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Purpose: To evaluate the impact of surgery on the optic pathway of patients with intra- or parasellar mass
lesions, as evidenced by readout-segmented DTI.
Materials and methods: Twenty-four patients with intra- or parasellar mass lesions were included in the
study. Readout-segmented DTI and T2WI were obtained before and after surgery. The ROIs were set on the
optic chiasm as well as the anterior and posterior optic tracts. For each ROI, axial diffusivity (AD), radial
diffusivity (RD), fractional anisotropy (FA), and ADC values were calculated. DTI parameters in
preoperative studies of all patients were compared and related to the presence of tumor compression.
In patients who underwent surgery, pre- and postoperative DTI parameters were compared. The
correlation between DTI parameters and visual function was determined.
Results: In the preoperative studies, the optic chiasm of patients with tumor compression showed
significant lower AD and RD values. The optic chiasm of patients with visual field disorder showed
significantly lower AD and RD values compared to patients without the disorder. There was a negative
correlation with a trend toward significance between FA values and visual field disorder scores. The
comparative analysis of patients in pre- and postoperative studies showed that the optic chiasm of patients
with tumor compression presented a significant lower FA (0.41 versus 0.30, p = 0.0068) and higher RD
values after surgery.
Conclusions: DTI is a useful tool to assess the impact of surgery on the optic chiasm and nerve.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The evaluation of visual function is important for the clinical
management of patients with intra- or parasellar mass lesion.
Compression of the optic nerve and chiasm due to pituitary mass
lesions often leads to impaired visual function. The evaluation and
prognosis of visual function is important for patient management
and previous studies investigated predictive factors of visual
function. [1,2] A number of studies have reported on the MR findings
of the optic nerves in the context of diseases [3–5]. Tokumaru et al.
reported that signal hyperintensity of the optic nerves ventral to the
pituitary macroadenoma was associated with visual acuity impair-
ment [3]. Several studies suggested the use of new techniques such

as extended echo-train acquisition fluid-attenuated inversion recov-
ery and contrast-material-enhanced fast imaging employing stea-
dy-state acquisition [4,5].

Variations in the DTI parameters of the optic pathway, resulting
from compressive mass lesion, may be a useful marker for the
prognosis of visual function. DTI allows the noninvasive examination
of fine anatomical structures. The diffusion parameters such as
fractional anisotropy (FA), axial diffusivity (AD) and radial diffusivity
(RD) obtained using DTI, may reflect properties such as myelination
and axonal density [6]. Previous studies have reported that
variations in DTI parameters could reflect the presence of intracra-
nial mass lesions due to compression or degeneration [7–10].
Evaluation of the optic pathway using DTI may thus be useful for
the assessment of patients with intra- or parasellar mass lesions.
Anik et al., in particular, reported that reduced FA and elevatedmean
diffusivity of the optic nerve after endoscopic pituitary surgery were
associated with the absence of visual improvement [11].

Few DTI studies have investigated the optic chiasm because the
use of single shot echo planar imaging suffers from strong image
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distortion and T2*-induced blurring [12]. On the other hand,
readout-segmented echo-planar imaging reduces distortion and
accomplishes higher spatial resolution than single shot echo-planar
imaging [13–17]. The accurate evaluation of fine structures, such as
the optic pathway, by readout-segmented DTI is thus expected.

We hypothesized that the compression resulting from intra- or
parasellar mass lesion causes variations in the DTI parameters of the
optic chiasm. To test this hypothesis, we examined the DTI
parameters of the optic pathway on pre- and postoperative DTI of
patients with intra- or parasellar mass lesion.

Fig. 1. ROI delineation on T2WI maps, and DTI images (ADC maps and mean DWI) on the corresponding slices. Color ROIs are drawn on (a) the anterior optic tracts, (b) the optic
chiasm and (c) the posterior optic tracts.
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2. Materials and methods

2.1. Subjects

Study protocols were approved by the local ethics committee and
written informed consent was waived in the retrospective study.

