patients (20/26) and 90.0% of SZ patients (45/50)]
(Fig. 5). The ROC curves of MDD v. BP [Az = 0.74, 95% (I, (0.62 to
0.85); d = 0.81, 95% (I, (0.32 to 1.29); optimal threshold = 54 [s],
PPV = 0.87, NPV = 0.59] and MDD v. SZ [Az = 0.86, 95% CI, (0.78 to
0.93); d =140, 95% (I, (0.96 to 1.82); optimal threshold = 54 [s],
PPV = 0.89, NPV = 0.78] are shown separately in eFig. S5.

For reference, the test performed for the differentiation between
patients with BP and those SZ is shown in Supplementary Material (VII).

Correlational analysis of demographic and clinical confounding factors

Correlational analysis showed no significant correlations between
any of the significant dependent variables (among the R1 and R2
integral values and the R1 centroid value of NIRS signals) and any of

Table 2

Sensitivities and specificities of the integral values of Region 1 (R1) and Region 2 (R2)
signals between healthy controls and all patients with psychiatric disorders, based on
the independent data collected from the 6 additional sites.

Integral value R1 R2
Sensitivity Specificity Sensitivity Specificity

160 0.95 0.27 0.90 0.39
150 0.93 0.30 0.89 043
140 0.92 0.34 0.88 047
130 0.90 037 0.87 0.52
120 0.88 042 0.85 0.57
110 0.85 046 0.82 0.61
100 0.82 0.50 0.78 0.64
90 0.78 0.54 0.76 0.68
80 0.74 0.61 0.73 0.73
70 0.72 0.65 0.64 0.76
60 0.66 0.71 0.57 0.78
50 0.57 0.75 0.52 0.81
40 047 0.80 043 0.86
30 038 0.84 0.33 0.89

the demographic confounding factors [performance (number of correct
words), education years and pre-morbid IQ; p > 0.05] for all patients
with psychiatric disorders (MDD, BP and SZ).

Regarding clinical confounding factors, a stepwise regression anal-
ysis of each significant dependent variable for each disorder revealed
that there was no entry clinical variable in the linear regression
models, with the exception of the global assessment of functioning
(GAF) score (beta = 0.50, p < 0.01) for the R2 integral value (F =
10.73, p < 0.01; R = 0.50, R? = 0.25, adjusted R? = 0.23) in patients
with MDD, and the GAF score (beta = 0.58, p = 0.01) for the R2
integral value (F = 843, p = 0.01; R = 0.59, R?> = 0.35, adjusted
R? = 0.30) in patients with BP who exhibited depressive symptoms.
Thus, only one clinical variable (i.e., GAF score) among all of the med-
ication and clinical variables examined had a significant impact on the
R2 integral values for patients with MDD or BP who exhibited depres-
sive symptoms.

Discussion

The present multi-site study is the first large-scale, case—control
study that demonstrates the utility of NIRS for the differential diagno-
sis of major psychiatric disorders. The main strengths of this study
include the application of a neuroimaging biomarker in clinical prac-
tice that allows the clinically useful differential diagnosis of depres-
sive states. The frontal centroid value, which represents the timing
of frontal NIRS signal patterns, was a significant variable for differen-
tial diagnosis and the optimal threshold derived from the ROC analysis
correctly discriminated patients with unipolar MDD (74.6%) from those
with non-MDD disorders (85.5%; BP, 76.9% and SZ, 90.0%).

Single-individual diagnostic classification analyses among various
psychiatric disorders

The present study was not only a case-control study of group com-
parisons, but also a study specifically designed for examining the
practical utility of single-individual diagnostic classification in various
psychiatric disorders. Several studies have reported the single-
individual diagnostic classification of one psychiatric disorder compared
methods

with HCs by applying multivariate statistical (eg.
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Fig. 4. Receiver operating characteristic analysis of the centroid value of Region 1 (R1)
near-infrared spectroscopy signal between patients with major depressive disorder
and those with either of the other 2 disorders of interest (bipolar disorder and schizo-
phrenia) based on the independent data collected from the 6 additional sites.
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Fig. 5. Scatter plots of the centroid and integral values of Region 1 (R1) signal in the patients, both at the initial site (Gunma University) and at the 6 additional sites.

neuroanatomical pattern classification) to structural MRI data
(Davatzikos et al.,, 2005) and NIRS data (Hahn et al., 2013) from SZ and
high-risk psychosis samples (Koutsouleris et al., 2009), as well as to
functional MRI data from patients with depression (Hahn et al,, 2011).
These studies were technically sophisticated; however, more research
must be performed to test their reproducibility and generalisability in
the advanced stage of clinical application, because (1) they were
designed for the analysis of one diagnostic classification based on com-
parison to HCs, and not for differential diagnosis among multiple psy-
chiatric disorders; and (2) they were performed using one relatively
small cohort; thus, they must be replicated in another cohort including
larger sample groups.

Furthermore, we will discuss briefly our results in comparison with
those of other single-individual diagnostic classification studies
(Davatzikos et al., 2005; Fu et al,, 2008; Hahn et al., 2011; Koutsouleris
et al., 2009). We used only a single variable (simple ‘centroid value’ of
NIRS signals) and found that the classification rates (unipolar MDD:
74.6% correct classification; the 2 other disorders: 85.5% correct classifi-
cation (BP, 76.9%; SZ, 90.0%)) were almost equivalent to the rates
reported in the previous MRI studies using multivariate statistical
methods (which had 80-90% classification rates in the patient group
compared with the HC group).

To determine whether a higher disease classification rate could be
achieved by using a multivariate pattern analysis (compared with
that obtained using one simple variable), which was used in previous
MRI studies, we confirmed the results using the multivariate pattern
classification analysis described in Supplementary Material (VIII).
The leave-one-out cross-validation method revealed that 4 significant
variables, or even one variable (the R1 centroid value), could differen-
tiate patients with unipolar MDD from those with either of the 2
other disorders (non-MDD) with a similar degree of mean accuracy
(76.8% (unipolar MDD: 73.0% (54/74), non-MDD: 74.8% (83/111))).

