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High-Resolution 7T MR Imaging of the Trochlear Nerve
T. Kumar, G.M. Virador, P. Brahmbhatt, A.A. Bhatt, E.H. Middlebrooks, A. Desai, A. Agarwal, P. Vibhute,

and V. Gupta

ABSTRACT

BACKGROUND AND PURPOSE: The trochlear nerve has traditionally been difficult to identify on MR imaging. The advent of 7T MR
imaging promises to greatly benefit visualization of small structures due to gains in the signal-to-noise ratio allowing improved spa-
tial resolution. We investigated the utility of a clinically feasible ultra-high-resolution 7T MR imaging protocol for identification of
the trochlear nerve, as well as assessment of normal trochlear nerve anatomy.

MATERIALS AND METHODS: Coronal high-resolution 2D T2-weighted TSE images used in a 7T epilepsy protocol of 50 subjects at
our institution were reviewed by 2 independent radiologists for visualization of the trochlear nerve at the nerve origin and cister-
nal, tentorial, and cavernous segments. The frequency of nerve visibility within these segments and their anatomy were docu-
mented, and disagreements were resolved by joint review.

RESULTS: Of the 100 nerves reviewed in 50 subjects, at least 2 segments of the trochlear nerve from the brainstem to the cavern-
ous sinus were identified in 100% of cases. The origins from the brainstem and cisternal segment were visible in 65% and 93% of
nerves, respectively. The trochlear nerve was identified at the trochlear groove in 100% of cases and in the posterior wall of the
cavernous sinus in 74% of cases.

CONCLUSIONS: Coronal high-resolution 2D TSE at 7T reliably identified the trochlear nerve throughout its course and is a promis-
ing tool for imaging patients with suspected trochlear nerve pathology.

ABBREVIATIONS: CN ¼ cranial nerve; SAR ¼ specific absorption rate; SCA ¼ superior cerebellar artery

The trochlear nerve, or cranial nerve IV (CN IV), provides
motor innervation of the superior oblique muscle and is re-

sponsible for inferior abduction of the eye. As a purely motor
nerve, trochlear nerve palsy presents as torsional diplopia with a
characteristic compensatory head tilt away from the affected
side.1,2 Numerous disease processes including trauma, microvas-
cular ischemia, or mass effect from a nearby tumor can affect the
nerve, in addition to congenital trochlear nerve anomalies.3

Iatrogenic trochlear nerve injury is also an important concern in
skull base surgery. It is, therefore, important for the radiologist to
be able to visualize the course of the trochlear nerve.

The trochlear nerve has the longest intracranial course of all
cranial nerves (60 mm), while also having the smallest diameter
of approximately 0.3–1 mm.4,5 The course of the nerve has been
divided into the brainstem, cisternal, tentorial, cavernous, and

orbital segments.6 The brainstem segment refers to the intra-axial

course from the nucleus to the exit of the nerve into the quadri-

geminal cistern. The longest segment, the cisternal segment, runs

in the ambient cistern. The nerve then courses along the tento-

rium in its tentorial segment before piercing the dura within the

trochlear cistern to enter the cavernous sinus. After coursing in

the lateral wall of the cavernous sinus, the nerve enters the orbit

through the superior orbital fissure, bifurcates, and innervates the

superior oblique muscle.
The ability to identify the normal course of the trochlear nerve

on imaging may serve as an aid to identify lesions or impinge-

ment by nearby structures. However, due to its small caliber and
its course along several vascular structures, CN IV has been diffi-

cult to identify on imaging.5 Delineating its intracranial course
has remained challenging even with the state-of-the-art 3T MR
imaging sequences, largely due to limits on achievable resolution.

An intrinsically higher SNR on 7T offers the potential for ultra-
high-resolution imaging and improved visualization of the troch-

lear nerve.7 However, many substantial challenges of ultra-high-
field MR imaging, such as B0 and B11 inhomogeneity and an
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increased specific absorption rate (SAR), are barriers to reliable

visualization of the trochlear nerve at 7T.8 Careful sequence opti-

mization is required to realize the full potential of ultra-high-field

MR imaging. The purpose of this study was to investigate the util-

ity of an optimized T2 TSE at 7T in identifying the trochlear

nerve from its origin from the brainstem to the cavernous sinus

and describe its anatomic relationships and normal variations.