Subjects included 24 consecutive patients (7 male and 17 female,
mean age of 60 years, ranging from 25 to 77 years) presenting intra-
or parasellar mass lesion (pituitary adenoma, 17 patients; cranio-
pharyngioma, 1 patient; meningioma, 1 patient; Rathke's cleft cyst, 1
patient; pituitary apoplexy, 1 patient; undiagnosed, 3 patients)
between 2011 and 2014. Sixteen patients of subjects underwent
surgery and 12 patients additionally underwent postoperative DTI.

For each patient, the time of onset, best-corrected visual acuity
and visual field scores were recorded before and after surgery.
Best-corrected visual acuity was examined by orthoptists using the
Landolt C-ring test and the visual field was assessed using the
Humphrey visual field analyzer. Visual field disorder was scored
from 0 to 8 by the ratio of disorder in visual field. For example
bitemporal hemianopia was scored 4. In the case of patients who
underwent postoperative DTI, we also confirmed interval between
surgery and postoperative DTI. With regard to outcomes of the
surgery, we defined “deteriorated” as one or more increase of visual
field disorder score, or 0.1 ormore reduction of visual acuity of either
eye. “Improved”was defined as one or more reduction of visual field
disorder score, or 0.1 or more increase of visual acuity of either eye
without deterioration. “Stable” was defined when neither holds.

Based on the presence or absence of compressive mass lesion on
the optic nerve and postsurgical DTI, the patients were divided into
four subgroups. Groups 1 and 2 included the patients with and
without compressive mass lesion, respectively. Group A included the
patients who underwent postoperative DTI while group B did not.
For example, the subgroup of patients with compressive mass lesion
and postoperative DTI was coined group 1A.

2.2. Data acquisition

DTI was performed using a 3 TMR imaging scanner (MAGNETOM
Trio, A Tim System, Siemens Healthcare, Erlangen, Germany),
Version B17 equipped with a 32-channel head coil.

The enrolled subjects were examined by a readout-segmented
EPI sequences (RESOLVE) with 2D navigator-based reacquisition
and parallel imaging. [15] Coronal DTI covering the sella turcica
was performed. The following parameters were used: TR =
5000 ms ; TE = 64 ms ; ma t r i x = 200 × 200 ; FOV =
220 mm × 220 mm; pixel size =1.1 mm × 1.1 mm; slices =25;
readout segments =15; echo spacing =0.32 ms; scan time =
17 min; and slice thickness = 3.0 mmwithout gap. The DTI protocol
was performed with b = 0 and b = 1000 s/mm2 in 12 motion
probing gradient directions.

On the same FOV, T2weighted images were acquired on the same
slices to allow comparisonwith DTI. The parameters were as follows:
TR = 3280 ms; TE = 75 ms; matrix =372 × 448; FOV =
183 mm × 220 mm; pixel size =0.49 mm × 0.49 mm; and slice
thickness = 3.0 mm without gap.

2.3. DTI calculation

DTI analyses were performed using DTIstudio software version
3.0.3 (H. Jiang, S. Mori; Department of Radiology, Johns Hopkins
University). AD, RD, FA, ADC images were calculated. Matrix and FOV
of T2 weighted images were adjusted to those of DTI by DiffeoMap
version 1.8.

2.4. ROI analysis

Manual ROIs were drawn by a neuroradiologist (Y. H., 9 years of
experience). Both readout-segmented DTI and T2WI were obtained
with the same FOV and position, so we used T2WI for ROI setting.

Table 1
Demographic and clinical characteristics of patient cohort.

Case
no.