Clinical importance and implications

Another clinically valuable feature of our work is that it aimed to fa-
cilitate diagnosis among patients with similar depressive symptoms,
which psychiatrists often find to be a difficult task. Most BP patients
with depressive symptoms are initially diagnosed with and treated for
MDD (Akiskal et al., 1995; Goldberg et al., 2001). Therefore, our findings
may help differentiate BP with depressive symptoms from MDD. De-
pressive symptoms and cognitive deficits are also common early signs
of SZ (Hafner et al, 2005). Of particular clinical relevance is the

observation that SZ patients with concomitant depression have a great-
errisk of suicide or an unfavourable disease course (an der Heiden et al.,
2005). Therefore, sufficient attention must be given to the diagnosis and
treatment of depression in SZ patients.

The results of the present study may draw attention to the hetero-
geneity observed among MDD patients. Rather than simply being
misclassified, approximately 25% of patients with unipolar MDD
who were classified by the system as having a non-MDD disorder
may have a brain pathophysiology that is biologically different from
that of the majority of MDD patients. Evidence suggests that 25-50%
of individuals with recurrent major depression (particularly those in
atypical early-onset or treatment-refractory subgroups) may in fact
have broadly defined BP (Angst, 2007). In this study, 74.6% of the
patients with MDD were classified correctly; the remaining 25.4%
might include either patients who would progress to a diagnosis of
one of the 2 other disorders or patients with a broadly defined BP
who were diagnosed with MDD according to the DSM criteria. This
explanation might be justified by the finding of a correct classification
rate of 75% for patients with MDD. For practical purposes, among
patients diagnosed clinically with MDD, the early suspicion of the
possibility of a diagnosis of a non-MDD disorder with depression
would also provide an opportunity to reduce the hazardous effects
of the illness on personal, social and occupational aspects; therefore,
our results should be of great clinical importance in practical applica-
tions. Thus, a prospective study aimed at elucidating the heterogeneity
of unipolar MDD is required.

Advantages of the NIRS method

We used the same NIRS system (a non-invasive, portable and
user-friendly device) and the same concise measurement procedure
at every site; therefore, inter-site compatibility was not an issue here;
however, it may be an obstacle in other neuroimaging multi-site stud-
ies. Furthermore, we used a high temporal resolution (0.1 s) in the
NIRS system for measuring time-specific characteristics of dynamic pre-
frontal cortical functions; this enabled analyses that included more
detailed time-course comparisons of NIRS signal changes. We created
and adopted new variables, such as the ‘centroid value’, to determine
the timing of the haemodynamic response (Fig. 1). The high temporal
resolution of NIRS might allow not only the detection of functional ab-
normalities (e.g., hypofrontality), but also the capture of the specific
haemodynamic activation time courses of each psychiatric disorder
and aid differential diagnosis.
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The practical application of biomarkers requires that they be
relatively simple. The simplicity of both the test procedure and the
associated data analysis is important not only for the participants,
but also for their caretakers and clinicians. Therefore, rather than
using complicated multivariate statistical methods, we developed a
robust classification algorithm for real-time visual evaluation of
patients using the simplest, and lowest number of variables on the
basis of a ROC analysis. This was important because we sought to
develop a psychiatric practice empowered by the initiative of patients
by sharing the ‘comprehensively visualised’ results that can be easily
recognisable by patients and caretakers, rather than results from
complicated ‘black-box’ analyses. In addition, using the condensed
VFT (<3 min) developed previously by us, we designed a diagnostic
support system in a way that the results are available to clinicians
in less than 15 min. The availability of such a ‘comprehensively
visualised’ report to clinicians, patients and their caretakers at a first
visit, while laying out a future treatment plan, would likely lead to a
paradigm shift to a patient-centred approach in clinical psychiatry.

Limitations

The methodological aspects of the present study warrant com-
mentary. First, most of the patients included in the study were taking
medications at the time of measurement. To our knowledge, no clear
evidence of the effects of medication on NIRS signals has been dem-
onstrated. We found that none of the medications at any dose was
significantly correlated with NIRS signals in this study; however, we
cannot fully exclude the effects of medication on haemodynamic
signals. For confirmation, the application of the algorithm described
above (optimal cut-off of the R1 centroid value) to the drug-free
patients exclusively, 6 out of 10 patients with MDD patients (60%)
and 4 out of 5 patients with SZ (80%) were classified correctly. Sec-
ond, the size of the sample included in our final analysis was substan-
tially reduced from that initially recruited, because we tried to
minimise the confounding factors of age and gender by matching
the groups and excluded patients in remission, as well as patients in
the manic phase (see Flow diagram). In our confirmatory analysis,
we included all non-matched and in-remission patients and found
that the results were quite similar, although this analysis had a
lower detection power. The optimal threshold of the sample sets
before demographical matching was also the same as that calculated
originally. These results suggest that the reduction in the total num-
ber of study participants after demographical matching did not affect
the development of the algorithm [see Supplementary Material (I)].
However, we must consider the possibility that this diagnostic sup-
port system is best suited for young and middle-aged patients with
moderate or severe symptoms (e.g., aged between 23 and 65 years
(mean £ 1.5 SD)). Third, a PCA of haemodynamic response per-
formed to capture a channel cluster led to the identification of 2
cluster regions. Nonetheless, as we thought that pooling many NIRS
signals together into only 2 representative regions of interest
(R1 (frontopolar and dorsolateral prefrontal regions) and R2 (ventro-
lateral prefrontal and temporal regions)) might oversimplify the
results (see the Discussion of Supplementary Material (II)), we
sought to confirm the reliability of the 2 clusters by performing a
test-retest analysis in a portion of the samples. We found significant
ICCs for both the R1 and R2 integral values and for the R1 centroid
value between 2 measurements (see Supplementary Material (IV)).
Therefore, we used the two data-derived clusters that reflected a
fronto-temporal haemodynamic response during VFT. Fourth, we
have controlled some well-known confounders in the analyses.
However, the NIRS signal might be affected by the other systemic
confounders, such as autonomic function, neuroendocrine function,
diet and physical activity. In addition, brain anatomical factors, such
as scalp-cortex distance and frontal sinus volume, as well as genetic
variants might also be potential confounders. Further studies are

required to address the relationship between the NIRS signal and
these confounders. If these findings are fully replicated, the develop-
ment of methods of integrating confounding factors into NIRS signal
in the future will be ideal. Fifth, we did not use the exclusion criterion
of first-degree relatives with axis I psychiatric disorders for healthy
controls. This could give a bias to the data in healthy controls,
which means that some of the first-degree relatives of persons with
axis | psychiatric disorders might have been included as a healthy
control in the present study. However, as the same situations are as-
sumed in real clinical settings, we daringly recruited healthy controls
without applying that strict exclusion criterion.

