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ABSTRACT

Background Superficial siderosis (SS) results from
chronic bleeding in the subarachnoid space. SS can be
classified as infratentorial SS (i-SS) and supratento-
rial SS (s-SS). The cochlear modiolus (CM) normally
shows low signal intensity (SI) on Tl-weighted images
(TTWI). We noticed persistently high SI of the CM on
unenhanced thin-sliced TIWI in patients with i-SS. The
purpose of this study was to evaluate the correlation be-
tween SS and high SI of the CM on unenhanced TIWL
Methods This retrospective study analyzed three
cases with i-SS, eight cases with s-SS, and 23 normal
controls (NC) evaluated on unenhanced thin-sliced
T1WI with a three-dimensional spoiled gradient-
recalled echo sequence. CM-T1SI scores of 0, 1, and 2
indicated low, iso, and high SI, respectively. In cases
with scores of 2 evaluated several times, all scores were
reviewed for each case. The CM-T1SI ratio was defined
as the contrast ratio between the CM and the cerebel-
lum. Differences between the three groups were statisti-
cally analyzed based on the CM-T1SI score and ratio.
Receiver operative curve (ROC) analysis was used to
determine the cut-off values for differentiating the i-SS
group from the NC group based on the CM-T1SI ratio.
Results Two patients with i-SS had a score of 2 on
all evaluations. The CM-T1SI score and ratio differed
significantly between the i-SS and NC groups. The
accuracy of the CM-T1SI ratio for discriminating i-SS
from NC was 98.9% at a cutoff value of 0.628.
Conclusion High SI of the CM on unenhanced TIWI
can be an additional characteristic finding of i-SS.

Key words cochlear modiolus; magnetic resonance
imaging; superficial siderosis; T1-shortening; SPGR

Superficial siderosis (SS) is a rare disorder that results
from chronic or intermittent bleeding into the subarach-
noid space, leading to the deposition of hemosiderin in
the subpial layers of the brain and spinal cord.! SS is
observed on T2-weighted images (T2WI) in magnetic
resonance imaging (MRI) as a typical low-intensity
outlining of the brain surface. T2*-weighted images
(T2*WI) and susceptibility-weighted images (SWI)
have a higher sensitivity for hemosiderin deposition.> 4
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SS can be divided into two types: classical infratento-
rial SS (i-SS) and cortical supratentorial SS (s-SS).?
i-SS mainly affects the brainstem and cerebellum, with
diffuse and symmetrical margins. The causes of hemor-
rhage in i-SS include tumors, vascular abnormalities,
injury, and dural defects.* ®7 s-SS shows a characteris-
tic curvilinear pattern that preferentially affects cerebral
convexities.* s-SS can have traumatic or non-traumatic
origins, including cerebral amyloid angiopathy.® Patients
with i-SS may present with slowly progressive and ir-
reversible cerebellar ataxia, sensorineural hearing loss,
myelopathy, and/or dementia.”° Patients with s-SS may
present with transient focal neurological episodes, focal
seizures, and/or migrainous auras.® 1% 11 Many cases
of SS are asymptomatic and become symptomatic only
with extensive widespread iron deposition.’

The cochlea, vestibule, and semicircular canals
comprise the labyrinth. The cochlear modiolus (CM) is
a conical-shaped structure consisting of spongy bone
located in the center of the cochlea. The otic labyrinth
lumen normally has a relatively low signal intensity
(SI) on TIWI, intermediate between the cerebrospinal
fluid (CSF) and the brain.!? In our institution, we
coincidentally noticed persistently high SI of the CM for
years on unenhanced thin-sliced TIWI, using a three-
dimensional spoiled gradient-recalled echo sequence
(3D-SPGR) in patients with i-SS, although this finding
was not discussed in previous reports. We hypothesized
that hyperintensity of the CM on unenhanced TIWI was
associated with SS.

Thus, this study evaluated the correlation between SS
and high SI of the CM on unenhanced thin-sliced TIWI.
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Table 1. Demographics of patients in the i-SS, s-SS,
and NC groups

i-SS group s-SS group NC group

Number 3 8 23
Age (years), mean+SD 63+ 15 75+8 71+12
Female/Male 2/1 /7 7/16

i, infratentorial; NC, normal control; s, supratentorial; SD, stan-
dard deviation; SS, superficial siderosis.