Age,
sex

Visual field
disorder (Score)

Visual acuity
disorder

Operation Diagnosis Compression on
preoperative MRI

Postoperative
image

Decompression on
postoperative DTI

Postoperative
visual function

1 62, M 0 + Hardy Pituitary adenoma − + Stable
2 67, F 0 Hardy Pituitary adenoma − + Stable
3 85, M 2 + Hardy Pituitary adenoma + Deteriorated
4 51, M 1 Hardy Pituitary adenoma + + + Deteriorated
5 64, F 6 + – Undiagnosed +
6 43, M 0 Hardy Pituitary adenoma + Stable
7 53, F 3 + Craniotomy meningioma + improved
8 69, F 0 – s/o Pituitary adenoma −
9 60, F 4 + – s/o Rathke cleft cyst +
10 69, F 4 Craniotomy Pituitary adenoma + + − Improved
11 70, F 0 – Undiagnosed −
12 62, F 2 Hardy Pituitary adenoma + + + Improved
13 57, M 2 – s/o Pituitary adenoma +
14 77, F 4 + Hardy Craniopharyngioma + + − Improved
15 63, F 1 + Hardy Pituitary adenoma − + Improved
16 67, F 4 – s/o Pituitary adenoma −
17 25, F 0 Hardy Pituitary adenoma − + NA
18 57, F 4 Hardy Pituitary adenoma + Improved
19 66, F 2 Hardy Pituitary adenoma + + + Improved
20 61, M 2 Hardy Pituitary adenoma + + + Stable
21 45, F 4 + Hardy Pituitary adenoma + + + Improved
22 57, F 0 – Undiagnosed +
23 59, M 2 – Undiagnosed +
24 45, F 1 + Hardy s/o Pituitary adenoma (undiagnosed

by pathological examination)
+ + + Improved

NA: not available.
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Fig. 2. Scatter diagrams showing the DTI parameters of the optic chiasm. The diagrams (i) show the comparison between preoperative DTI parameters of patients with versus
without tumor compression. The diagrams (ii) show comparison between the pre- and postoperative DTI examination of patients who underwent surgery. Diagrams
with asterisk showed significant difference. The diagrams (iii) show comparison between the pre- and postoperative DTI examination of patients who achieved decompression
after surgery.
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ROIs were set at the optic chiasm on two consecutive slices and the
anterior and posterior optic tracts on each one slice. In the case of
patients with compressive mass lesions, ROIs were set on the optic
chiasm at the site compressed by the mass lesion. Fig. 1 shows an
example of ROI delineation and DTI images. ROIs set on T2 weighted
images were overlaid onto DTI parameter images.

AD, RD, FA and ADC values were calculated for each ROI.
Preoperative DTI parameters found in group 2were taken as reference
value and compared with those obtained in previous studies.

Comparison of DTI parameters between groups 1 and 2 was
performed in preoperative studies, as well as between pre- and
postoperative studies, on the optic chiasm, the anterior optic nerve
and the posterior optic tracts. To compare the DTI parameters pre-
versus postoperative studies, we compared the DTI parameters of
pre- versus postoperative images of patients of each group 1A and 2A
by Student's paired t-test.

Correlation analysis by using the Pearson correlation coefficient
was performed between the DTI parameters and the visual
function scores, which included the visual acuity and the visual
field disorder scores.

2.5. Statistical analysis

In all comparisons, p values b0.05 were considered statistically
significant (2-tailed). Statistical analysis was performed using the
JMP soft package (ver 8.0.2 SAS Institute. Cary, NC, USA).

3. Results

Details of the demographic characteristics of the enrolled patients
are summarized in Table 1. Readout-segmented DTI of all 24 patients

were successfully performed. The duration from onset to preoper-
ative DTI ranged from about 1 month to 17 months. A total of 16
patients underwent surgery (Hardy operation, 14; craniotomy, 2)
while the other 8 patients did not. In addition, 12 of these 16 patients
underwent additional postoperative DTI. The interval from surgery
to postoperative DTI ranged from 3 to 35 days (average 10.6 ±
8.9 days). Seventeen of the patients presented compressive mass
lesion on the optic pathway, and 8 of these patients underwent
postoperative DTI. The DTI examination showed that compression
had been removed in 6 patients but remained in the other 2.