Conclusions and future implications

In conclusion, this multi-site study provided evidence that the
fronto-temporal NIRS signal may be used as a tool in assisting the diag-
nosis of major psychiatric disorders with depressive symptoms. Future
NIRS research should be performed to study the applicability of this
method to (1) the identification of a need for therapy, (2) the assessment
of the efficacy of various treatments, (3) the establishment of prognostic
predictions that may be clarified by longitudinal follow-up assessments
of patients in various clinical stages and (4) the examination of the use
of NIRS as a screening tool.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.neuroimage.2013.05.126.
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Purpose: Serial magnetic resonance imaging (MRI) images acquired from multisite and multiven-
dor MRI scanners are widely used in measuring longitudinal structural changes in the brain. Precise
and accurate measurements are important in understanding the natural progression of neurodegener-
ative disorders such as Alzheimer’s disease. However, geometric distortions in MRI images decrease
the accuracy and precision of volumetric or morphometric measurements. To solve this problem, the
authors suggest a commercially available phantom-based distortion correction method that accom-
modates the variation in geometric distortion within MRI images obtained with multivendor MRI
scanners.

Methods: The authors’ method is based on image warping using a polynomial function. The method
detects fiducial points within a phantom image using phantom analysis software developed by the
Mayo Clinic and calculates warping functions for distortion correction. To quantify the effective-
ness of the authors’ method, the authors corrected phantom images obtained from multivendor MRI
scanners and calculated the root-mean-square (RMS) of fiducial errors and the circularity ratio as
evaluation values. The authors also compared the performance of the authors’ method with that of
a distortion correction method based on a spherical harmonics description of the generic gradient
design parameters. Moreover, the authors evaluated whether this correction improves the test-retest
reproducibility of voxel-based morphometry in human studies.

Results: A Wilcoxon signed-rank test with uncorrected and corrected images was performed. The
root-mean-square errors and circularity ratios for all slices significantly improved (p < 0.0001)
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after the authors’ distortion correction. Additionally, the authors’ method was significantly better
than a distortion correction method based on a description of spherical harmonics in improving the
distortion of root-mean-square errors (p < 0.001 and 0.0337, respectively). Moreover, the authors’
method reduced the RMS error arising from gradient nonlinearity more than gradwarp methods. In
human studies, the coefficient of variation of voxel-based morphometry analysis of the whole brain
improved significantly from 3.46% to 2.70% after distortion correction of the whole gray matter using
the authors’ method (Wilcoxon signed-rank test, p < 0.05).

Conclusions: The authors proposed a phantom-based distortion correction method to improve repro-
ducibility in longitudinal structural brain analysis using multivendor MRI. The authors evaluated the
authors’ method for phantom images in terms of two geometrical values and for human images in
terms of test—retest reproducibility. The results showed that distortion was corrected significantly us-
ing the authors’ method. In human studies, the reproducibility of voxel-based morphometry analysis
for the whole gray matter significantly improved after distortion correction using the authors’ method.
© 2013 American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4801913]

Key words: Alzheimer’s disease, magnetic resonance imaging, geometric distortion, image

normalization

I. INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of de-
mentia, and typically shows memory impairment at the ear-
liest clinical stage. Magnetic resonance imaging (MRI) has
shown much promise as a biomarker method of quantify-
ing AD progression. Use of MRI in morphometric or vol-
umetric measurement of brain atrophy, such as changes in
cortical thickness, hippocampus volume, whole brain vol-
ume, voxel-based morphometry, or tensor-based morphom-
etry, has resulted in improved diagnosis.'™ These measure-
ments can also be used to assess the effectiveness of applied
therapies.'%1? A large multisite longitudinal study named the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) was
launched in the United States (US) in 2005.!> A goal of the
US-ADNI is to validate the MRI scan as a surrogate marker of
AD. The Japanese Alzheimer’s Disease Neuroimaging Initia-
tive (J-ADNI) is another large multisite imaging study with
the same goals as the US-ADNL'# Following the ADNI’s
study protocols, the J-ADNI recruited 150 elderly controls,
300 subjects with mild cognitive impairment, and 150 AD
patients. Three-dimensional T1-weighted images were ac-
quired from subjects and a specifically designed ADNI phan-
tom (Phantom Laboratory, Salem, New York) was used to in-
spect image quality and artifacts as well as the stability of
acquisitions.

MRI scans often contain geometrical distortions. The most
prominent factors are image gradient nonlinearity, static mag-
netic field inhomogeneity, and magnetic susceptibility as typ-
ical image reconstruction relies on linear approximation of a
magnetic field gradient.'” A distortion can cause a superfi-
cial local volume change, which affects the precision and ac-
curacy of volumetric and morphometric analysis.'® !> The
US-ADNI corrects image geometry for gradient nonlinear-
ity using the gradwarp (GW) correction, which involves a
gradient coil design and a phantom-based scaling correction
method.!*!> The former relies on the geometry of gradient
coil construction and can only correct the nonlinear com-
ponent of geometrical distortion. The latter corrects linear
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scaling changes of images through an affine transformation of
nine degrees of freedom. However, GW correction requires
information of the coil construction; the scanner is limited
if this information is not available. Additionally, GW correc-
tion does not correct distortion variability between scanners
or changes because of aging within the same scanner, and re-
quires prior information of the gradient coil construction from
the manufacture and is not available for all scanners.

On the other hand, several phantom-based distortion-
correction methods have been reported in the
literature.'®17:20-22 Baldwin et al. characterized and
corrected distortion using a three-dimensional (3D) grid
phantom and elastic-body spline-kernel transformation
function.!” Carmanos et al. constructed a DUPLO-based
phantom and proposed distortion correction using informa-
tion characterized by that phantom and spherical harmonic
expansion.'® Schad et al.? carried out an early investigation
on two-dimensional (2D) MRI distortion correction using
a 2D polynomial equation. Menuel et al.?? used phantom
including cylindrical rods as fiducial points. Langlois et al.
proposed a correction method based on the Fourier transform
and a simple cubic phantom.?! This method obtained infor-
mation about distortion to allow correction of both gradient
nonlinearity and background field inhomogeneity for many
subsequent patients via scans of a phantom of well-known
geometry. However, Gunter ef al. reported that the distortion
factor drifts.!® Therefore, in a phantom-based method, it is
desirable to periodically scan the phantom to correct the
drift. The above studies used the phantom only to assess
characteristics of the geometrical distortion.