MATERIALS AND METHODS
MR Imaging Technique
Based on the nerve diameter and orientation of its intracranial
course, the optimal sequence considerations include coronal
section orientation along the vertical axis of the midbrain (or-
thogonal to the nerve) with the shortest achievable section
thickness to reduce volume averaging, in-plane resolution of
$0.4mm, high nerve-CSF contrast, coverage from posterior
midbrain to midorbit, and acquisition time of #10minutes for
practical clinical utility. Coronal 2D T2-weighted TSE in clinical
use for evaluation of the mesial temporal lobe in our recently
implemented epilepsy protocol on a clinical 7T Magnetom Terra
MR imaging scanner (Siemens) met all the above considerations.

Relevant sequence parameters included the following: section
thickness ¼ 1.2mm, TR ¼ 8630ms, TE ¼ 35ms, flip angle ¼
138°, echo-train length ¼ 10, FOV ¼ 150 � 150 mm, in-plane
resolution ¼ 0.34 � 0.34mm (reconstructed at an interpolated
voxel size of 0.17 � 0.17 � 1.2mm), and a total scan time of 8
minutes. This sequence was developed at our institution through
extensive volunteer testing with multiple iterations of sequence
parameter optimization of contrast and SNR for the desired reso-
lution within a clinically acceptable scan time. Epilepsy is one of
the most common clinical indications for 7T MR imaging at our
institution, providing a large imaging data set. Furthermore, in
this patient cohort, the brainstem and cisternal structures were
expected to be normal.

Subjects and Data Acquisition
Scans of 60 consecutive subjects undergoing clinical 7T MR
imaging for epilepsy were evaluated, of which 10 scans were
excluded from the analysis owing to excessive motion. The age
range of the subjects was 16–85 years (mean age, 40.7 years).
None of the subjects had any reported history of diplopia or ocu-
lar movement disorder.

The coronal T2 TSE images from this data set were evaluated
independently by 2 experienced neuroradiologists for identifica-
tion of each trochlear nerve. Visualization of the nerve was
recorded in a binary fashion for each segment: 1) origin from
the midbrain, 2) cisternal segment, 3) tentorial segment, and 4)
anterior portion of its cavernous segment. Satisfactory identifi-
cation of the nerve was considered positive in each segment if
the nerve was clearly visible in at least $2 consecutive sections.
The course of the trochlear nerve was followed and recorded
from its origin from the brainstem, through the ambient cistern,

along the tentorium, and into the pos-
terior cavernous sinus. Any disagree-
ments in identification of the nerve
between the 2 observers were resolved
by joint review. The relationship of the
nerve to the major arteries was also
recorded, along with the anatomic fea-
tures of the trochlear groove and the
trochlear cistern. The diameter of the
nerve in the ambient cistern and meas-
urements of the trochlear groove were
also documented.

RESULTS
The incidence of positive identifica-
tion of the different nerve segments is
recorded in the Table. Of the 100 nerves
reviewed in 50 subjects, at least some
part of each trochlear nerve was identi-
fied in 100% of cases. The overall inter-
rater agreement in identification of the
nerve segments was 93% (k ¼ 0.76).

Of the total 100 nerves studied, the
origin from the brainstem immediately
below the inferior colliculus was confi-
dently identified in 65% and the nerve

Trochlear nerve segment visualization

Total Nerve Visualization
Origin at brainstem 65/100 (65%)
Cisternal segment 93/100 (93%)
Tentorial segment 100/100 (100%)
Cavernous segmenta 74/100 (74%)

a Only the posterior cavernous segment was visible.

FIG 1. Coronal T2-weighted image showing the origins of trochlear nerve at the pontomesence-
phalic junction along the posterior aspect of the brainstem (dashed arrows), the left inferior colli-
culus (asterisk), rostral branches of the SCA (arrowheads), and caudal branches of the SCA (short
arrows).
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was visible in the ambient cistern 93% of the time. The nerve
was always seen through its course in the trochlear groove, while
it was confidently seen in 74% of cases piercing the posterior
wall of the cavernous sinus surrounded by varying amounts of
CSF in the so-called trochlear cistern. The T2 TSE sequence
offered no effective contrast for visualization of the cavernous
segment traveling within the fibrous layers of the lateral cavern-
ous dura or the orbital segments, which were, therefore, not
evaluated in this study.