MATERIALS AND METHODS

Patients

This retrospective study identified 96 patients with SS
showing low SI of the subarachnoid spaces on T2WI
and T2*WI using 3-Tesla systems between April 2014
and April 2022. This study analyzed 11 patients who
underwent 3D-SPGR T1WI; the remaining 85 patients
(66 patients with s-SS and 19 patients with i-SS)
were excluded due to the evaluation of fast spin-echo
TIWI using 5-mm-thick sections. i-SS was defined as
the appearance of bilateral well-defined curvilinear
homogeneous low SI on T2WI and T2*WI over the su-
perficial surface of at least two of the following regions:
(1) brainstem, (2) cerebellum, and (3) spinal cord or
craniocervical junction.” In addition, s-SS was defined
as the appearance of curvilinear low SI on T2WI and
T2*WI over the superficial surface of the cerebral
cortices, distinct from the vessels. Using these criteria,
three and eight of the 11 patients were diagnosed with
i-SS and s-SS, respectively. In addition, another 23
normal subjects without any other primary diseases or
abnormalities on T2*WI and 3D-SPGR T1WI served as
the normal controls (NCs). The demographic and imag-
ing characteristics of the i-SS, s-SS, and NC groups are
shown in Tables 1 and 2.

The institutional review board of our hospital
approved this study (approval number 2022-20), which
waived the requirement for written informed consent
from the participants due to the retrospective nature of
the study.

Image acquisition and analysis

MRI was performed in all 34 cases using a 3-Tesla MRI
system (Philips Ingenia, Best, The Netherlands) with an
eight-channel phased-array head coil.

Axial images were acquired parallel to the anterior
commissure-posterior commissure line, following the
protocol for adult brain imaging at our hospital: T1-
weighted 3D-SPGR echo sequence, repetition time/echo
time (TR/TE), 7.0/2.4 ms; slice thickness, 0.7 mm; field
of view (FOV), 240 x 240 mm; matrix, 360 x 354; T2*-
weighted multi-echo gradient-recalled echo sequence,

unenhanced TI1WI in i-SS
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Fig. 1. Examples of scoring cochlear modiolus (CM) signal
intensity (SI) on T1-weighted images (T1WI). (a) The SI of the
CM (arrow) is scored as 0 when the SI is lower than that of the
cranial nerves or the cerebellum. (b) The SI of the CM (arrow) is
scored as 1 when the SI is equal to that of the cranial nerves or the
cerebellum. (¢) The SI of the CM (arrow) was scored as 2 when the
SI was brighter than that of the cranial nerves or the cerebellum.

TR/TE, 510/20 ms; section thickness, 5 mm; FOV, 200
x 187 mm; matrix, 256 x 217; T2-weighted fast spin-
echo sequence, TR/TE, 4000/85 ms; section thickness,
5 mm; FOV, 240 x 220 mm; matrix, 380 x 270.

The MRI data were interpreted using a clinical
viewer (F-report; FUJIFILM, Tokyo, Japan). The im-
ages were analyzed by one radiologist (E.M., with 25
years of experience in head and neck MRI). For the
qualitative evaluation of CM-T1SI scores, each SI of the
bilateral CM on 3D-SPGR T1WI was scored as 0 when
the SI of the CM was lower than that of the cranial
nerves or cerebellum, 1 when the SI was equal to that of
the cranial nerves or cerebellum, and 2 when the SI was
brighter than that of the cranial nerves or cerebellum. If
any case was evaluated several times, the data from the
latest evaluation were adapted. In addition, if cases with
a score of 2 were evaluated several times, all scores
were evaluated. Examples of CM-T1SI score evaluations
are shown in Fig. 1.

To quantitatively evaluate the CM-TISI ratio, the
contrast ratio (CR) between the CM and cerebellar white
matter was measured bilaterally by drawing a region of
interest (ROI) on the 3D-SPGR T1WI. The ROI for the
CM was defined as a circle enclosing 1 mm?. The ROI
for the cerebellar white matter was defined as a circle
enclosing 100 mm?. The CR value was defined as the
CM signal divided by that of the cerebellar white matter
on the same side. Representative ROIs on SPGR T1WI
are shown in Fig. 2.

Statistical analysis

We analyzed the differences in CM-T1SI scores and
ratios between the i-SS, s-SS, and NC groups using
Kruskal-Wallis tests followed by Mann—Whitney U

271 © 2022 Tottori University Medical Press



E. Matsusue et al.

Fig. 2. An example of the regions of interest (ROIs) definition.
The ROIs (1 and 2) are placed in the bilateral cochlear modiolus
(CM). Each ROI in the CM is defined with an area of 1 mm?.
ROIs (3 and 4) are placed bilaterally in the cerebellar hemi-
spheres. Each ROI in the cerebellar hemispheres is defined with
an area of 100 mm?.

tests. Next, the correlations between the CM-T1SI scores
and ratios were statistically analyzed using Spearman’s
rank-order correlation coefficient tests.