In J-ADNI MRI scanning protocol, ADNI phantom im-
ages are acquired consecutively after patients are scanned in
accordance with the US-ADNI protocol.!* The ADNI phan-
tom image was used to check the signal-to-noise ratio (SNR),
contrast, and geometric distortion for all subjects at each scan
time as done by the US-ADNI. Gunter reported that an ADNI
phantom can be measured in a multisite study to identify scan-
ner errors through central monitoring, and in the latest result,
these errors would have contributed to imprecision in quanti-
tative metrics of more than 25%.'" The present report states
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TABLE I. Range of parameters for MRI acquisition of human subjects and phantoms.
Matrix Slice
TR? TI Flip [in-plane Fov thickness
Manufacturer Model name Slice num (ms) (ms) (deg) resolution (mm?)] (mm?) (mm) Plane
GENESIS SIGNA
GE SIGNA EXCITE 166-180
SIGNA HDx/HDxt
Avanto
MAGNETOM 192192
VISION MAP:2400 [1.25%1.25]
Siemens Sonata 160 BC*:3000 1000 or 240x240 Human: 1.2 Sagittal
Symphony 8 256x256 Phantom 1.3  PEY = A/P
Symphony Vision [0.9375x0.9375]
Symphony Tim :
Toshiba Excelart Vantage 180
Achi
Philips cheva 170 MA:2300
Intera
Hitachi ECHELON Vega 170 MA:2600 1100

2TR is defined here as the receptition time for the inversion pulses.
"MA = multicoil phased-array head coil.

¢BC = birdcage or volume head coil.

94PE is the phase encoding direction.

that ADNI phantom measurement is necessary to ensure con-
sistency of MRI data acquired in a multisite longitudinal study
like the ADNI project. If the distortion can be corrected using
an ADNI phantom image, the correction can be applied to the
ADNI protocol using the ADNI phantom that was already be-
ing employed for other purposes. In other words, the ADNI
phantom-based distortion correction method can serve dual
purposes: correction of geometrical distortion and monitoring
of the scanner condition.

For the reason above, we suggest an ADNI phantom-based
distortion correction using a polynomial equation to enhance
the reliability and accuracy of structural analysis of brain im-
ages. Our method can correct nonlinear and linear compo-
nents of geometrical distortion using the polynomial func-
tion. ADNI phantom scanning is available commercially and
is recommended to monitor several MRI scanner conditions in
multisite and longitudinal studies compliant with the ADNI
study protocol. In this paper, we refer to this correction as
the J-ADNI method. We evaluate the effectiveness of the
method in terms of fiducial errors and circularity in phantom
studies. For human studies, we use voxel-based morphome-
try (VBM). Finally, we compare improvements in distortion
correction. Our method uses a commercially available phan-
tom, and therefore attains distortion correction for all scan-
ners without requiring information of the coil design from the
manufacturer.

Il. METHODS

Il.LA. MRI data and protocols

The pulse sequence used to acquire 3D, 1.5-T TI-
weighted images was the magnetization-prepared rapid gradi-
ent echo (MPRAGE) sequence. MRI scanners were accepted
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via checking conformance with J-ADNI protocols, and we
checked whether any image suffered serious degradation due
to a motion artifact, warping around into the side of the skull,
low SNR, signal loss, or metal artifact. This strengthened
the longitudinal and cross-sectional analysis. The MPRAGE
sequence is used to enhance gray/white contrast to noise
for superior performance in applications requiring cortical
segmentation.'* We thus introduced the MPRAGE sequence
to acquire magnetic resonance images in the J-ADNI. The
parameters used to obtain magnetic resonance images with
the MPRAGE sequence are listed in Table I for each manu-
facturer and model. For Siemens Magnetom Vision, Toshiba
Excelart Vantage, and Hitachi Echelon Vega systems, a cus-
tomized sequence designed to retain compatibility with the
ADNI MPRAGE sequence was used. The parameters were
chosen to be as close as possible to the parameters of the US-
ADNTI’s MRI sequence to merge MRI data for global analysis
and/or comparison of the population at a future date.

I.B. ADNI phantom design

The ADNI phantom contains 165 polycarbonate spheres
filled with copper sulfate inside a water-filled clear urethane
shell (20 cm in diameter). Four contrast spheres (3.0 cm
in diameter) with copper sulfate concentrations of 0.9, 1.2,
1.7, and 2.4 mM provided scanner contrast. A large sphere
(6.0 cm in diameter) containing 3.3 mM copper sulfate so-
lution at the center of the phantom was used to calculate
the SNR of a scanner and define the origin of the coordi-
nate system. Inclusions (158 with diameters of 1.0 cm, and
two with diameters of 1.5 cm) in 3.3 mM copper sulfate
solutions, known as fiducial or small spheres, defined the ge-
ometrical coordinates of the phantom image in addition to
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Aqual2

Searching SNR and fiducial spheres from phantom image I

'

l Detection of coordinate value of fiducial spheres I

!

l Registration between obtained and theoretical coordinate value ‘

I
v

l Derivation of 3D polynomial function for distortion correction l

l Execution of distortion correction I

F1G. 1. Flowchart of distortion correction including mass-preservation
resampling.

the SNR sphere. The phantom (Phantom Laboratory) was
manufactured via numerous inspections of batches of both
machined and molded components along with assembly in-
spections. The tolerance for the sphere locations was +0.125
mm in the phantom’s x—y directions (parallel to the equatorial
plane) and +0.3 mm in the z direction.

