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Background: The optic radiation (OR) is a white-matter bundle connecting the lateral geniculate body and the visual cortex.
Phase difference-enhanced imaging (PADRE) is a new MRI technique that is able to achieve precise delineation
of the OR. The aim of this study was to investigate the effect of age on the volume and signal intensity of the
OR using PADRE, and to establish a volumetric reference of the OR from a healthy population, compared with
diffusion tensor imaging (DTI).

Material/Methods: Thirty-nine healthy volunteers underwent MR imaging with PADRE and DTl sequences on a 3.0-T scanner. For
the volumetric analysis with PADRE, the OR corresponding to the external sagittal stratum was manually traced,
while an automated thresholding method was used for the DTI-based volumetric analysis of the OR.

Results: The mean right and left OR volumes measured from the PADRE images were 1469.0+242.4 mm? and
1372.6+310.2 mm?, respectively. Although OR volume showed no significant correlation with age, the normal-
ized OR signal intensity showed a linear correlation with increasing age (r’=0.50-0.53; P<0.01). The OR sig-
nal intensity on PADRE and DTl-related quantitative parameters for the OR showed significant correlations
(r=0.46-0.49; P<0.01).

Conclusions: The PADRE technique revealed exceptional preservation of OR volume, even in later life. Moreover, PADRE was
able to detect age-related changes in signal intensity of the OR and may contribute to future analyses of path-
ological neurodegeneration in patients with glaucoma and multiple sclerosis.
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Background

The optic radiation (OR) is a white matter bundle connecting
the lateral geniculate body and the visual cortex of the occipital
lobe in each cerebral hemisphere, and represents the contralat-
eral half of the visual field. In the periventricular region, 3 an-
atomical structures exist parallel to the lateral ventricular wall:
the external sagittal stratum (ExSS), the internal sagittal stra-
tum (which contains fibers from the colliculus), and the tapetum
(which consists of fibers from the corpus callosum). Of these, only
the ExSS is considered to be the definitive OR, since it is direct-
ly connected to the lateral geniculate body and visual cortex [1].

The magnetic resonance (MR) imaging techniques of diffusion ten-
sor imaging (DTI) and susceptibility-weighted imaging (SWI) have
previously been reported as providing excellent demarcation of
the OR [2,3]. Studies employing DTI methods have reported rar-
efaction and loss of integrity of the OR fiber bundle in patients
with glaucoma [4-6], and 2 studies have attempted to perform
quantitative volumetry of the OR [5,6]. However, because of the
technical limitations of DTI, these studies were not able to dis-
tinguish the influence of adjacent fiber bundles on the estimated
volume of the OR. Therefore, a new imaging method for the con-
figuration, volume, and physiopathological alterations in the integ-
rity of the definitive OR, specifically the ExSS, is highly expected.

Recently, novel phase-weighted MR techniques termed tissue-
enhanced SWI with phase differences or phase difference-en-
hanced imaging (PADRE) have been developed. These can se-
lectively enhance the contrast between target tissue and the
surrounding tissue, and allow clear delineation of the EXSS from
adjacent fiber bundles [7]. However, little data is available re-
garding the configuration of the OR using PADRE.

In this study, we initially focused on a method based on PADRE
to measure the volume and signal intensity of the true OR fi-
bers, specifically those within the ExSS, compared with similar
measurements obtained using a DTl-based method. Secondly,
we investigated the normal effect of age on the OR section
within the ExSS.

Material and Methods

Patients

Thirty-nine healthy volunteers (19 males and 20 females;
mean age 44.4+16.1 years; age range 21-78 years) recruited
from subjects who underwent routine medical check-ups at
the Sendai Open Hospital (Tsurugaya, Miyagino-ku, Sendai,
Japan) participated in this study. Ophthalmological exami-
nations were performed, and those with increased intraocu-
lar pressure, optic nerve atrophy, visual field disturbances, or
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thinning of the retinal nerve fiber layer were excluded. Written
informed consent was obtained from each participant after a
full explanation of the purpose and procedures of this study.
This study was approved by the Institutional Review Board of
Tohoku University (registry number 2016-1-848).