The Table shows the visibility of the trochlear nerve segments
from its origin to the cavernous sinus.

Trochlear Nerve Anatomy on 7T
MRI Sections
Origin from the Brainstem. The origin
of the trochlear nerve was seen at the
posterior aspect of the pontomesence-
phalic junction at the inferior margin of
inferior colliculus (Fig 1). In all subjects,
the rostral branches of the superior cere-
bellar artery (SCA) were seen coursing
above the nerve origin, whereas the cau-
dal SCA branches traversed below it on
the superior surface of the cerebellum
(Fig 1).

Cisternal Segment. Anterior to its ori-
gin, the nerve was seen coursing superi-
orly and anterolaterally into the ambient
cistern to reach the inferior surface of
the free edge of the tentorium cerebelli
(Fig 2). In 7% of the scans, CSF flow
artifacts obscured the entire segment
in the ambient cistern (Fig 2). The
diameter of the trochlear nerve ranged
between 0.4 and 0.5 mm in the ambi-
ent cistern.

On reaching the free edge of the
tentorium cerebelli, the nerve traveled
anterosuperiorly, becoming cranial to
the rostral SCA branch before entering
the trochlear groove (Fig 3).

Tentorial Segment. The trochlear nerve
then passed through a 4- to 6-mm-long
depression, ie, the trochlear groove, in
the medial surface near the free edge of
the tentorium before entering the cav-
ernous sinus (Fig 4). The distance of the
groove from the free edge was 1.1–
2.0mm (mean, 1.5mm), and its depth
measured between 0.4 and 0.9mm
(mean, 0.6mm). After traversing the
trochlear groove, the nerve pierced the
posterior petroclinoid ligament to enter
the lateral wall of the cavernous sinus,
posterior and inferior to the oculomotor
cistern (Fig 5). At this level, the nerve

was always contained within its own CSF sleeve, the trochlear cis-
tern, and was never seen in the oculomotor cistern (Fig 5). The
caliber of the trochlear cistern, seen as a sleeve of CSF surrounding
the trochlear nerve, varied considerably among the subjects.

Cavernous Segment. After piercing the posterior petroclinoid lig-
ament, the nerve reached the posterolateral apex of the cavernous
sinus within the trochlear cistern, wedged between the anterior
petroclinoid ligament laterally and the posterior petroclinoid
ligament medially (Fig 6). Thereafter, it continued anteriorly in
the lateral wall of the cavernous sinus, immediately below the

FIG 2. Coronal T2-weighted image showing the left trochlear nerve within the ambient cistern
coursing toward the tentorium cerebelli (arrow). Note CSF flow signal obscuring the right troch-
lear nerve (arrowhead).

FIG 3. Coronal T2-weighted image showing the left trochlear nerve (arrowhead) crossing the
rostral branch of the SCA (dashed arrow) along left tentorium cerebelli, and the right trochlear
nerve entering the trochlear groove (arrow).
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oculomotor nerve and lateral to the cavernous venous channels
and ICA (Fig 7).

Owing to the rather limited contrast between the nerve and ad-
jacent structures on the TSE T2 sequence, the trochlear nerve could
not be identified anterior to the midcavernous sinus in our study.

DISCUSSION
The aim of this study was to evaluate the ability of 7T MR imaging
to better visualize the trochlear nerve and describe its course from
its origin to the cavernous sinus in a large cohort of subjects with

preserved nerve anatomy and normal
ocular motor function. We were able to
identify the trochlear nerve and its ana-
tomic relationships with a high degree
of consistency on our coronal high-reso-
lution 2D T2 TSE sequence. 7T MR
imaging is, therefore, a promising tool
for the clinical imaging of the trochlear
nerve.