For the differentiation of i-SS from NC, the cutoff
values that provided the best combination of sensitivity
and specificity for CM-T1SI scores and ratios were
selected using receiver operating characteristic (ROC)
analysis. The cutoff values were determined using the
Youden index. We determined the accuracy, sensitiv-
ity, specificity, positive predictive value, and negative
predictive value of each parameter using chi-square
analysis. The area under the ROC curve (Az) was also
evaluated for each parameter. The evaluations for the
differentiation of s-SS from NC were performed as
previously described if significant differences in CM-
TI1SI scores and ratios were observed between the s-SS
and NC groups. P < 0.01 was considered indicative of a
statistical significance.

All statistical analyses were performed using EZR
(Saitama Medical Center, Jichi Medical University,
Saitama, Japan), a graphical user interface for R (The
R Foundation for Statistical Computing, Vienna,
Austria).'?

RESULTS
The CM-TISI scores and ratios are shown in Tables 2
and 3. Scatterplots of the CM-T1SI scores and ratios are
shown in Fig. 3. Scatterplots of the correlations between
the CM-T1SI score and ratio are shown in Fig. 4.
Hearing loss was observed in two of the three
patients in the i-SS group and in no cases in the s-SS
group. Regarding CM-T1SI scores, a score of 0 was
observed in 39 of 46 regions in the NC group, in 12 of
16 regions in the s-SS group, and in no region in the
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i-SS group. A score of 1 was observed in 7 of 46 regions
in the NC group, 4 of 16 regions in the s-SS group, and
3 of 6 regions in the i-SS group. A score of 2 was only
seen in three of the six regions of the i-SS group. The
right CM in Case 1 with i-SS showed a score of 2 in
both examinations performed over 8 months. In addi-
tion, bilateral CM in Case 3 in the i-SS group showed a
score of 2 on all four examinations over 7.5 years.

The CM-TISI score and ratio differed significantly
between the three groups (P < 0.001). Significant
differences were also observed between the i-SS and
NC groups (P < 0.001) and between the i-SS and s-SS
groups (P < 0.001). We observed no significant differ-
ence in these two parameters between the s-SS and
NC groups. In addition, the CM-T1SI score showed a
significant positive correlation with the CM-T1SI ratio (P
<0.001, p=0.668).

The results of the diagnostic tests of CM-T1SI
score and ratio for the differentiation of i-SS from
NC are summarized in Table 4. For a CM-T1SI score
cutoff value of 1, ROC analyses showed an accuracy
of 92.4% for the discrimination of i-SS from NC. The
Az value was 0.962. For a CM-TI1SI ratio cutoff value
of 0.628, the accuracy of discriminating i-SS from NC
was 98.9%. The Az value was 0.996. ROC analyses
were not performed for discriminating s-SS from NC
because these two parameters did not differ significantly
between the s-SS and NC groups. Representative im-
ages of 3D-SPGR T1WI and T2*WI for each group are
shown in Figs. 5-8.

DISCUSSION

Our study evaluated the correlation between SS and
high SI of the CM on unenhanced thin-sliced TIWI.
Regarding CM-T1SI scores, a score of 2 (high SI of the
CM), was only seen in the i-SS group. Furthermore, a
score of 0 (low SI of the CM) was not observed in the
i-SS group. In addition, the CM-T1SI score showed
a significant positive correlation with the CM-T1SI
ratio. The CM-TISI ratio showed a 98.9% accuracy for
discriminating the i-SS group from the control group at
a cutoff value of 0.628. Therefore, our findings revealed
a correlation between i-SS and high SI of the CM on
T1WI. To our knowledge, this finding has not previously
been reported. This may be related to the slice thickness
of TIWI; if previous studies had been evaluated by con-
ventional TIWI using such as 5-mm-thick sections for
cases with i-SS, thicker slices could result in averaging
of the signal void of bone with the high SI of the CM to
yield an intermediate SI, thus, failing to show high SI in
the CM. Therefore, our results using thin-sliced TIWI
can be an additional characteristic finding of i-SS.
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Table 2. Summary of magnetic resonance (MR) findings for superficial siderosis