MRI data acquisition

All participants underwent MR imaging on an Achieva dStream
3.0-T scanner (Philips, Best, the Netherlands) with a 15-chan-
nel head coil. The PADRE imaging used a 3D T1-weighted fast-
field-echo sequence with the following parameters: repetition
time (TR) 31 ms; echo time (TE) 12/17.9/23.8 ms; flip angle
(FA) 10°; field of view (FOV) 230x193x80 mm?3; matrix size
320x320; and voxel size 0.45x0.45x0.5 mm?. The scan dura-
tion was 372 s. The PADRE technique followed that described
by Kakeda et al. [8]. Its power lies in its selection of the phase
difference, which enhances the magnetic properties of the tar-
get tissue. Although SWI identifies phase differences that are
mainly related to veins, the PADRE technique is able to select
and classify various phase differences, A6, to enhance the con-
trast of different tissues. Tissues are enhanced on the magni-
tude image |p| with the enhancing function w(A#6), which is less
than 1, as well as SWI. PADRE can demonstrate structure with
selected phase difference, such as myelinated fiber, as a lower
signal. Finally, the PADRE image pPADRE is reconstructed as:

PPADRE=w(A6) |p|

We optimized the PADRE reconstruction parameters to en-
hance the magnetic contrast of the target tissues represent-
ing the OR tract, and then reconstructed the PADRE images
from the MR data.

DTI was performed using single-shot echo-planar imaging with
the following parameters: TR/TE 7316/83 ms; FA 90° FOV
224x224x126 mm?; matrix size 112x112; 2-mm-thick slices;
and a voxel size of 2x2x2 mm?. Diffusion weighting was ap-
plied along 32 directions with a b-value of 800 s/mm?, result-
ing in a scan duration of 322 s.

Visual evaluation of the PADRE images

A neuroradiologist visually assessed the PADRE images, and
measured the thickness of the ExSS and the distance from the
wall of the lateral ventricles to the medial border of the ExSS
at the level of the trigone of the lateral ventricles, on 1 repre-
sentative raw axial-slice image.

Quantitative volumetric analysis

Two observers blinded to the subject information conducted
manual 3D segmentation of the PADRE images using ITKsnap [9].
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Figure 1. Representative axial sections of phase difference enhanced (PADRE) images. The characteristic 4 layers, presumably
corresponding to the tapetum (a high-signal intensity layer), internal sagittal stratum (a median-signal intensity layer),
external sagittal stratum (a low-signal intensity layer), and adjacent white matter (a high-signal intensity layer), are visible
beside the lateral ventricles. The external sagittal stratum can be clearly noted as the band with the lowest signal intensity,
which differentiates it from surrounding tissue. The red and green regions of interest demonstrate the right and left external
sagittal stratum, respectively.

The right and left ExSS were traced on all 3D-reconstructed
slices according to the documented anatomical structure of
the OR (Figure 1), and the volumetric information and signal
intensity of each ROl were then extracted. To normalize the
mean signal intensity of the OR on the PADRE sequences, the
mean signal intensity of the OR was divided by the mean sig-
nal intensity within a 23-mm? spherical volume of interest set
in the white matter lateral to the bilateral ExSS of each partic-
ipant. To evaluate the reliability of this method, 2 observers
re-conducted segmentations on 7 randomly selected subjects,
about 2 weeks after the original segmentations were performed.

Probability map of the OR

A probability map simply depicts the spatial distribution of
the structure of interest, here Optic Radiation, across subjects.
This is generally conducted using spatial registration to better
match subjects of the group together, and it is also frequent-
ly used to generate atlases [10-12].

