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ABSTRACT

BACKGROUND AND PURPOSE: Diffusion tensorimaging may reflect pathology of the optic nerve; however, the ability of DTl to evaluate
alterations of the optic nerve in retinitis pigmentosa has not yet been assessed, to our knowledge. The aim of this study was to investigate
the diagnostic potential of reduced FOV-DTI in optic neuropathy of retinitis pigmentosa at 3T.

MATERIALS AND METHODS: Thirty-eight patients and thirty-five healthy controls were enrolled in this study. Measures of visual field and
visual acuity of both eyes in all subjects were performed. A reduced FOV-DTI sequence was used to derive fractional anisotropy, apparent
diffusion coefficient, principal eigenvalue, and orthogonal eigenvalue of the individual optic nerves. Mean fractional anisotropy, ADC, and
eigenvalue maps were obtained for quantitative analysis. Further analyses were performed to determine the correlation of fractional
anisotropy, ADC, principal eigenvalue, and orthogonal eigenvalue with optic nerves in patients with mean deviation of the visual field and
visual acuity, respectively.

RESULTS: The optic nerves of patients with retinitis pigmentosa compared with control subjects showed significantly higher ADC,
principal eigenvalue, and orthogonal eigenvalue and significantly lower fractional anisotropy (P << .01). For patients with retinitis pigmen-
tosa, the mean deviation of the visual field of the optic nerve was significantly correlated with mean fractional anisotropy (r = 0.364, P =
.001) and orthogonal eigenvalue (r = —0.254, P = .029), but it was not correlated with mean ADC (P = .154) and principal eigenvalue (P =
.337). Moreover, no correlation between any DTI parameter and visual acuity in patients with retinitis pigmentosa was observed (P > .05).

CONCLUSIONS: Reduced FOV-DTI measurement of the optic nerve may serve as a biomarker of axonal and myelin damage in optic
neuropathy for patients with retinitis pigmentosa.

ABBREVIATIONS: FA = fractional anisotropy; A L = orthogonal eigenvalue; A// = principal eigenvalue; MDVF = mean deviation of the visual field; ON = optic

nerve; rFOV = reduced FOV; RP = retinitis pigmentosa; VA = visual acuity; VF = visual field

Retinitis pigmentosa (RP) is a common refractory visual dis-
ease and accounts for a large proportion of hereditary visual
impairment. It is characterized by the progressive death of rod
and cone photoreceptors, which leads to corresponding visual
field (VF) defects." As a heterogeneous group of inherited retinal
degenerative diseases,” RP displays extreme genetic heterogeneity.
More than 80 disease genes have been identified so far, 58 of which
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correspond to nonsyndromic RP.” Clinical features of RP include
night blindness, progressive loss of peripheral VFs, reduced or
nondetectable electroretinogram amplitudes, and characteristic
pigmentary degenerative changes of the retina.

Several studies observed that the retinal nerve fiber layer,
formed by expansion of optic nerve (ON) fibers, is significantly
thinner in patients with RP by using optical coherence tomogra-
phy,*” which reflects the changes of the ON in RP. Furthermore,
the occurrence of optic neuropathy in RP was confirmed by a
postmortem study that showed that total axon counts of the ON
were significantly decreased in patients with end-stage RP com-
pared with healthy controls.” However, in vivo diagnosis of optic
neuropathy in patients with RP remains challenging because con-
ventional MR imaging and ophthalmologic examinations often
fail to detect ON disease.

Recently, DTI has emerged as a noninvasive imaging method
with great potential to investigate the morphology and function of
the ON in vivo.”® However, there has been no study of DTT in
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FIG1. Non-diffusion-weighted (BO) image and FA, ADC, and eigenvector maps of DTI. Three ROls
are placed over each intraorbital nerve on the b=0 image (A). ROIs on the b=0-averaged image
(A) are then transferred onto the FA (B), ADC (C), and eigenvector (D) maps.

optic neuropathy of RP to date, especially reduced FOV-DTI
(rFOV-DTI) at 3T, which has the potential advantages of im-
proved signal-to-noise ratio and reduced susceptibility-related
artifacts over conventional DTI.>'° This study set out to investi-
gate the potential clinical utility of rTFOV-DTT in diagnosing optic
neuropathy in RP at 3T. Specifically, we hypothesized that quan-
titative tFOV-DTI might reveal the injury to the ON of RP, which
may be related to visual functions, including both VF and visual
acuity (VA).