Of all the subjects involved, 9 patients had low scores in
best-corrected visual acuity (either visual acuity b0.3) while 15
patients did not present any visual acuity disorder. Visual field
disorder was observed in 17 patients while the other 7 did not. In the
group of 8 patients who underwent postoperative MR and presented
compression on the optic chiasm, 6 of them achieved decompression
after surgery. Visual function was improved in 4 of these patients.

3.1. ROI analysis

Results obtained from the ROI analysis are shown in Fig. 2. The
mean AD, RD, FA, and ADC values of the optic chiasm, in group 2,
were 2.4 μm2/ms, 1.6 μm2/ms, 0.31, and 1.6 μm2/ms, respectively.
For the purpose of comparison, the respective values reported in
previous studies are summarized in Table 2. [18–26].

In preoperative DTI studies, the optic chiasm of patients in group
1 showed significantly lower mean AD, RD and ADC values than
those of patients in group 2 [Fig. 2(i)]. When we performed a
correlation analysis between the DTI parameters and the visual field
disorder scores, we found a negative correlation with a trend toward
statistical significance between the FA values and the visual field

}

Fig. 2 (continued).
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disorder scores (r = −0.44, p = 0.07)[Fig. 3]. The optic chiasm of
patients with visual field disorder showed significantly lower AD and
RD values than those without the disorder, whereas the FA and ADC
parameters showed no significant difference. When comparing
patients with visual acuity disorder and those without the disorder,
none of the DTI parameters showed any significant difference. The
DTI parameters of the anterior and posterior optic tracts did not
show any significant difference between groups 1 and 2.

Using a paired t-test to compare between pre- and postoperative
DTI of the 12 patients in group A, we found no significant difference
in the DTI parameter on the optic chiasm and anterior and posterior
optic tracts [Fig. 2(ii)].We then compared the pre- and postoperative
DTI parameters of the 6 patients who presented decompression after
surgery. In the latter patients, the optic chiasm showed a significant
lower FA (p = 0.018) and higher RD (p = 0.020) than preoperative
DTI [Fig. 2(iii)]. The FA value was reduced on the optic chiasm of all
the patients (group 1A) who presented decompression, regardless of
visual improvement. Significantly higher AD, RD and lower FA values
were observed upon postoperative DTI examination of the 5 patients
in group 1A, who presented tumor decompression and no visual
deterioration. Of the 4 patients presenting no compression, there
was no significant difference between pre- and postoperative DTI.
The DTI parameters of the anterior and posterior optic tracts showed
no significant difference in any of the comparative analyses above.
Fig. 4 shows DTI-derived maps for an exemplary case of pre- and
postoperative results.

4. Discussion

In the present study, we revealed that, when using read-
out-segmented DTI, the FA values of the optic chiasm in patients
with tumor compression decreased following surgery. When
compared to preoperative values in patients with and without
tumor compression, significant differences were observed in the AD
and RD values. The optic chiasm of patients with visual field disorder
presented significantly lower AD and RD values than patients
without the disorder.

4.1. Effects on the optic nerve by compression

Tumor compression often causes invasive changes such as
demyelination, axonal loss, cell/tissue degeneration, gliosis, and so
on. These invasive changes are expected to cause a reduction in FA
values. On the other hand, previous studies reported that the
displacement of white matter by a brain tumor mass resulted in
higher FA values [8,9]. Edema-like changes related to the distension
of normally present large Virchow-Robin spaces, adjacent to the
optic tract, may also have an effect on DTI parameters [27,28]. In the
present study, surgical intervention caused a reduction in the FA
values of the optic chiasm in patients presenting tumor compression.