II.C. Method for correcting phantom-based
geometrical distortion

A flow chart of the proposed distortion correction method
is shown in Fig. 1. First, we performed phantom image
analysis using Aqual2 (Acceptance Qualification tool), which
was developed at the Mayo Clinic.'® Aqual2 was writ-
ten in MATLAB (MathWorks, Natick, Massachusetts) and is
available via the Internet (http://adni.loni.ucla.edu/research/
research-tools/aqual2/). This program finds 160 fiducial
spheres and a SNR sphere to obtain coordinate values relative
to the center of phantom images. The program is then able
to register the obtained and designed coordinate values. By
comparing the actual measured coordinate value of the fidu-
cial and SNR spheres with the designed coordinate value, we
can calculate the distortion field of the scanner. The warping
function from a distorted coordinate to a design (i.e., nondis-
torted) coordinate value is given by

X = Z Z Z“pqrxpyqzr +e
p+g+r=n

Y:Z Z prqrxpyqz’-f—s , )
prq+rsn

Z = Z Z Zcpqrxpyqzr +&
prg+r<n

where x, y, z and X, Y, Z are the obtained and designed coordi-
nate values, respectively, along three orthogonal dimensions;
P> ¢, and r are orders of the polynomial equation and # is the
polynomial degree of a function; @y, bpgr, and ¢y, are coeffi-
cients of the polynomial equation; and ¢ is a Gaussian random
variable. Because designed coordinate values of fiducial and
SNR spheres are known, fiducial errors between design and
obtained coordinate values reflect the geometric distortion of
the scanner due to gradient nonlinearity, background field in-
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homogeneity, and magnetic susceptibility. We assume that the
contribution of susceptibility in the ADNI phantom image is
negligible. Thus, we can correct distortion in a MRI brain im-
age for the same scanner using the equation derived from the
phantom image. Note that our correction model has Gaussian
distribution errors as described by ¢ in Eq. (1). Polynomial
coefficients, g, bpgr, and cpgr, are calculated from the corre-
spondence between x, y, z and X, ¥, Z using Gaussian elimi-
nation to minimize Gaussian random variables in each of the
three directions. Moreover, to use this polynomial equation,
we must decide on the degrees of the polynomial (i.e., p, ¢,
and r). To solve this problem, we use the Bayesian informa-
tion criterion (BIC). The BIC is a criterion for model selection
among a class of parametric models with different numbers of
parameters.>*?* In the present model, we assumed error vari-
ance between obtained and design sphere coordinate values
given by a Gaussian distribution. The BIC is defined as

BIC(n) = n - In(82) + k - In(n), 2)

where o is the error variance, n is the number of data points
(i-e., the number of fiducial spheres), and & is the number of
free parameters to be estimated. The best parameter of the
polynomial equation is the one that minimizes Eq. (2). Hence,
we selected an optimized set of polynomial functions for the
three directions individually.

The polynomial function corrects geometrical distortion in
a brain image, which is acquired immediately before phantom
scanning with the same scanner. The resampling method used
when an image is deformed to correct geometric distortion is
trilinear interpolation. Additionally, it is necessary to correct
the intensity to compensate for the change in effective voxel
size with distortion. This intensity is corrected by multiplying
the image intensity and the Jacobian determinant, |J|, calcu-
lated from the transformation equation at each voxel.'>?* This
equation is the polynomial function. We can calculate the Ja-
cobian determinant, [J], of the polynomial function associated
with Eq. (1) as
3X' X' 8x’
ox Jy 0z
Y’ Y’ 3y’
9x dy 0z
VAR VAR VA
dx Jdy 0z
where 0/0x, /0y, and 8/0z are the partial derivative operators
with respect to the orthogonal components, and X', V', and Z'
are the coordinates corrected by polynomial functions.

This correction software, written in MATLAB, executes au-
tomatically in about 15 min on a Xeon Processor E5540

(2.53 GHz) with RedHat Enterprise Linux 5.3 as the operating
system using only input from phantom and brain images.

=

, 3)

II.D. Evaluation metrics

For quantitative assessment of our correction method for
phantom images acquired by all scanners (n = 41) at 38 J-
ADNI clinical sites, we used two functions. The first function



062303-5 Maikusa et al.: MRI distortion correction method

was the root mean square (RMS) error in the determined loca-
tion of fiducial spheres. The second function was the circular-
ity ratio (CR) of an outer shell in a phantom image for three
slices: axial, coronal, and sagittal. Polynomial functions for
the correction procedure obtained from one phantom image
were used to deform other phantom images acquired 1 week
later by the same scanner.

To obtain RMS errors, coordinate values of fiducial
spheres were acquired from uncorrected and corrected
phantom images using Aqual2. We compared obtained and
designed coordinate values, and calculated RMS errors of
fiducial spheres.

Our method used geometrical information of the positions
of fiducial spheres in phantom images. Therefore, it was ex-
pected that our method corrects distortion around the fidu-
cial spheres. The overfitting of the distortion correction is
not as great as predicted; accordingly, RMS errors are less
than expected but the whole-image structures have unfore-
seen shapes. To assess the adequacy of the image obtained
after distortion correction around fiducial points, we used the
CR metric. The CR is defined as the amount of geometrical
circle distortion according to Japanese industrial standards.
The outer shell of a phantom is spherical and its orthogonal
plane images are thus truly circular. Therefore, CRs of the
outer shell in axial, coronal, and sagittal slices were used as
other metrics to assess distortion. The CR is useful in assess-
ing the validity of our method outside the fiducial sphere. The
CR can be calculated as

CR =2, €5

rC

where 7; and r, are radii of the incircle and circumcircle, re-
spectively. If the ratio of the radii of the two concentric circles
(incircle and circumcircle) is 1.0, the boundary is a true cir-
cle. To calculate the CR, we draw an incircle and circumcircle
manually in three orthogonal images (i.e., the axial, sagittal,
and coronal images) with origins at the center of the 3D phan-
tom image. An operator carried out this task after only be-
ing instructed to draw two circles inscribed and circumscribed
on the boundary between the outer shell of the phantom and
background. To demonstrate the performance of our method,
the Wilcoxon signed-rank test was performed for uncorrected
and corrected images because the data may not be normally
distributed because of the small sample size. A two-sided p-
value less than 0.05 was considered statistically significant.

ILE. Comparison of geometrical distortion correction
methods of the J-ADNI and US-ADNI

The US-ADNI employs the GW correction method'? and
ADNI phantom-based scaling correction. In GW correction,
a set of spherical harmonic coefficients is computed for a
particular gradient coil design, and can be used to correct
the distortion arising from gradient nonlinearity embedded
in acquired images.'®:>*> Moreover, ADNI phantom-based lin-
ear scaling correction involves reducing the observed geo-
metric drift or voxel size adjustment employing an affine
transformation of nine degrees of freedom.!” The parame-
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ters of affine transformation were acquired from design and
obtained fiducial points of the ADNI phantom. Because the
scaling correction program is not publicly available, we wrote
MATLAB-based software for affine transformation of the mag-
netic resonance image using voxel size information obtained
by Aqual2. We checked the adequacy of this program by com-
paring scaling corrected images available from the US-ADNI
(www.loni.ucla.edu/ADNI/).