MATERIALS AND METHODS
Subjects
Thirty-eight patients (24 males, 14 females; mean age, 37 years;
range, 6—62 years) with RP were recruited for this study from
August 2014 to September 2015 from Zhengzhou University Peo-
ple’s Hospital. No patient had any potentially contributory his-
tory of trauma, poisoning, or metabolic or autoimmune diseases.
Each patient underwent a complete ophthalmologic examination.
Diagnosis of RP was made according to the following criteria: 1) a
history of night blindness, with gradual loss of VA during the day;
2) progressive VF defects, from peripheral to central, leading to
typical tunnel vision; 3) typical fundus changes: optic disc pallor,
attenuated retinal arterioles, and peripheral intraretinal pigment
deposits in a bone-spicule configuration; and 4) abnormal find-
ings on electroretinography: moderately reduced or almost non-
detectable amplitudes of a- and b-waves and prolonged time in-
tervals from stimuli to peak rod or cone isolated responses.*>' '
Patients who had other ocular diseases, such as age-related mac-
ular degeneration, ischemic optic neuropathy, glaucoma, diabetic
retinopathy, and optic neuritis were excluded."”®

Thirty-five healthy volunteers (22 males, 13 females; mean
age, 36 years; range, 9—60 years) were enrolled as a control group.
All healthy volunteers completed formal ophthalmologic evalua-
tion, including VA and VF. No healthy volunteers had any oph-
thalmologic or neurologic disorders. The bilateral corrected VA
of healthy subjects was =0.8.

This study was approved by the local ethics committee, and all
subjects provided informed consent in writing in accordance with
the Declaration of Helsinki.

MR Imaging Protocol

A 3T whole-body scanner (Discovery
MR 750; GE Healthcare, Milwaukee,
Wisconsin) equipped with an 8-channel
head coil was used, and subjects were in-
structed to close their eyes and remain
still during the MR imaging study. Rou-
tine MR imaging of the brain and orbits
was performed to exclude intracranial
and intraorbital diseases. A 1-mm
isotropic-resolution anatomic 3D T1-
weighted acquisition based on a magne-
tization-prepared rapid acquisition of
gradient echo sequence was acquired.
For the rFOV-DTT acquisition, a diffu-
sion-weighted spin-echo single-shot
echo-planar imaging with a 2D excita-
tion pulse was used. Thirty noncollinear
diffusion directions with b=600 s/mm”
and a B0 image were acquired with the following parameters: TR =
1800 ms, TE = 90 ms, FOV = 16 X 8 cm?, matrix = 96 X 48, section
thickness = 2 mm with a 0-mm section gap, NEX = 6. The DTI
scanning plane was oriented approximately parallel to the ON with
the scanned volume from the infraorbital rim to the supraorbital rim.
The acquisition time of rFOV-DTI was 5 minutes 37 seconds.

MR Imaging Postprocessing

Postprocessing of rTFOV-DTI was performed by using FuncTool
software (GE Healthcare) on an ADW4.5 workstation (GE
Healthcare). Fractional anisotropy (FA), ADC, and eigenvector
maps were calculated on a pixel-by-pixel basis. Each ON was
manually segmented by 2 experienced neuroradiologists blinded
to the clinical conditions of the patient, on the basis of the section
of the BO images where the intraorbital nerve could be clearly
seen. To further reduce measurement errors, we manually drew 3
ROIs (each with an area of 2 mm?) at the level of intraorbital ON
on the BO image. ROIs were then transferred to the corrected FA,
ADC, and eigenvector maps (Fig 1). For each ON, mean FA,
ADC, principal eigenvalue (A// = A,), and orthogonal eigenvalue
[AL = (A, + A;)/2]"° were calculated. The routine orbital MR
images of patients with RP were reviewed by 2 experienced
neuroradiologists.