On the other hand, preoperative DTI conducted in patients with
tumor compression showed significantly lower AD and RD values. In
the present study, there was at least a one-month interval between
the onset of disease and the preoperative DTI. As such, variations in
the AD and RD values may reflect relatively long-term changes in the
optic chiasm, starting from the occurrence of the tumor to its
treatment. In a previous study, involving indirect traumatic optic
neuropathy patients, the injured nerves showed a progressive
decrease in mean FA values, and a progressive increasing in mean
RD values. [29] These results differed from those of the present
study. These differences may be explained in that these authors
examined the indirect effects of contusive injury while our study
investigated the direct effects in DTI parameters due to compression.
Lower AD and RD values in patients with visual field disorder may
thus reflect the effects of compression on the optic chiasm.

Hydrocephalus may also result in compression of the brain tissue.
A prior study has shown that FA values were increased in patients
presenting chronic hydrocephalus [30]. In our study, the preoper-
ative FA value of the optic chiasm did not show a significant change.
This suggests that, in hydrocephalus patients, the mechanisms
leading to the variations in DTI parameters are different from
those associated with compression.

4.2. Differences in the DTI parameters of the optic nerve in comparison
to previous studies

The DTI parameters of the optic nerve of patients without
compression are regarded normal. However, in the present study,
the DTI parameters of patientswithout compression showed lower FA,
and higher AD, RD and ADC values compared to previous studies [18–
26]. These differencesmay be due to a number of determinants such as
the partial volume effect of the surrounding CSF, the different ROI
positions, signal-to-noise ratio, imaging orientations, spatial resolu-
tion, and CSF/fat suppression ratios as previously reported study. [24].

4.3. Effects of surgical decompression

In a previous study, the optic tracts of totally responded patients
showed a higher increase in FA values while reduction in the mean
diffusivity was observed on preoperative images. Postoperatively,
the percentage of increase in themean FA values of the affected areas
was higher in totally or partial responding patients. [11] Our results

Table 2
DTI parameters of the optic nerve in the present study compared to previous reports.

AD
(μm2/ms)

RD
(μm2/ms)

FA ADC
(μm2/ms)

Present study 2.44 1.55 0.31 1.58
Iwasawa et al. [18] NA NA NA 1.56
Wheeler-Kingshott et al. [19] NA NA NA 1.06
Vinogradov et al. [20] NA NA 0.6–0.8 0.5–0.8
Chabert et al. [21] 1.78 0.76 0.49 NA
Wheeler-Kingshott et al. [22] 2.10 0.86 0.61 NA
Trip et al. [23] 2.09 0.63 0.67 NA
Xu et al. [24] 1.66 0.81 0.46 NA
Sarlls et al [25] NA NA 0.57 NA
Smith et al. [26] ≈1.5 ≈0.6 ≈0.6 NA

NA: not available.

Fig. 3. A negative correlation with a trend toward statistical significance found
between the FA values and the visual field disorder scores.
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differ from those of a previous study, and this may be explained by
the time interval between surgery and DTI examination. On the other
hand, in a distinct DTI study of the arcuate fasciculus with tumor
compression, the postoperative relative FA value of responding
patients was decreased [10]. As such, the decrease in FA values
observed in postoperative patients presenting tumor compression is
supposed to reflect the changes resulting from surgical decompres-
sion. In the present study, the AD value was elevated in the
postoperative DTI of patients with no visual deterioration. These
results are consistent with a previous study showing that a reduction
in AD values correlated with the extent of axonal loss and that a
persistent AD reduction over a period of 3 months predicted poorer
visual outcomes [31]. Therefore AD values may be a feasible marker
for visual prognosis.

4.4. Readout-segmented DTI

In the present study, we used a readout-segmented DTI method
developed by Porter and Mueller [13]. Readout-segmented DTI
allows much higher spatial resolution with little distortion and
blurring, compared to single-shot-DTI. It also allows determination
of the DTI parameters of the fine structures of the brain such as the
optic pathway [14,16]. The main drawback in using high-resolution
readout-segmented DTI is the length of the acquisition time. That
said, recent studies reported the possibility to reduce the scanning
time of diffusion MRI applications [32–34].