A distribution probability map of the OR was produced from
the PADRE-based segmentations of the OR tracts. This was
produced to quantitatively assess the spatial extent of the
OR across subjects. Firstly, a target space was created by reg-
istering all the PADRE images to their common average us-
ing affine-only transformations, to preserve the individual OR
variations while removing global size effects. By this meth-
od, a population-average PADRE image and a set of individu-
al transformation matrices were obtained. The segmentation

maps were then warped and the voxels summed to obtain the
final spatial extent map.

Definition of the OR based on DTI

A previous study [13] using DTI-based images simply delineated
the OR by including all voxels whose principal water-diffusion
direction was parallel to the main direction of the OR, corre-
sponding to the green component of an RGB-coded diffusion
map. At each voxel, the principal-direction vector was project-
ed onto a vector pointing in the anterior—posterior direction. A
template-space image and associated affine transformations
were then created to: 1) accurately define the direction paral-
lel to the OR in all subjects, despite different head positions in
the scanner; and 2) define a loose OR ROI mask. The template
image was created from the b=0 images using affine transfor-
mations. The OR was then defined on the resulting scalar map
as every voxel within the loose optic radiation mask above a
threshold value of 0.5 (Figure 2). The volumes, mean MD, and
mean FA of these newly defined OR masks were then com-
puted. A spatial distribution probability map was also gener-
ated by averaging the DTl-based segmentations.

Statistical analysis

All data were stored on a personal computer and analyzed us-
ing commercially available software (SPSS version 15.0, SPSS
Inc, Chicago, IL). Continuous data that were normally distribut-
ed using the D’Agostino-Pearson normality test were compared
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Figure 2. Definition of the population-mean optic radiation (OR) region of interest (ROI) using DTI-based segmentation. The red—
yellow color range, which runs from 0.5 to 1, represents the proportion of all subjects’ ROls computed using the DTI method,
coregistered using affine transformations, and thresholded. The background image is the average of all the coregistered b=0
images. The yellow color is the intersubject mask used to approximately locate the OR.

using a t test or analysis of variance with post hoc Bonferroni—
Dunn correction, where appropriate. For comparisons between
data determined by 2 methods, Pearson or Spearman correla-
tion coefficients were established. Linear regression was cal-
culated using the least-squares method. To compare the OR
volume aging effects obtained from the PADRE and DTl meth-
ods, both relationships were fitted using linear, quadratic, and
cubic regression models. The best model (best adjusted r?) for
each trajectory was then selected. All data are expressed as
the mean + standard deviation (SD). A P value less than 0.05
was considered statistically significant.

Results

Visual evaluation of the OR

The EXSS is clearly recognizable as the layer with the lowest
signal beside the lateral ventricles. The thickness of the ExSS

ranged from 1.03 to 1.45 mm (1.15+0.09 mm). The distance
from the lateral ventricles to the medial border of the ExSS
ranged from 2.97 to 4.73 mm (3.88+0.54 mm).

Volumetric information on the OR

The means of the right and left OR volumes for all subjects
were 1469.0+242.4 mm? and 1372.6+310.2 mm?3 respectively,
with a total mean OR volume of 2841.7+512.2 mm?>. No sig-
nificant sex-related difference was found. Twenty-eight of the
39 participants (71.8%) had a larger right OR, with the differ-
ence in right and left OR volumes being statistically signifi-
cant (P=0.03).

According to the DTI-based metric, the means and standard de-
viations of the right and left OR volumes for all subjects were
1236.84439.6 mm? and 1594.8+507.9 mm?>, respectively (total
2831.6+924.1 mm?). The right, left, and total volumes of the OR
in the male group were significantly larger than those in the
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Figure 3. The relationship between age and OR volume. (A) Correlation between OR volume estimates from the PADRE- and DTI-
based methods. (B) Age-related trajectories of the right and left volumes of the OR measured from PADRE. (C) Age-related
trajectories of right and left volumes of the OR on DTI.
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Figure 4. Probabilistic OR maps. OR pathway probabilistic maps representing the degree of overlapping OR fibers of all 39 participants

according to PADRE (A) and DTI (B).

female group (P=0.03). There were no statistically significant
differences between the right and left OR volumes (P=0.15).