Ophthalmologic Examination

The Humphrey Visual Field Analyzer (Carl Zeiss Meditec, Dub-
lin, California) was used to assess the VF, and analysis was per-
formed while pupils were in natural state. Subjects were in-
structed to keep their eyes open and focus their vision on the
central target to the best of their ability. The threshold testing
program 30-2 was selected to detect central 30° VF with sighting
mark IIT and background 31.5asb. Results with fixation losses of
<20%, false-negatives of <33%, and false-positives of <15% were
considered reliable.'* The test was performed twice, and the more
reliable result was used for analysis, to reduce learning effects. The
data were only included in the study if reliable data were obtained in
repeat tests. The mean deviation of the visual field (MDVF) was ob-
tained for quantitative analysis. The best corrected VA was measured
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with the international standard VA chart and was converted to a
logarithm of minimum angle of resolution.

Statistical Analysis

Statistical analyses were performed by using SPSS 17.0 (IBM, Ar-
monk, New York). For DTI measurement, differences between
patients and controls and differences between right and left eyes
were both evaluated by using an independent-samples ¢ test and
paired ¢ test, respectively. Spearman rank correlations were calcu-
lated between DTI parameters (FA, ADC, A//, and A L) and visual
function (MDVF and VA) in patients with RP. Pvalues < .05 were
considered statistically significant.

RESULTS
Epidemiologic and pathologic information of all 38 patients and
35 controls are shown in Table 1. The results of orbital MR imag-
ing are shown in Fig 2, and no morphologic and signal-intensity
abnormality of the ONs in patients with RP was observed. All DTI
measurements from patients and controls are summarized in Ta-
ble 2. We made the following observations:

1) Mean FA from the right ONs in the patient group was lower
than that from homolateral nerves in the control group (P <
.001), and the mean FA from the left ONs in the patient group was

lower than that from the homolateral nerves in the control group
(P < .001).

2) Mean ADC from the right ONs in the patient group was
higher than that from the homolateral nerves in the control group
(P <.001), and mean ADC from the left ONs in the patient group
was higher than that from the homolateral nerves in the control
group (P < .001).

3) Mean A// from the right ONs in the patient group was
higher than that from the homolateral nerves in the control group
(P =0.003), and mean A// from the left ONs in the patient group
was higher than that from the homolateral nerves in the control
group (P = .001).

4) Mean AL from the right ONs in the patient group was
higher than that from the homolateral nerves in the control group
(P <.001), and mean A L from the left ONs in the patient group
was higher than that from the homolateral nerves in the control
group (P < .001).

5) All DTT parameters (FA, ADC, A/, A L) between the right
and left nerves in patients showed no significant differences (P >
.05).

DTI measurements of both right and left nerves of the patients
were compared with those of the controls (Fig 3). Significant cor-
relations between MDVF and mean FA (r = 0.364, P = .001) and
between MDVF and AL (r = —0.254,
P = .029) (Fig 4) were observed for pa-

Table 1: Epidemiologic and pathologic information of patients with RP and controls

Patients (n = 38) Controls (n = 35) P Value

Sex (male/female) 24:14 2213 979
Age (yr)? 37 £ 15 (6~62) 36 + 14 (9~60) 921
Eyes (Ng/N,) 76 (38:38) 70 (35:35) /
MDVF (dB)®

R —30.26 * 8.94 (—37.00~—4.68) —0.69 £0.98(—2.00~1.23) .000°

L —29.41 £ 9.73 (—35.68~—3.85) —0.54 =115(—2.71~145) .000°
VA (LogMAR)®

R 0.52 =+ 0.70 (0~2) —0.067 + 0.08 (—02~0.1)  .000°

L 0.52 = 0.68(0~2) —0.065 = 0.072 (—0.2~0.1) .000°

Note:—LogMAR indicates logarithm of minimal angle of resolution; Ng, number of right eyes; N, number of left eyes;
R, right eye; L, left eye; /, not available.

?Values are mean = SD (range).

5 Values from patient group are median * interquartile range (range), and values from control group are mean = SD (range).
< Significant difference is noted between patients and controls.

tients with RP, but no correlation between
MDVF and mean ADC (P = .154) or be-
tween MDVF and A// (P = .337) was seen.
Moreover, none of DTI parameters for
ONis in RP were correlated with VA (P >
05).