A number of limitations should be considered in the present
study. First, the patient sample size is small. Secondly, the ROIs were
small and may have included contamination from the surrounding

structures. Thirdly, the results were not classified by degree of
improvement in visual function.

5. Conclusions

DTI is a useful tool to detect the impact of surgery on the optic
tracts. In particular, variations in DTI parameters are good indicators
for the clinical management of intra- or parasellar mass lesions.

Acknowledgments

We would like to thank Katsutoshi Murata from Siemens-Japan
K.K. for his assistance.

References

[1] Monteiro ML, Zambon BK, Cunha LP. Predictive factors for the development of
visual loss in patients with pituitary macroadenomas and for visual recovery
after optic pathway decompression. Can J Ophthalmol 2010;45:404–8.

[2] Barzaghi LR, Medone M, Losa M, Bianchi S, Giovanelli M, Mortini P. Prognostic
factors of visual field improvement after trans-sphenoidal approach for pituitary
macroadenomas: review of the literature and analysis by quantitative method.
Neurosurg Rev 2012;35:369–78 [discussion 378-369].

[3] Tokumaru AM, Sakata I, Terada H, Kosuda S, Nawashiro H, Yoshii M. Optic nerve
hyperintensity on T2-weighted images among patients with pituitary macro-
adenoma: correlation with visual impairment. AJNR Am J Neuroradiol 2006;27:
250–4.

[4] Aiken AH, Mukherjee P, Green AJ, Glastonbury CM. MR imaging of optic
neuropathy with extended echo-train acquisition fluid-attenuated inversion
recovery. AJNR Am J Neuroradiol 2011;32:301–5.

[5] Watanabe K, Kakeda S, Yamamoto J, Watanabe R, Nishimura J, Ohnari N, et al.
Delineation of optic nerves and chiasm in close proximity to large suprasellar
tumors with contrast-enhanced FIESTAMR imaging. Radiology 2012;264:852–8.

Fig. 4.DTI-derived maps for (i) pre- and (ii) postoperative results of a patient with pituitary adenoma that showed improvement of visual field disorder after Hardy operation. (a)
T2WI. (b) Mean DWI. (c) ADC maps.

660 H. Yamada et al. / Magnetic Resonance Imaging 34 (2016) 654–661

http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0005
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0005
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0005
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0010
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0010
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0010
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0010
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0015
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0015
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0015
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0015
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0020
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0020
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0020
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0025
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0025
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0025


[6] Song SK, Yoshino J, Le TQ, Lin SJ, Sun SW, Cross AH, et al. Demyelination increases
radial diffusivity in corpus callosum of mouse brain. Neuroimage 2005;26:
132–40.

[7] Wieshmann UC, Symms MR, Parker GJ, Clark CA, Lemieux L, Barker GJ, et al.
Diffusion tensor imaging demonstrates deviation of fibres in normal appearing
white matter adjacent to a brain tumour. J Neurol Neurosurg Psychiatry 2000;
68:501–3.

[8] Schonberg T, Pianka P, Hendler T, Pasternak O, Assaf Y. Characterization of
displaced white matter by brain tumors using combined DTI and fMRI.
Neuroimage 2006;30:1100–11.

[9] Osuka S, Matsushita A, Ishikawa E, Saotome K, Yamamoto T, Marushima A, et al.
Elevated diffusion anisotropy in gray matter and the degree of brain
compression. J Neurosurg 2012;117:363–71.

[10] Kinoshita M, Nakada M, Okita H, Hamada J, Hayashi Y. Predictive value of
fractional anisotropy of the arcuate fasciculus for the functional recovery of
language after brain tumor resection: a preliminary study. Clin Neurol
Neurosurg 2014;117:45–50.

[11] Anik I, Anik Y, Koc K, Ceylan S, Genc H, Altintas O, et al. Evaluation of early visual
recovery in pituitary macroadenomas after endoscopic endonasal transphenoi-
dal surgery: quantitative assessment with diffusion tensor imaging (DTI). Acta
Neurochir 2011;153:831–42.

