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the Contrast Using Diamagnetic Susceptibility Weighted
Imaging
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ABSTRACT

SUMMARY: Visualization of the optic radiations is of clinical importance for diagnosing many diseases and depicting their anatomic
structures for neurosurgical interventions. In this study, we quantify proton density, T1, T2*, and susceptibility of the optic radiation
fiber bundles in a series of 10 healthy control participants using strategically acquired gradient echo imaging. Furthermore, we intro-
duce a novel means to enhance the contrast of the optic radiations using diamagnetic susceptibility weighted imaging.

ABBREVIATIONS: dSWI ¼ diamagnetic susceptibility weighted imaging; ESS ¼ external sagittal striatum; ISS ¼ internal sagittal striatum; OR ¼ optic radia-
tion; STAGE ¼ strategically acquired gradient echo; TAP ¼ tapetum; HPF ¼ high-pass-filtered; QSM ¼ quantitative susceptibility map; PD ¼ proton density

Some pathologies may benefit from studying the tissue proper-
ties of the optic radiations (ORs). The ORs are a common site

for chronic small-vessel ischemic changes, especially in older
adults.1 Periventricular demyelinating plaques in multiple sclerosis
also have a propensity to involve the ORs.2 Wallerian degeneration
of the OR fibers can occur from a wide range of injuries to the vis-
ual pathway such as traumatic optic neuropathy,3 compressive
optic neuropathy, degeneration of the ORs in patients with glau-
coma, restricted blood supply of the optic nerve followed by ische-
mic infarction, and various postoperative visual deficits. Infarcts in
both middle and posterior cerebral artery territories can cause
injury to the ORs, causing homonymous hemianopia. Finally, pre-
operative localization of the ORs can be important to ensure the
ORs are not affected during neurosurgical procedures.4

Knowledge of the tissue properties of each structure is impor-
tant to image the 3 bundles of the ORs (external sagittal striatum
[ESS], internal sagittal striatum [ISS], and tapetum [TAP]) with
adequate contrast. Therefore, we proposed using strategically
acquired gradient echo (STAGE) imaging as a means to collect
qualitative and quantitative information to study the tissue proper-
ties of the ORs.5 STAGE uses 2 contiguous double-echo gradient-

echo sequences with differing flip angles. STAGE provides a variety
of different contrasts, including T1, proton density (PD), quantita-
tive susceptibility map (QSM), and R2* maps. Finally, we propose
using diamagnetic susceptibility weighted imaging (dSWI) to fur-
ther improve visualization of the OR.

MATERIALS AND METHODS
All participants signed consent forms approved by the local insti-
tutional review board. Data were collected on a 3T scanner
(Verio; Siemens) using a 32-channel head coil. STAGE imaging
was used to acquire the data (imaging parameters are given in a
previous work).5 Briefly, we used TR ¼ 25ms, flip angles ¼ 6°
and 24°, TEs ¼ 7.5 and 17.5ms, bandwidth ¼ 270Hz/pixel, and
resolution¼ 0.67� 0.67� 2 mm3. With a parallel imaging accel-
eration factor of 2, STAGE acquisition time was 7minutes each
for these 2 high-resolution scans. They were repeated 3 times, co-
registered using SPM,6 averaged to increase the signal-to-noise
ratio, and processed using software described previously.5 In
addition, instead of using a positive phase mask from the phase,7

we generated dSWI data using a negative phase mask. The follow-
ing 8 images were evaluated: T2* PD-weighted (the B1 field varia-
tion corrected second echo magnitude of the low flip angle scan),
PD map, T1 map, R2* map, pure-PD map (T2*-corrected PD
map), high-pass-filtered (HPF) phase, dSWI, and QSM. The
images were reviewed throughout the OR bundles over roughly
10–15 slices using SPIN software (SpinTech). Slices that demon-
strated the best contrast and most uniform signals were used.
Given the narrow width of the OR bundles and adjacent bands of
WM, for quantification purposes, a line was drawn down the
middle of the bundles for ESS, ISS, TAP, and outer and inner
WM.Mean and standard deviation were calculated for each layer.
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The PD values were normalized to the outer WM regions. These
measurements were calculated for both the right and left ORs
and averaged.

RESULTS
Ten healthy volunteers were imaged (mean age, 28.76 5.3 years;
range, 20–37 years; 6 female). The 3 bundles of the ORs can be
seen clearly in the Figure, D–F. Each image type revealed a differ-
ent contrast mechanism. 1) On the R2* map, the ESS is part of
the bright band that appears to cover all 3 bundles. The 2 dark
bands abutting each side of the ORs represent adjacent

subcortical WM. There are occasional medullary veins imaged
orthogonal to the long axis of the OR. These appear as white
bands on R2* and HPF images (Figure A, F) and dark bands
on the dSWI and T2* PD-weighted images (Figure D, E) cutting
across the 5 bundles. 2) On the QSM and HPF phase images
(Figure C, F), the ESS is the darkest band. Often the ISS and TAP
cannot be identified clearly on these 2 images, and the medullary
veins appear bright. 3) On the PD map, the 5 layers (WM, ESS, ISS,
TAP, and WM) can be identified with the 3 OR bundles appearing
as “dark–bright–dark” bands in the images as “ESS–ISS–TAP.” The
adjacent subcortical WM is the 2 white bands outside the ESS and
lateral to the tapetum. 4) On the T1 map and pure-PD map images,

only the dark band representing ESS can
be seen. Finally, 5) the dSWI and T2*
PD-weighted images showed the best
contrast depicting all 5 layers (Figure D,
E). The dSWI provided the highest con-
trast between the 5 layers with the ESS
being highlighted because of the intrinsic
diamagnetic nature of the fiber bundles.