DISCUSSION

In this study, the use of rFOV-DTI for in
vivo characterization of ONs in patients
with RP has been investigated for the
first time. Routine orbital MR imaging
showed no morphologic and signal ab-

FIG 2. Routine orbital MR imaging of patients with RP together with DTI maps. Axial TIWI (A), axial fat-saturated T2WI (B), coronal fat-saturated
T2WI (C), and the corresponding FA (D), ADC (E), and eigenvector maps (F) of DTl in a 48-year-old patient with RP.
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Table 2: DTI parameter data® of patients with RP and controls

conventional excitation, is more advan-

Patients (n = 38)

Controls (n = 35)

FA
R 0.442 + 0.077 0.572 * 0.046
L 0.447 + 0.067 0.581 + 0.044
ADC (X10 >mm?s ™)
R 1367 = 0.250 1.099 = 0.166
L 1343 +0.218 1.068 = 0122
M/ (X710 mm?s )
R 5.548 * 0.288 5361+ 0.231
L 5.521 = 0.250 5333 £ 0191
AL (X710 mm?s )
R 4526 + 0.249 4.218 = 0146
L 4503 + 0.213 4187 * 0106

t Value PValue  tageous in alleviating several problem-
atic issues.”'>'>'” When we compared

—8.840 .000° the measurements of heathy subjects
—10.083 000° with those obtained by using conven-
5417 000° tional DTT as reported in past studies,
6.667 000° the mean FA and ADC were in agree-
ment (0.587 = 0.023, 0.928 £ 0.111 X

3.030 .003° 10 °>mm?s™"),”'® whereas discrepancy
3.609 001° existed in the mean A//and A L (0.874 =
651 000° 0.262 X 10 *mm?s ™, 2.088 * 0.136 X
8.041 000° 10 >mm?s~").”'? As expected, A// and

Note:—R indicates right eye; L, left eye.
?Values are mean = SD.

b Significant difference between patient nerves and control nerves as determined by using an independent-samples t test.

AL are subject to larger variance subse-
quent to different scan protocols and
hardware compared with ADC and
FA 7-9,18,19

FA measures the level of diffusion an-
isotropy and has been most widely used to
assess the integrity of white matter tracts.”

*% *k

*

I Gradualloss of retinal ganglion cells in pa-
tients with RP takes place with the pro-
- gressive death of photoreceptor cells, gov-
erned by the trans-synaptic neuronal
degeneration mechanism,**** and may
lead to axonal degeneration, axonal dis-
ruption or loss, and demyelination in
the ONs of patients with RP. In chronic
ON damage in RP, as the integrity of
axon and myelin is compromised, ON

M control right nerves
|  Bpatient right nerves
Ocontrol left nerves

M patient left nerves

I tissue is no longer tightly packed and
the widened interstitial space leads to

decreased levels of diffusion anisot-

FA ADC

ropy. This outcome explains the re-

FIG3. The DTl measures of both right and left ONs of patients are compared with corresponding
normal ONs of controls. Bar graphs of mean FA, ADC, principal eigenvalue, and orthogonal
eigenvalue averaged across the right and left optic nerves are shown in 38 patients with RP
compared with the homolateral optic nerves of 35 controls. The error bars denote the SDs across
subjects. The units of the ADC, A//, and AL measures are in X10 > mm? per second . The
asterisk indicates a significant difference compared with the homolateral nerves of controls

(*P < .01, **P < .001).

normality, whereas DTI measurements showed that mean ADC,
A//,and AL for ONs in patients with RP were higher than those of
controls, and mean FA was lower than that of controls. Hence,
rFOV-DTI measurements convey potentially useful information
in the diagnosis of optic neuropathy in RP. Furthermore, FA and
AL respectively decreased and increased with the reduced VF.
In vivo DTT of the ON is challenging in practice due to its
small dimension, which increases the vulnerability to motion and
magnetic susceptibility artifacts. The effect of the hyperintense
signal from surrounding orbital fat and CSF is also pro-
nounced.”®'*'> In our study, rFOV-DTI was achieved with 90°
2D echo-planar radiofrequency excitation followed by a refocus-
ing 180° pulse at 3T. This technique allows multisection imaging,
and contiguous sections using this method can be obtained with
no section gap as needed in zonal oblique multisection EPI."°
Also, the SNR does not depend on the number of sections because
neighboring sections are not significantly excited by the 2D exci-
tation pulse. Consequently, rFOV 2D excitation, compared with

duced FA for the ON in patients with
RP compared with controls. These re-
sults were similar to those reported in
glaucoma.®*’