GW correction is only supported for scanners manufac-
tured by GE and Siemens. GW correction uses the same
spherical harmonic coefficients for the same gradient design
to correct distortion only arising from gradient nonlinearity.
Therefore, it cannot correct distortion variations between
scanners of the same model or changes with time for the
same scanner. These variations are generated by machine
maintenance, such as magnetic field adjustment, repair of the
magnetic coil, and quenching. We compared our proposed
correction method with the GW method and the GW-plus-
scaling method for corrected phantom images. Here, we need
to separate out the contribution of gradient nonlinearity from
other distortion components because our method corrects
inhomogeneity in the magnetic background field as well as
gradient nonlinearity. Bakker et al. reported that distortion
only arose from gradient nonlinearity in the phase-encoding
direction in a two-dimensional magnetic resonance image.’%
Subsequently, Baldwin er al. reported that the slice-encoding
direction as well as the phase-encoding direction provides
distortion when this principle is extended to a 3D magnetic
resonance image.!’ Here, we assess RMS errors along the
phase- and slice-encoding directions (i.e., the A/P and R/L
directions, respectively), and also the CR in the axial image
to compare the efficacy of our method with that of the GW
and GW-plus-scaling correction procedures.

GW software is publicly available to researchers and we
were able to obtain gradient information from GE Health-
care Japan, but we could only correct images acquired by
GE MRI scanners using GW. For a statistical comparison of
the J-ADNI, GW, and GW-plus-scaling correction methods,
a Steel-Dwass signed-rank test was performed for the RMS
error and CR.

ILF. Application of the distortion correction method
to human studies

Geometrical distortion is induced by background field in-
homogeneity and magnetic susceptibility as well as gradient
nonlinearity. Magnetic susceptibility is dependent on the im-
aged object. Our method assumes that the contribution of
susceptibility to geometrical distortion of the ADNI phan-
tom image is negligible. Therefore, to evaluate our simple
and practical method of correcting images of human sub-
jects, we performed VBM analysis using software developed
by Matsuda et al.® This approach allows us to automatically
detect early specific atrophy in AD using three-dimensional
T1-weighted MRI data as a series of segmentations using sta-
tistical parametric mapping 8 (SPMS8) with the toolbox DAR-
TEL. The following is a brief explanation of the procedure.
Gray/white matter can be anatomically segmented employing
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a unified tissue-segmentation procedure after correction of
image-intensity nonuniformity. Segmented images are then
normalized to the MNI (Montreal Neurological Institute)
space via a nonlinear transformation to a customized template
created by DARTEL, modulation by the Jacobian determi-
nant, and linear transformation from the customized template
to MNI space. Finally, the images are smoothed using an 8-
mm full-width-at-half-maximum Gaussian kernel. To perform
Z-score analysis for gray matter, brain images of 80 healthy
control volunteers without memory impairment or cognitive
disorders (37 men and 43 women, 70.4 + 7.8 years of age)
were processed using the above procedures, and the mean
and standard deviation of these smoothed modulated intensity
values were calculated voxel by voxel in MNI space, prelim-
inarily. Finally, a Z-score map was generated by comparing
an individual image with a control mean and standard devia-
tion at each voxel in a gray/white matter image. The Z-score
was calculated as [control mean] — [individual valuel/(control
SD) and it shows atrophy relative to the normal control.
Directly assessing the usefulness of VBM analysis is diffi-
cult because the true brain atrophy of the subject is unknown.
Therefore, we assumed that geometric distortion reduces the
reproducibility of the Z-score. Segmentation and anatormi-
cal standardization errors may be increased by an anatomi-
cal volume change and partial volume effects resulting from
distortion. We assessed the reproducibility of VBM analysis
for brain images corrected using the J-ADNI method for 38
healthy volunteers (32 men and six women, 33.6 & 10.7 years
of age) scanned twice at an interval of 1 week. The phan-
tom image was obtained immediately after each volunteer was
scanned and the imaging sequence is identical with phantom
scanning as described in Table I. Using the automated VBM
software, we obtained two indicators for characterizing atro-
phy in medial temporal structures and in the whole brain.®
The first indicator was the averaged Z-score in the medial
temporal structures, which indicates the severity of atrophy
in the entorhinal cortex and hippocampus. The second indica-
tor was the extent of significant atrophy in the region of the
whole brain, essentially the percentage of coordinates with a
Z-score exceeding a threshold value (2.0) in the entire brain.
We defined reproducibility as a coefficient of variation (CV)
for these two indicators between the first and second scans.

ll. RESULTS
lIlLA. Phantom studies

All phantom images were acquired with MRI scanners ap-
proved by the J-ADNI at 38 clinical sites. Polynomial func-
tions were determined from phantom images acquired at week
0 and applied to other phantom images acquired by the same
scanner 1 week later. The polynomial function was of third or-
der along the A/P and R/L directions, and second order along
the S/I direction. RMS errors of corrected phantom images
obtained using a fourth- or fifth-order polynomial function
vary less than RMS errors for the result obtained using a poly-
nomial function of third order.

The resulting uncorrected images and images corrected us-
ing the J-ADNI, GW, and GW-plus-scaling correction meth-
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(d)

F1G. 2. Phantom across the axial plane. (a) Uncorrected; (b) corrected with
the J-ADNI method; (c) GW correction; and (d) GW (nonlinear) and scaling
correction (linear). The distance between the yellow and red circles shows
the distortion level at the outer shell of the phantom.

ods are shown in Fig. 2. A red circle and yellow circle are su-
perimposed on the outer and inner edges of the phantom shell,
respectively. In the figure, although the outline of a phantom
should be spherical, uncorrected and corrected GW phantom
images are not circular. However, the outline of a corrected
phantom image subject to the J-ADNI method appears to be
circular. An example of the spatial distribution of fiducial
sphere errors in a corresponding phantom image is shown in
Fig. 3. Error levels corresponding to fiducial sphere positions
are indicated by arrows of different color. A red arrow indi-
cates errors over 3 mm, yellow indicates errors of 2-3 mm,
blue indicates errors of 1-2 mm, and gray indicates errors of
0-1 mm. The direction of the arrow indicates the direction
of the highest error at the orthogonal coordinate. Figures 3(b)
and 3(c) show remaining errors over 1.0 mm at positions of
designed fiducial spheres. However, the result of the J-ADNI
method shows the errors of fiducial spheres under a voxel res-
olution of 1.0 mm. Therefore, the results show that our dis-
tortion correction method is qualitatively more efficient than
other correction methods.