Supratentorial  Infratentorial
Case e Causative disorders HL e hemosiderin ~ hemosiderin CM side CMTISE €M TISI
Sex SS .. .. score ratio
deposition deposition
i Right 2 0.976
1 69/M Metastatic tumor of the B ; + + g
left frontal lobe Left 1 0.628
i Right 1 0.792
2 77/F Cavernous hemangloma + ; . . g
of the 3rd ventricle Left 1 0772
i legi Right 2 0.979
3 44/F Cystic lesion of the + ; + + g
temporal lobe Left 2 1.123
Right 0 0.441
4 76/F Traumatic SAH - s F -
Left 0 0413
i Right 0 0.424
s 7M After rc?sectlon.of Fhe 3 s + _ g
convexity meningioma Left 0 0.521
i Right 1 0.622
6 TOM After resection of Fhe . s " _ g
convexity meningioma Left 0 0.577
) Right 0 0.601
7 58/M  Traumatic SAH - s + -
Left 1 0.781
) Right 0 0.468
8 85/M  Traumatic SAH - s F -
Left 0 0.6
) Right 0 0.501
9 71/M  Traumatic SAH - s + -
Left 0 0.686
i jon- i Right 0 0.36
10 789M Anticoagulation-associated s " B g
SAH Left 0 0.53
Right 1 0.614
11 77/M  Aneurysmal SAH - s + -
Left 1 0.629

CM, cochlear modiolus; F, female; HL, hearing loss; i, infratentorial, M, male; s, supratentorial; SS, superficial siderosis; T1SI, T1-

weighted signal intensity

Table 3. CM T1Sl score and ratio in the i-SS, s-SS, and NC groups

i-SS group s-SS group NC group P-value
(Kruskal-Wallis Test)
Score (number) Score (number) Score (number)
CM T1SI score 00),13),203) 0(12),1#),2(0) 039),1(7),2(0) P <0.001
Range (median) Range (median) Range (median)
CM T1SI ratio 0.628-1.223 (0.884) 0.36-0.781 (0.556) 0.404-0.642 (0.499) P <0.001

CM, cochlear modiolus; i, infratentorial; NC, normal control; s, supratentorial; SS, superficial siderosis; T1SI, T1-weighted signal

intensity.

The mechanisms by which i-SS causes high SI of
the CM on T1WI remain unclear. The possible explana-
tions for high SI on unenhanced TIWI include fat, slow
flow, high protein content, and prior hemorrhage.!?
According to previous studies, high SI in the otic laby-
rinth can be caused by methemoglobin in subacute-stage
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hematomas (intralabyrinthine hemorrhage) in patients
with sudden hearing loss and vertigo.!> ' 15 However,
the signal change can be seen not only in the CM but
also in various regions of the otic labyrinth, including
the cochlea, vestibule, and semicircular canals.! 14 15
Weissman et al. reported that the high SI of the otic
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Fig. 3. Scatterplots of the CM TISI score and ratio. ACC, accuracy; CM, cochlear modiolus; CO, cutoff value; i, infratentorial; NC,
normal control; s, supratentorial; SS, superficial siderosis; T1SI, T1 signal intensity.

Table 4. The diagnostic tests for CM T1SI score and ratio in differentiating the i-SS group from the NC group

AUC Cutoff value ACC SEN SPE PPV NPV P-value
CM T1SI score 0.962 1 92.4% 100% 84.7% 86.7% 100% P <0.001
CM T1SlI ratio 0.996 0.628 98.9% 100% 97.8% 97.8% 100% P <0.001

ACC, accuracy; AUC, area under the curve; CM, cochlear modiolus; i, infratentorial; NC, normal control; NPV, negative predictive
value; PPV, positive predictive value; SEN, sensitivity; SPE, specificity; SS, superficial siderosis; T1SI, T1-weighted signal intensity.

CM T1SI score vs. CM T1SI ratio

CM T1SI score
[38)

p =0.668
P <0.001

® i-SS
® 5SS
O NC

0 0@
0 0.2 0.4 0.6 0.8 1 1.2

CM T1SI ratio

ORnY))

Fig. 4. Scatterplots of the correlations between CM TISI score
and ratio. The CM T1SI score is significantly positively correlated
with the CM T1SI ratio (P < 0.001, p = 0.668). CM, cochlear
modiolus; i, infratentorial; NC, normal control; s, supratentorial;
SS, superficial siderosis; T1SI, T1 signal intensity.
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labyrinth had decreased in follow-up scans of chronic-
stage intralabyrinthine hemorrhages, and speculated that
that finding had resulted from hematoma turnover in
the labyrinth, gradually diluting or clearing the blood.!?
In this study, the high SI localized in the CM in cases
with i-SS (Cases 1 and 3) persisted for 8 months and
7.5 years, respectively. Consequently, the mechanism
of high SI of the CM in cases with i-SS may differ from
that of temporary high SI of the otic labyrinth observed
in intralabyrinthine hemorrhage.