[12] Yiping L, Hui L, Kun Z, Daoying G, Bo Y. Diffusion-weighted imaging of the sellar
region: a comparison study of BLADE and single-shot echo planar imaging
sequences. Eur J Radiol 2014;83:1239–44.

[13] Porter DA, Mueller E. Multi-shot diffusion-weighted EPI with readout mosaic
segmentation and 2D navigator correction. in proceedings of the 12th annual
meeting of ISMRM, Kyoto, Japan; 2004. p. 442.

[14] Iima M, Yamamoto A, Brion V, Okada T, Kanagaki M, Togashi K, et al. Reduced-
distortion diffusion MRI of the craniovertebral junction. AJNR Am J Neuroradiol
2012.

[15] Porter DA, Heidemann RM. High resolution diffusion-weighted imaging using
readout-segmented echo-planar imaging, parallel imaging and a two-dimen-
sional navigator-based reacquisition. Magn Reson Med 2009;62:468–75.

[16] Koyasu S, IimaM, Umeoka S, Morisawa N, Porter DA, Ito J, et al. The clinical utility
of reduced-distortion readout-segmented echo-planar imaging in the head and
neck region: initial experience. Eur Radiol 2014.

[17] Yamada H, Yamamoto A, Okada T, Kanagaki M, Fushimi Y, Mehemed TM, et al.
Diffusion tensor imaging analysis of optic radiation using readout-segmented
echo-planar imaging. Surg Radiol Anat 2014.

[18] Iwasawa T, Matoba H, Ogi A, Kurihara H, Saito K, Yoshida T, et al. Diffusion-
weighted imaging of the human optic nerve: a new approach to evaluate optic
neuritis in multiple sclerosis. Magn Reson Med 1997;38:484–91.

[19] Wheeler-Kingshott CA, Parker GJ, Symms MR, Hickman SJ, Tofts PS, Miller DH,
et al. ADC mapping of the human optic nerve: increased resolution, coverage,
and reliability with CSF-suppressed ZOOM-EPI. Magn Reson Med 2002;47:
24–31.

[20] Vinogradov E, Degenhardt A, Smith D, Marquis R, Vartanian TK, Kinkel P, et al.
High-resolution anatomic, diffusion tensor, andmagnetization transfer magnetic
resonance imaging of the optic chiasm at 3 T. J Magn Reson Imaging 2005;22:
302–6.

[21] Chabert S, Molko N, Cointepas Y, Le Roux P, Le Bihan D. Diffusion tensor imaging
of the human optic nerve using a non-CPMG fast spin echo sequence. J Magn
Reson Imaging 2005;22:307–10.

[22] Wheeler-Kingshott CA, Trip SA, Symms MR, Parker GJ, Barker GJ, Miller DH. In
vivo diffusion tensor imaging of the human optic nerve: pilot study in normal
controls. Magn Reson Med 2006;56:446–51.

[23] Trip SA, Wheeler-Kingshott C, Jones SJ, Li WY, Barker GJ, Thompson AJ, et al. Optic
nerve diffusion tensor imaging in optic neuritis. Neuroimage 2006;30:498–505.

[24] Xu J, Sun SW, Naismith RT, Snyder AZ, Cross AH, Song SK. Assessing optic nerve
pathology with diffusion MRI: from mouse to human. NMR Biomed 2008;21:
928–40.

[25] Sarlls JE, Pierpaoli C. In vivo diffusion tensor imaging of the human optic chiasm
at sub-millimeter resolution. Neuroimage 2009;47:1244–51.

[26] Smith SA, Williams ZR, Ratchford JN, Newsome SD, Farrell SK, Farrell JA, et al.
Diffusion tensor imaging of the optic nerve inmultiple sclerosis: associationwith
retinal damage and visual disability. AJNR Am J Neuroradiol 2011;32:1662–8.