For quantitative assessment of our method of correcting
phantom images, we calculated the RMS error distribution.
The distribution was obtained from uncorrected phantom im-
ages and phantom images corrected using Aqual2 and the CR.
An incircle and circumcircle were manually drawn on the or-
thogonal plane of a phantom image (Fig. 4). The median RMS
error was 0.615 mm for uncorrected phantom images and
0.257 mm for corrected images. The median CR was 0.985
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(b)

©

CY

FIG. 3. Spatial distributions of fiducial sphere errors (differences) between obtained and designed coordinate values in phantom images. The arrows indicate
the direction and magnitude of error. Colors indicate error levels at corresponding positions of fiducial spheres. The direction of an arrow corresponds to the
basis vector with the highest magnitude of error. Red indicates error exceeding 3 mm; yellow indicates error of 2-3 mm; blue indicates error of 1-2 mm; and
gray indicates error of 0—1 mm. (a) Uncorrected; (b) corrected with the J-ADNI method; (c) GW correction; and (d) GW and scaling correction.
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F1G. 4. RMS error and CR plots of uncorrected and corrected (J-ADNI
method) phantom images (N = 42) obtained from all scanners for evaluation
of effectiveness. (a) and (b) RMS errors obtained from analysis of phantom
images by Aqual2. (c) and (d) CR plots for axial, coronal, and sagittal sec-
tions that were uncorrected (c) and corrected with the J-ADNI method (d).
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for uncorrected axial images, 0.993 for uncorrected coro-
nal images, and 0.991 for uncorrected sagittal images. After
distortion correction, the median CR was 0.997 for axial im-
ages, 0.997 for coronal images, and 0.997 for sagittal images.
RMS errors and the CR for all slices significantly improved
(Wilcoxon signed-rank test, p < 0.001) after J-ADNI distor-
tion correction.

These results show that the CR of a corrected image fol-
lowing application of the J-ADNI method was better than that
of an uncorrected image for all slices. It is clear from Fig. 4
that the J-ADNI method improved RMS errors and the CR,
and effectively corrected geometrical distortion in all phan-
tom images.

To compare the performance of our method with that of
GW correction and that of phantom-based scaling correc-
tion in addition to GW correction, we calculated RMS er-
rors and the CR for phantom images as described previously.
We obtained this information from GE Healthcare Japan and
were therefore only able to apply GW correction to 11 im-
ages acquired by a group of GE scanners. The RMS errors
in phase-encoding and slice-encoding directions, and CR re-
sults in the axial plane, both uncorrected and corrected with
each method, are shown in Fig. 5. The top panel indicates that
median RMS errors were 0.259 mm for uncorrected phan-
tom images, 0.0976 mm for J-ADNI-corrected images, 0.268
mm for GW-corrected images, and 0.187 mm for GW-plus-
scaling-corrected images along the phase-encoding direction.
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FIG. 5. RMS errors and CR plots (N = 12) for comparison of effectiveness
of the J-ADNI, GW, and GW-plus-scaling correction methods for a confined
group of GE scanners. The top panel shows RMS errors calculated by Aqual2
in the phase-encoding, A/P, direction (a) and slice-encoding, R/L, direction
(b). The bottom panel shows CR plots for axial phantom images (c). These
directions and (axial) plane suffered only the contribution of the gradient non-
linearity of distortion.

The corresponding values were 0.359 mm for uncorrected
phantom images, 0.164 mm for J-ADNI-corrected images,
0.350 mm for GW-corrected images, and 0.255 mm for GW-
plus-scaling-corrected images along the slice-encoding direc-
tion. The bottom panel shows the median CRs for the ax-
ial images: 0.978 for uncorrected images, 0.994 for J-ADNI-
corrected images, 0.994 for GW-corrected images, and 0.994
for GW-plus-scaling-corrected images. The J-ADNI method
improved RMS errors significantly compared with using un-
corrected, GW, and GW-scaling correction methods along
the phase-encoding direction and slice-encoding direction
(p < 0.001).

CRs of the phantom image corrected with the J-ADNI
method, GW, and GW-plus-scaling correction showed signif-
icant error reduction compared with the uncorrected image
(Steel-Dwass test; p < 0.001, p = 0.028, and p = 0.014, re-
spectively). However, there was almost no difference in the
CR when comparing the J-ADNI method with the GW and
GW-plus-scaling corrections despite there being CR differ-
ences for a specific image as shown in Fig. 2.

lI1.B. Reproducibility of VBM analysis

We performed Z-score analysis using automated VBM
software. Ideally, CV for indicators in test-retest studies
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FIG. 6. Map of median CVs obtained by VBM Z-score analysis. Top and
bottom rows show CV maps for an uncorrected image and a distortion-
corrected image (J-ADNI method), respectively. The color-scaled CV map
ranges from —25.0% to —7.5% and from 7.5% to 25.0% are displayed by
overlaying orthogonal sections of the anatomically standardized MRI. Areas
enclosed by green lines show medial temporal structures. Note the decrease
in CV following distortion correction for the whole brain.

should be zero for a subject where there is no expectation
of morphological changes associated with brain atrophy. CV
maps drawn by comparing the initial and second Z-score anal-
yses of uncorrected and corrected brain images of 38 healthy
volunteers are shown in Fig. 6. The top and bottom rows show
results for uncorrected and corrected brain images, respec-
tively. In these maps, color voxels have a median value of
38 for the volunteer’s CV of the Z-score between the first and
second scans and the voxels are overlaid with orthogonal sec-
tions of the anatomically standardized MRI. The color scale
range was —25.0% to —7.5% and 7.5% to 25.0%. Areas en-
closed by green lines indicate medial temporal structures hav-
ing the most significant decline of gray matter concentration
at the very early stages of AD (Matsuda et al.®).