Comparison of OR spatial extent maps and age-related
volume trajectories

A weak but statistically significant correlation of the OR vol-
umes was found between the 2 parameters (r?=0.16; P<0.001)
(Figure 3A). Polynomial functions demonstrated no statistically
significant association with increasing age (P=0.36) (Figure 3B).
Age-related trajectories of right and left volumes of the OR on
DTl showed a statistically significant (r=—0.52; P<0.001) nega-
tive linear correlation with increasing age (Figure 3C).

The OR pathway probability maps using the PADRE (Figure 4A)
and DWI methods represent the degree of overlapping OR fi-
bers from all the participants. Both probability maps showed
a similar location for the OR, except that the probability map
reconstructed by the DTI (Figure 4B) dispersed outwards more
and had wider variability.

Signal Intensities of the OR on PADRE

The normalized mean values of the right, left, and total OR
signal levels for all subjects were 0.644+0.05, 0.644+0.046,
and 0.644+0.0481, respectively. Twenty of the 39 participants
(51.3%) had a higher normalized signal in the left OR (P=0.98).
The right and left normalized signal intensities of the OR be-
tween the male group and the female group had no statisti-
cally significant difference (right: P=0.35, left: P=0.09; data not
shown). The age-related trajectories of the normalized mean OR
signal intensity showed a strong, linear increase with increasing
age (right: r? =0.50, P=0.003; left: r’=0.53, P<0.01) (Figure 5).

0.80

0.75

PADRE optic-radiation ROl mean normalized intensity

0.55

0.0 i — Left
Right

0.45

0 20 30 40 5 60 70 80 90
Age

Figure 5. Age-related trajectories of normalized signal intensity
for the OR on PADRE. The OR signal intensity on PADRE
demonstrated a linear increase with age.

Statistical comparison of PADRE signal intensities with DTI

The mean and standard deviation of the MD and FA values
of the right, left, and total OR for all subjects are shown in
Figure 6. The age-related trajectories of the MD were stable
until the age of 40, followed by a rapid increase in senescence
(P=0.002) (Figure 6A, left panel), while the FA values of the OR
showed a continuous decrease according to age (P=0.035)
(Figure 6A, right panel).

There was a strongly significant positive correlation between
normalized PADRE intensity and MD (right: r’=0.46, P=0.007,
left: r’=0.49, P=0.004) (Figure 6B, left panel) and a negative
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Figure 6. Relationships between PADRE- or DTI-related parameters and age. Age-related trajectories of the DTl-related parameters of
mean diffusivity (MD) (A), and mean fractional anisotropy (FA) (B), for the OR. Correlations between the normalized signal
intensity of OR on PADRE and the 2 DTI-related parameters MD (C) and FA (D).

correlation between PADRE intensity and FA (right: r’=0.42,
P=0.003, left: r’=0.44, P=0.001) (Figure 6B, right panel).

Discussion

The principal finding of this study is that the ExSS can be de-
picted on PADRE as the layer with the lowest signal among
the characteristic 4 layers beside the lateral ventricles. Such
measurements of the thickness of the ExSS and the distance
from the lateral ventricle to the medial border of the ExSS on
PADRE are consistent with values reported from myelin-stained
specimens in a histological investigation of the ExSS [1]. This is
the first report suggesting the significance of PADRE intensity
as a semi-quantitative parameter reflecting the change of OR.