Our data show that tissues with the
highest PD have the highest T1, lowest
R2*, and susceptibility close to zero
(Table). On the other hand, the most
negative PD tissues (the ESS and tape-
tum) have the lowest T1, highest
R2*, and most negative susceptibility
(Table). Specifically, the WM had the
highest T1 of 864.36 23.4 (ms), the low-
est R2* of 20.16 1.3 (s�1), and a suscep-
tibility of �3.1 6 11.3ppb (effectively
zero). The 3 bundles of the ORs showed
relative PD about 0.911, T1 of about 784
ms, and R2* values of about 28/s. All of
these are significantly different from
WM (P, .001 for 1-way ANOVA fol-
lowed by the Tukey-Kramer post hoc
test).

DISCUSSION AND
CONCLUSIONS
In this work, the MR tissue properties
of the layers of the OR bundles and
the adjacent WM were quantitively

FIGURE. Example images used for evaluating the ORs from a representative case (a 32-year-old
woman). A, R2* map. B, T1 map. C, QSM. D, dSWI. E, T2*-PD-weighted image. F, HPF phase image.
The T2*-PD-weighted and dSWI show the best contrast for visualizing the ORs, in which the ESS
and TAP (black arrows 2 and 4) and the ISS (arrow 3) can be identified. In D and E, one can see 5
bundles: the outer WM layer (arrow 1), the ESS (arrow 2), the ISS (arrow 3), the TAP (arrow 4), and
the inner WM (arrow 5) layer. Also, for the T2*-PD-weighted (E), R2* (A), dSWI (D), and HPF phase
data (F), there is evidence of veins cutting across the 5 bundles (arrow 6).

Averaged results over all 10 participants showing the quantitative tissue properties of the 3 bundles of the ORs compared with ad-
jacent WM

R2* (1/s) QSM (ppb) Phase (SPU) T1 (ms) PDmap+ dSWI+ T2* PDW + Pure PD+

Mean 6 SD Mean 6 SD Mean 6 SD Mean 6 SD nMean 6 nSD nMean 6 nSD nMean 6 nSD nMean 6 nSD
WM 20.1 6 1.3 �3.1 6 11.3 32.1 6 26.8 864.3 6 23.4 1 1 1 1
ESS 29.8 6 1.6 �42.2 6 10.1 �158.9 6 32.8 780.3 6 23.3 0.889 6 0.017 0.725 6 0.034 0.841 6 0.022 0.928 6 0.023
ISS 26.5 6 1.6 �18.3 6 8.7 �39.6 6 28.5 791.2 6 25.7 0.925 6 0.017 0.859 6 0.031 0.89 6 0.023 0.958 6 0.024
TAP 27.2 6 1.7 �19.6 6 9.5 �57.3 6 32.1 779.4 6 22.4 0.919 6 0.018 0.834 6 0.031 0.878 6 0.024 0.954 6 0.024
WM 20.3 6 2.4 �0.8 6 12.1 22.1 6 42.4 870.6 6 37.9 0.988 6 0.024 0.99 6 0.04 1.005 6 0.035 0.998 6 0.027

Note:—The 1 sign indicates that these values were normalized to adjacent WM values. Mean and standard deviation (SD) are given for each structure and each image
type. The standard error of the mean can be obtained by dividing each SD by sqrt(10).
Phase is represented in Siemens phase units (SPU) ranging from �4096 to 4096 (�p to p radians). To convert phase to radians, multiply the phase value with p/4096.
nMean indicates normalized mean; nSD = normalized standard deviation; PDW, PD-weighted.
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analyzed using STAGE. We found that T1 and R2* for different
tissues behave as expected relative to water content with the highest
PD tissues having the highest T1, lowest R2* and close to zero sus-
ceptibility and the lowest PD tissues having the lowest T1 and high-
est R2*. As expected, the diamagnetic fiber tracts, especially the
ESS, which has the highest density of fibers, had the most negative
susceptibility. Using the T2*-PD-weighted image along with SWI
processing for diamagnetic structures, the best contrast was shown
for the dSWI data. Although the OR bundles have been difficult to
differentiate on conventional MR imaging, we have shown here
that SWI and dSWI can exquisitely delineate the separate layers of
the OR bundles based on their differences in susceptibility (Fig).8,9

Compared with its neighboring fiber bundles, the ESS is the
richest in myelin, demonstrating both the largest axons and thickest
myelin sheaths.9 It is usually the easiest to visualize, but the ISS and
TAP are often difficult to visualize. Not only does the diamagnetic
susceptibility of the ESS help enhance its contrast, but it can also be
used to predict the increase in R2*. Recent works have shown that
changes in R2* (1/s) are roughly one-eighth changes in susceptibil-
ity (given in parts per billion) at 3T.10 With a change of roughly
30ppb relative to WM in the ESS, this would predict a change of
roughly 4/s in R2*, very close to the 5/s seen in our data. One could
imagine using dSWI as a means to guide or constrain the fiber
tracking in diffusion tensor imaging for the ORs.11

There are several limitations to this study. First, the sample
size is small and does not capture the potential alterations in tis-
sue properties with age. Second, higher resolution imaging could
provide even better definition of the different layers of the ORs
but requires longer scanning time.

In summary, whereas STAGE is best suited to quantify the tissue
properties and delineate the OR bundles, dSWI provides high-con-
trast images of the ORs and the surrounding subcortical WM layers.
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