The CM is highly porous and allows communica-
tion between the perilymph and the perivascular and
perineural space in the CM, serving as the interscalar
communication route as well as a communication
route between the perilymph and cerebrospinal fluid
(CSF).1%- 17 Pathologically, this communication is an
important potential route for spreading infection, dis-
semination, and subarachnoid hemorrhage.!® 1° In this
study, high SI of the CM on TIWI was observed for
i-SS but not s-SS. Therefore, in i-SS, components from
dens hemosiderin deposition of the posterior fossa may
chronically spread to the CM via the CSF. However,
direct hemosiderin deposition to the CM is unlikely

© 2022 Tottori University Medical Press
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Fig. 5. Representative magnetic resonance (MR) images of
infratentorial superficial siderosis (i-SS) with high and iso signal
intensities (SIs) of the cochlear modiolus (CM) in Case 1 (a
69-year-old man). (a) Axial three-dimensional spoiled gradient-
recalled (3D-SPGR) T1WI shows high SI in the right CM (score 2)
and iso SI in the left CM (score 1) compared to the SI of the cranial
nerves or cerebellum. (b) Axial T2*WI shows dense low SI, which
delineates the surfaces of the frontal lobes, temporal lobes, and
midbrain. A cystic mass lesion with a dense, low-SI rim in the left
frontal base is also observed. The mass lesion was histologically
diagnosed as a metastatic thyroid carcinoma. (¢) Axial T2*WI
shows dense low SI, which delineates the surfaces of the pons and
cerebellum.

to reflect the high SI of the CM because hemosiderin
usually shows low SI on TIWI. Therefore, unknown
materials, including ferritin associated with hemosid-
erin, or tissue reactions, including glial reactions, to
hemosiderin deposition could have been responsible for
the persistent high SI of the CM on TIWI in cases with
i-SS. However, no case in this study had histologic proof
of these proposed findings.

Our study had several limitations. First, this
retrospective study was conducted at a single hospital;
thus, the study population was small. Second, only
three cases of i-SS and eight cases of s-SS evaluated by
3D-SPGR TIWI were reviewed because most cases with
SS were excluded owing to the evaluation of fast spin-
echo TIWI using 5-mm-thick sections. Third, the ear
symptoms, clinical history, and various otological tests
performed by experienced otorhinolaryngologists were
not evaluated in all cases due to the retrospective nature
of the study. As the eighth cranial nerve is particularly
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Fig. 6. Representative magnetic resonance (MR) images of
infratentorial superficial siderosis (i-SS) with high signal intensity
(SI) of the cochlear modiolus (CM) in Case 3 (a 44-year-old
woman). (a) Axial three-dimensional spoiled gradient-recalled
(3D-SPGR) T1WI shows high SI of the bilateral CM (score 2)
compared to the Sls of the cranial nerves or cerebellum. (b) Axial
T2*WI shows dense low SI, which delineates the surfaces of the
frontal lobes, temporal lobes, midbrain, and cerebellum. A cystic
lesion with a dense low SI rim in the right temporal lobe is also
observed. The lesion was not histologically diagnosed. (¢) Axial
T2*WI shows dense low SI, which delineates the surfaces of the
pons and cerebellum.

vulnerable in i-SS owing to its long glial segment,
which results in greater hemosiderin deposition and a
greater chance of axonal damage," % it may be difficult
to evaluate whether high SI in the CM contributes to
hearing loss. Due to these limitations, further validation
with a larger number of cases is needed. Despite these
limitations, we believe that our findings provide ad-
ditional insights for the diagnostic workup of i-SS.

In conclusion, high SI of the CM on unenhanced
thin-sliced TIWI can be an additional characteristic
finding of i-SS.
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Fig. 7. Representative magnetic resonance (MR) images of supra-
tentorial superficial siderosis (s-SS) with low signal intensity (SI)
of the cochlear modiolus (CM) in Case 4 (76-year-old woman).
(a) Axial three-dimensional spoiled gradient-recalled (3D-SPGR)
TIWI shows low SI of the bilateral CM (sore 0) compared to the
ST of the cranial nerves or cerebellum. (b) Axial T2*WI shows
dense low SI, which delineates the surfaces of the left frontal and
the right parietooccipital lobes. (¢) Axial T2*WI shows no low SI,
which delineates the surfaces of the pons and cerebellum.
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