We obtained CVs of the averaged Z-score in the medial
temporal structures. The extent of a region showing signifi-
cant atrophy between first and second scans obtained using
automated VBM software is shown in Fig. 7. The median CV
of the averaged Z-score in the medial temporal structures af-
ter distortion correction using our method was 2.68%, which
is not a significant improvement when comparing with un-
corrected images. The median CV of the percentage of coor-
dinates with a Z-score exceeding the threshold in the entire
brain improved from 3.46% to 2.70% after distortion correc-
tion using the J-ADNI method (Wilcoxon signed-rank test,
p < 0.05).

IV. DISCUSSION

To accurately measure the atrophy of brain structures such
as the hippocampus, and to explore surrogate biomarkers ob-
tained from MRI, geometrical distortion needs to be cor-
rected. The US-ADNI uses two types of distortion correction
methods: GW and phantom-based scaling correction. GW is
only used to correct nonlinearities of geometrical distortion,
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F1G. 7. CV between the baseline and second scan for uncorrected and cor-
rected brain images (N = 42). The extent of atrophy variance in the whole-
brain gray matter (GM) is shown (a), alongside the average Z-score for the
medial temporal structures of the gray matter, which was determined using
automated VBM software (b).

whereas scaling correction is used to correct linear scaling
distortion.'” According to Eq. (1), the first order of the poly-
nomial function corresponds to the scaling factor of trans-
formation and can correct linear scaling correction. Higher
orders correct residual distortion; i.e., nonlinearities of dis-
tortion. Therefore, the J-ADNI method, which is based on a
polynomial equation, can correct both nonlinear and linear
geometrical distortions concurrently, and the method corre-
sponds to phantom-based scaling correction and GW correc-
tion used by the US-ADNI.

Figure 4 shows that RMS errors and CRs in phantom stud-
ies significantly improved after J-ADNI distortion correction.
In particular, RMS errors reduced by several millimeters to
below the voxel resolution of 1.0 mm following application
of the J-ADNI method. The structural analysis of brain im-
ages, such as voxel-based volume measurements within a re-
gion of interest, requires accuracy below the voxel resolution.
Figure 4 shows that our method has enhanced reliability for
volumetric brain image analysis.

We examined the ability of the J-ADNI, GW, and GW-
plus-scaling correction methods to correct distortion arising
from gradient nonlinearity. Figure 5 shows that RMS errors
after GW correction did not change. This may be because of
the efficiency limit of GW, as subsequent scaling correction
reduced RMS errors significantly. These results show that
the distortion arising from gradient nonlinearity includes a
component that cannot be described by generic coil informa-
tion and demonstrate the necessity of ADNI phantom-based
scaling correction in addition to GW correction. In fact, the
necessity of scaling correction through the registration of nine
degrees of freedom has been reported.'*>?’ Furthermore, GW
corrects geometrical distortion according to the geometry
of the generic gradient coil construction. If the gradient
nonlinearity changes for the same scanner model, GW cannot
correct this variability. Figure 5 shows that our method can
reduce RMS errors more than GW and GW-plus-scaling
correction. Hence, our method can describe distortion arising
from gradient nonlinearity and correct it.
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In contrast, the CR following implementation of the J-
ADNI method was not statistically significant compared with
the CRs following GW correction and GW-plus-scaling cor-
rection. The CR was obtained by drawing two circles on the
border of the phantom outer shell and background, and its
sensitivity was the pixel unit. Moreover, these circles were
drawn manually and there were user-introduced errors at the
level of the pixel unit. For the above reasons, the CR of the
phantom image can be used to assess the adequacy of correc-
tion in the overall region, but may not be a good metric with
which to correctly quantify and compare distortion correction
methods.

However, the J-ADNI method detected fiducial sphere po-
sition errors and estimated geometrical distortion fields in
phantom images for each scan, and corrected the nonlinearity
and linearity of distortion. It was therefore used successfully
to correct gradient variability.

The J-ADNI method demonstrates improved RMS er-
ror assessment and can thus correct geometrical distortion,
thereby improving the reliability and accuracy of volumetric
and/or morphometric analysis of structural MRI brain images.

In human studies, the reproducibility of VBM analysis for
whole-brain gray matter was significantly improved after dis-
tortion correction using the J-ADNI method. We assumed that
the CR of the outer shell of the phantom affects the measure-
ment accuracy of the broad structure volume, which is nec-
essary for whole-brain imaging. The CR was improved using
either the J-ADNI or GW method, corresponding to improved
accuracy in describing the broad structure. Geometrical dis-
tortion resulted in apparent volume changes and partial vol-
ume effects at each voxel. Our method corrected these erro-
neous volume changes and partial volume effects through im-
age warping and mass-preservation resampling, respectively.
Repeatability of subsequent analyses was improved after dis-
tortion correction. However, the reproducibility of VBM anal-
ysis for medial temporal structures was not significantly im-
proved using our method because fiducial position error was
more common in the outer region of the phantom image, as
shown in Fig. 2. In fact, medial temporal structures originally
showed low variation in VBM analysis (Fig. 6). Therefore,
effects of distortion correction may be smaller than those ob-
served for the whole brain. Alternatively, the efficacy of dis-
tortion correction is seen for the whole-brain gray matter in-
cluding the region of large distortion. Our future task is to
investigate the performance of our method for anatomical
structures around the surface of the brain that are expected
to suffer from distortion in human studies; e.g., the cor-
tical thickness, lateral temporal lobe, and inferior parietal
lobe. '

The GW method requires information about the gradient
coil, which can only be provided by the manufacturer, and
the method can only be applied to MRI scanners produced by
GE and Siemens. Our method requires scanning of a phan-
tom image to correct geometric distortion of a subject’s brain
image and can be adapted to all scanners. The ADNI phan-
tom is commercially available and can be easily purchased.
However, the phantom-based correction method requires
additional scanning to obtain a phantom image for correction.
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A multisite study such as the ADNI can monitor scanner per-
formance by scanning the ADNI phantom. Our method uses
this scan, and we can thus correct distortion by making one
phantom scan serve a dual purpose.

In future studies, we will investigate the period of validity
for the distortion field obtained from a phantom image. This
would assist in reducing the cost of conducting a phantom
scan. We also intend to propose an optimal phantom scanning
design for distortion correction using our developed method
associated with scanner performance monitoring.
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