VF loss in patients with RP has been
attributed to the death of photorecep-
tors.* With the death of photoreceptor
cells and following loss of retinal ganglion cells, optic neuropathy
of RP advances. VF defects may reflect ON damage in RP. The
significant correlation of the VF defect with FA reduction in pa-
tients with RP suggests that the reduced anisotropy is of func-
tional relevance and may reflect axonal disruption or loss and
demyelination. A previous study by Khong et al** showed that
ADC was not as sensitive as FA for the assessment of neural tissue
degeneration. This finding may explain ADC values for ONsin RP
being higher than those in controls and not correlating with VF in
our study. Another study”” in glaucoma also suggested that FA is
more sensitive than ADC in assessing ON damage.

The A// and AL, as the biomarkers for the integrity of axons
and myelin respectively, are commonly used to gather pathologic
information of ON disease.'>*** In this study, both A// and A L
values for ONs in patients with RP were observed to be higher
than those of controls; this finding likely indicates that axon and
myelin injury might be linked. Because optic neuropathy in RP is
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FIG 4. Correlation of DTl data with visual function. Plot of FA and
orthogonal eigenvalue versus mean deviation of the visual field, re-
spectively, averaged across the pixels inside the ROIs along the optic
nerves of 38 patients with RP (76 affected eyes).

the result of gradual loss of retinal ganglion cells, axonal degener-
ation in the ON rather than demyelination might be the leading
consequence of ON damage in patients with RP. However, our
study showed that there was a significant correlation of A L with
VF, but no correlation of A// with VF in patients with RP. In
general, in patients with RP, there is a delay between pathologic
changes and clinically evident symptoms.'" Consequently, pa-
tients with RP diagnosed by typical symptoms in our study were
likely manifesting a chronic stage of ON damage. A previous
study”” revealed that A// becomes less informative as pathologic
conditions of the human central nervous system progress from
acute to chronic. Hence, changes of A// in patients compared with
controls were detected, but no correlation of A// with visual func-
tion was seen, which was similar to the observation in our previ-
ous study in glaucoma.?

A previous study by Ohno et al' using DTI showed correlation
of FA in the optic radiation with VA but not with VF; in this study,
results from rFOV-DTI showed correlation between FA for ONs
and VF, but no statistically significant correlation was observed
for any other parameters. This might be attributed to the patho-
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logic difference between the ON and optic radiation in patients
with RP, and further studies are needed to better understand the
trans-synaptic degeneration mechanism in RP.

There are several limitations to this study. First, there is a lack
of correlation analysis between DTI measurements and the dis-
ease time course of RP, which could be an important factor in the
damage of ONs. Only the age of onset of symptoms in RP was
obtained, which is an imprecise measure of disease severity and
gives little or no indication of the time point when photoreceptor
degeneration actually began."' Second, suppression of CSF was
not performed, and the hyperintense signal may obscure signal
changes of the ON and lead to potential underestimation of dif-
fusion anisotropy measures such as FA.?® However, the consis-
tency of measurements such as FA with those obtained by using
acquisitions with both fat and CSF suppression'® supports the
validity of the results. Third, the relatively long scan time (5 min-
utes 37 seconds) may still limit the clinical use of this technique,
given the susceptibility to motion.

CONCLUSIONS

The present study demonstrated that rFOV-DTI measurements
of the ON may reflect pathologic conditions in patients with RP
and may serve as a biomarker of axonal and myelin damage in the
optic neuropathy of RP. The use of rFOV-DTI in optic neuropa-
thy of RP may allow early assessment of the status of the ON in this
patient group. The alterations of ON reflected in rFOV-DTI mea-
surements would also be valuable for assessing treatment trials in
patients with RP.
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