Successful identification of the troch-
lear nerve on conventional MR imaging
has remained challenging owing to its
size, proximity to adjacent vessels/other
structures, and the achievable spatial re-
solution of MR imaging at standard field
strengths.5,9 As also noted by Choi et
al,5 reducing the voxel size below the di-
ameter of the trochlear nerve is critical
in detecting the nerve. Previous MR
imaging studies at 3T have shown lim-
ited success in consistently identifying
the nerve throughout its course.5,10-12

Consequently, there are incomplete and
inconsistent descriptions of the troch-
lear nerve in the MR imaging literature,
particularly in reference to the tentorial
segment of the nerve and the trochlear
cistern. Moreover, there is little-to-no
reference in the imaging literature to the
relationship of the nerve to the vessels in
the ambient cistern and the dural reflec-
tions of the posterior cavernous sinus.
Inconsistencies are also encountered in
cadaveric, anatomic descriptions. A few
postmortem dissections have described
the tentorial course of the nerve within
the oculomotor cistern, while others
note a distinct CSF-containing trochlear
cistern, independent of the oculomotor
cistern.7,13-15

We were able to address these knowl-
edge gaps and controversies regarding
the normal anatomy of the trochlear
nerve. No variations of the nerve course
were observed apart from the relative
distance of the nerve to other cisternal
structures. Within the tentorial segment,

the trochlear groove for the nerve was consistently visualized;
whenever the cavernous segment was visualized, the nerve always
coursed through the posterior cavernous sinus in its own CSF
sleeve (ie, the trochlear cistern). These observations are important
advancements in our understanding of trochlear nerve anatomy.

Proper identification of the trochlear nerve on MR imaging
can be of value both from a presurgical perspective and in cases
of suspected trochlear nerve palsy. Imaging has occasionally
proved useful in identifying nerve impingement after trauma or
nerve absence in some congenital cases of trochlear nerve

FIG 4. Coronal T2-weighted image showing the trochlear nerves within the trochlear grooves
(arrows).

FIG 5. Coronal T2-weighted image showing the right trochlear nerve piercing the dura through
the posterior petroclinoid ligament (dashed arrows) encased within the posterior end of the
trochlear cistern (arrowhead), and the left trochlear nerve within the trochlear groove before
entering the trochlear cistern (arrow).
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palsy.16-18 Currently, imaging is rarely used in the clinical evalu-

ation of isolated trochlear nerve palsy, largely because of the

inability of current techniques to achieve sufficient resolution to

identify the nerve. Our observations show that high-resolution

2D TSE MR imaging at 7T permits reliable identification of the

trochlear nerve and evaluation of its anatomic relationships.
The 3D techniques commonly used for cranial nerve assess-

ment at lower field strengths, such as CISS, true FISP, and

sampling perfection with application-
optimized contrasts by using different
flip angle evolution (SPACE sequence;
Siemens), have limited data for cranial
nerve assessment at 7T. These 3D tech-
niques present unique challenges at
ultra-high-field imaging. Due to the
sensitivity of CISS and true FISP to
phase variations, these techniques have
artifacts at ultra-high-field strengths,
limiting their use.8 While volumetric
TSE, such as T2 SPACE, can be advan-
tageous at 7T due to higher SNR and
reduced blurring at shorter echo-train
lengths, minimal blurring can still limit
visualization of small structures, such
as CN IV. Additionally, pronounced
inhomogeneity in the B11 transmit
field at 7T limits use of variable flip
angle sequences (eg, SPACE). Strategies
to improve B11 homogeneity, such as
parallel transmission, also add to the al-
ready high SAR of these sequences
limiting achievable resolution in rea-
sonable acquisition times. Given these
limitations, we chose an optimized 2D
TSE sequence to provide extremely
high in-plane resolution to enable vis-
ualization of the small nerve while
minimizing the section thickness to
balance the SAR and scan length.
Previous studies using TSE at 7T were
unsuccessful in visualizing CN IV,
which underscores the value and nov-
elty of our sequence optimization.8

Our study has notable limitations.
There were no children in our cohort;
the application to children is limited
by the current weight restrictions of
7T imaging to patients of .30 kg due
to the SAR. Furthermore, our study
did not include patients with suspected
trochlear nerve pathology.

CONCLUSIONS
High-resolution 2D TSE MR imaging
at 7T allows reliable visualization of the
trochlear nerve in an acceptable acqui-

sition time and appears promising for clinical imaging of the
trochlear nerve.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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