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Accurate knowledge of the normal age-related trajectories of
the OR volume is of great importance for quantitative eval-
uation of pathological abnormalities of the OR (e.g., glauco-
ma [14] and multiple sclerosis [15]), as well as for understand-
ing the process of white matter development and deterioration.
We analyzed the volumetric information of the OR in the nor-
mal human brain using PADRE, and showed that the OR vol-
ume in healthy adults remains relatively stable throughout
the lifespan (Figure 1B).

Our spatial distribution maps for the OR also indicated low-
er variability and improved localization in the ExSS with the
PADRE method in comparison with the DTI method [16]. The
voxel-based morphometry (VBM) method, which is main-
ly aimed at investigating cortical morphology at a global lev-
el, may be insufficiently sensitive for accurate definition of
the ExSS. Reportedly, the effects of aging on the entire white
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matter volume peak at approximately 50 years of age, and are
then followed by only a mild decline [17-19]. Our visual ob-
servations on the PADRE images of older participants revealed
an increasing signal on the internal sagittal stratum, which
lies beside the ExSS, and suggests an age-related alteration.

Another result from the PADRE imaging, that age-related trajec-
tories of normalized mean OR intensity are linearly increasing,
suggests that the intensity of the OR on PADRE could quanti-
tatively depict physiological aging effects. It should be noted
here that PADRE has an advantage in depicting the alteration of
myelin. Compared to SWI and quantitative susceptibility map-
ping (QSM), which are MRI techniques using phase informa-
tion, PADRE enables enhancement of the specific small phase
differences between water and myelin and achieves strong
contrast dedicated to myelin concentration. Information ac-
cording to myelin cannot be obtained from SWI because SWI
mainly selects the phase difference corresponding to deoxy-he-
moglobin or iron. With QSM, quantifying comparatively larger
phase difference variables from each structure, detecting mi-
nor changes occurring in such small phase differences in white
matter is challenging. Furthermore, PADRE uses T2*-weighted
images as the background magnitude image. The synergistic
effect of selecting myelin-specific phase difference and T2*
effect sensitive to white matter heterogeneity [20] could give
PADRE excellent deliverability for OR alteration.

Our study shows that the normalized signal intensity of PADRE
is strongly correlated with these parameters. The present find-
ings of age-related signal elevation in the OR on PADRE, with-
out a volume decline, may be attributable to pathological ag-
ing effects, including altered water content and fluid dynamics,
or rarefaction of myelin fibers within the OR. Thus, the PADRE
signal could potentially be used as a quantitative parameter
to reflect the integrity of OR fibers, as is the case with MD
and FA. Further investigations, including animal experiments
on pathological aging effects in the OR, are required to con-
firm our observations on PADRE.

The present study has several limitations. Firstly, there was
a small number of participants (n=39), and they had a large

range of age (21-78 years). Therefore, some of the statistically
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insignificant parameters in this study may have not reached
sufficient statistical power. These issues need to be exam-
ined in future studies with larger sample sizes. Secondly, our
manual segmentation method for defining the ExSS was time-
consuming and involved a great deal of careful attention to
provide consistency. The development of a more objective
automated segmentation method would therefore be bene-
ficial. Lastly, we lacked data from individuals with pathologi-
cal conditions, including glaucoma, which could provide rich
information on pathological changes in the OR. Nonetheless,
the present data clearly suggest that PADRE can be a clinical-
ly relevant measure of pathway-specific white matter integ-
rity in accordance to age. Normalization of signal intensities
and standardization of acquisition parameters are necessary
for future widespread use of signal intensity as a true quan-
titative parameter.

Conclusions

In summary, PADRE can provide more reliable volumetric in-
formation on the OR, which can be restricted to the ExSS. The
spatial pattern of intracortical neurodevelopment follows a
posterior-anterior gradient, and early maturation of the oc-
cipital visual cortices and occipital white matter have been re-
ported [17,21]. The PADRE-based probability map of the OR
would therefore become a useful reference for future studies
on the pathological neurodegeneration in patients suffering
from glaucoma and multiple sclerosis.
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