[27] Saeki N, Uchino Y, Murai H, Kubota M, Isobe K, Uno T, et al. MR imaging study of
edema-like change along the optic tract in patients with pituitary region tumors.
AJNR Am J Neuroradiol 2003;24:336–42.

[28] Saeki N, Nagai Y, Matsuura I, Uchino Y, Kubota M, Murai H, et al. Histologic
characteristics of normal perivascular spaces along the optic tract: new
pathogenetic mechanism for edema in tumors in the pituitary region. AJNR
Am J Neuroradiol 2004;25:1218–22.

[29] Li J, Shi W, Li M, Wang Z, He H, Xian J, et al. Time-dependent diffusion tensor
changes of optic nerve in patients with indirect traumatic optic neuropathy. Acta
Radiol 2014;55:855–63.

[30] Osuka S, Matsushita A, Yamamoto T, Saotome K, Isobe T, Nagatomo Y, et al.
Evaluation of ventriculomegaly using diffusion tensor imaging: correlations with
chronic hydrocephalus and atrophy. J Neurosurg 2010;112:832–9.

[31] van der Walt A, Kolbe SC, Wang YE, Klistorner A, Shuey N, Ahmadi G, et al. Optic
nerve diffusion tensor imaging after acute optic neuritis predicts axonal and
visual outcomes. PLoS One 2013;8:e83825. http://dx.doi.org/10.1371/journal.
pone.0083825.

[32] Frost R, Porter DA, Miller KL, Jezzard P. Implementation and assessment of
diffusion-weighted partial fourier readout-segmented echo-planar imaging.
Magn Reson Med 2011.

[33] Reishofer G, Koschutnig K, Langkammer C, Porter D, Jehna M, Enzinger C, et al.
Time-optimized high-resolution readout-segmented diffusion tensor imaging.
PLoS One 2013;8:e74156. http://dx.doi.org/10.1371/journal.pone.0074156.

[34] Frost R, Jezzard P, Douaud G, Clare S, Porter DA, Miller KL. Scan time reduction for
readout-segmented EPI using simultaneous multislice acceleration: diffusion-
weighted imaging at 3 and 7 Tesla. Magn Reson Med 2014.

661H. Yamada et al. / Magnetic Resonance Imaging 34 (2016) 654–661

http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0030
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0030
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0030
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0035
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0035
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0035
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0035
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0040
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0040
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0040
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0045
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0045
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0045
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0050
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0050
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0050
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0050
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0055
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0055
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0055
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0055
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0060
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0060
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0060
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0065
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0065
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0065
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0070
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0070
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0070
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0075
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0075
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0075
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0080
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0080
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0080
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0085
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0085
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0085
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0090
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0090
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0090
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0095
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0095
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0095
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0095
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0100
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0100
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0100
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0100
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0105
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0105
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0105
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0110
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0110
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0110
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0115
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0115
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0120
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0120
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0120
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0125
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0125
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0130
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0130
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0130
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0135
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0135
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0135
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0140
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0140
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0140
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0140
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0145
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0145
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0145
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0150
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0150
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0150
http://dx.doi.org/10.1371/journal.pone.0083825
http://dx.doi.org/10.1371/journal.pone.0083825
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0160
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0160
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0160
http://dx.doi.org/10.1371/journal.pone.0074156
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0170
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0170
http://refhub.elsevier.com/S0730-725X(16)00010-2/rf0170

	Diffusion tensor imaging of the optic chiasm in patients with intra- or parasellar tumor using readout-segmented echo-planar
	1. Introduction
	2. Materials and methods
	2.1. Subjects
	2.2. Data acquisition
	2.3. DTI calculation
	2.4. ROI analysis
	2.5. Statistical analysis

	3. Results
	3.1. ROI analysis

	4. Discussion
	4.1. Effects on the optic nerve by compression
	4.2. Differences in the DTI parameters of the optic nerve in comparison to previous studies
	4.3. Effects of surgical decompression
	4.4. Readout-segmented DTI

	5. Conclusions
	Acknowledgments
	References




