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are used to produce a blood-oxygen-level-dependent response in various brain regions,
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Spinal MR angiography is usually implemented as a three-dimensional (3D) contrast-
enhanced gradient-echo technique, with older “standard” 3D contrast-enhanced MR an-
giography, requiring 5 to10 minutes per 3D volume, and newer “fast” (bolus/dynamic)
3D contrast-enhanced MR angiography, requiring tens of seconds per 3D volume, de-
pending on k-space sampling schemes. Normal intradural vessels detected on standard
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contrast-enhanced MR angiography are primarily veins (medullary and median),
whereas arteries and veins are detected on fast contrast-enhanced MR angiography.
With standard MR angiography added to a conventional MR imaging study, the correct
level of dural arteriovenous fistula plus or minus one vertebral segment was identified in
73% of true positive patients—a significant increase compared with MR imaging alone.
Preliminary results indicate that the fast technique may further improve characterization
of normal and abnormal intradural vessels.
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particularly contrast enhanced MRA with regards to pathology (atherosclerotic disease/
plaque formation, dissection and post-traumatic aneurysm) involving the extra-cranial
carotid and vertebral arteries is addressed. The authors also comment on computed to-
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blood-to-background image contrast. Both techniques, however, suffer from several dele-
terious effects, most notably signalloss in regions with slow or disturbed flow. The injection
of MR contrast agents containing the paramagnetic ion gadolinium has been shown to re-
duce this signal loss. In this article the authors summarize the use of contrast-enhanced
MRA (CE MRA) in imaging the intracranial circulation, including the use of post-contrast
TOF, dynamic CE MRA and time-resolved CE MRA techniques to study acute ischemic
stroke, aneurysms, and vascular malformations.

Practical Consideration for 3T Imaging
Weili Lin, Hongyu An, Yasheng Chen, Peter Nicholas, GuiHua Zhai,
Guido Gerig, John Gilmore, and Elizabeth Bullitt

In the past 10 to 15 years, 1.5T has been one of the most commonly used field strengths for
day-to-day clinical operations. However, recent advances in high field technology and the
increased availability of high field (>1.5T) human scanners have opened the doors for a
variety of exciting improvements in clinical and research applications of MR imaging. In
particular, 3T has continued to gain wide acceptance as one of the main field strengths
for clinical and research studies. Therefore, in this article the authors focus on the pros
and cons of 3T imaging and comparisons between results obtained at 3T and 1.5T.
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Girish M. Fatterpekar, Bradley N. Delman, William W. Boonn,
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MR microscopy at 9.4T depicts the architecture of the brain in exquisite detail, includ-
ing the individual laminae of the cortex, the individual nuclei of the basal ganglia, the
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thalami, subthalami and metathalami, and the orientations and relationship among the
dominant nuclei and white matter tracts of the brain. The authors believe that these ana-
tomic relations will ultimately be displayed in vivo as clinical MR scanners begin to op-
erate at field strengths of 4.7T, 7T, and 8T. Then, those familiar with this anatomy will be
able to interpret patient images with far greater sophistication.
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Preface

MR neuroimaging: current and newer techniques II

Mauricio Castillo, MD
Guest Editor

“The only constant is change.”
—Buddha
“We cannot understand the possibilities that we
choose to ignore.”
—The Oracle to Neo in The Matrix Reloaded

In 1998, I edited an issue of the Magnetic Reso-
nance Imaging Clinics of North America entitled
“New Techniques in MR Neuroimaging.” That
issue covered topics varying from MR spectros-
copy to diffusion-weighted imaging to MR neurog-
raphy. It turns out that it was a very popular one!
In the 5 years since that issue, MR imaging has
advanced, and thus the editors of the Clinics and
I thought that it would be a good idea to bring
our readers up-to-date by reviewing the changes
that have happened since then. As such, I have
asked some of the same authors to update their
previous articles and have asked other authors to
contribute with different articles. The authors
range from well-established academicians to
younger and extremely bright individuals. It cer-
tainly has been a pleasure to work with them all,
and I thank them for their efforts.

The need to cover many topics resulted in the
publication of two separate issues of the Clinics

on MR neuroimaging. In the first part, the readers
will find articles that focus on techniques (perfu-
sion, diffusion, and so forth) and specific areas
(head and neck and pediatrics). The second part
includes articles on functional and spinal imaging,
MR angiography, and imaging at higher field
strengths.

A few months ago, I met one of our residency
professors (who despite being well into his retire-
ment years continues to work). He told me that
he was “still young enough to be amazed by the
changes in radiology and liked to keep current
with them.” I believe that his attitude reflects that
of many radiologists and that this attitude is what
makes our specialty a healthy and challenging
one. I hope that readers find these articles to be
entertaining, informative, helpful, and, why not...
amazing!

Mauricio Castillo, MD

Department of Radiology

University of North Carolina at Chapel Hill
3326 Old Infirmary Building, CB 7510
Chapel Hill, NC 27599-7510, USA

E-mail address: castillo@med.unc.edu

1064-9689/03/$ - see front matter © 2003 Elsevier Inc. All rights reserved.

doi:10.1016/S1064-9689(03)00105-3
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Functional MR imaging: paradigms for clinical
preoperative mapping
Chad Moritz, Victor Haughton, MD*

Department of Radiology, University Hospitals and Clinics, University of Wisconsin, 600 Highland Avenue,
E3/311 CSC, Madison, WI 53792, USA

Over the last decade, functional MR (fMR)
imaging has progressed from a research tool for
noninvasively studying brain function to an estab-
lished technique for evaluating a variety of clinical
disorders through the use of motor, sensory, and
cognitive activation paradigms. Although positron
emission tomography (PET), and, more recently,
magnetoencephalography (MEG), also have pro-
vided opportunities to assess brain function non-
invasively, the combined spatial and temporal
resolution of fMR imaging, the wider availability
of MR imaging scanners, and the broad range of
available activation paradigms confer distinct
advantages over these alternative approaches to
functional neuroimaging.

fMR imaging uses blood-oxygen-level-depen-
dent (BOLD) [1] effects to localize regional
cerebral blood flow changes temporally and
spatially coupled with changes in neuronal activ-
ity. When groups of neurons are active, the blood
flow to the active neurons increases in excess of
what is needed to provide the additional oxygen
consumed metabolically. The net result of in-
creased neuronal activity is a decrease in para-
magnetic deoxygenated hemoglobin in the veins
and capillaries within the vicinity of the active
neurons. The amount of change depends on many
factors including the nature of the task and the
region of brain affected. The decrease in deoxy-
hemoglobin produces a small change in signal
intensity, which is typically less than 5% in T2*-
weighted images acquired at 1.5 Tesla. These

* Corresponding author.
E-mail address: Vhaughton@mail.radiology.wisc.edu
(V. Haughton).

slight changes in signal intensity (‘‘activation”) are
detected by post-processing statistical analysis
techniques [2-4] that identify the task-related
hemodynamic responses. The derived maps of
spatially localized fMR imaging responses can
then be color-coded to reflect the degree of
statistical significance and overlaid on the sub-
ject’s own co-registered structural MR imaging
anatomical images. Numerous post-processing
procedures are involved in state-of-the-art fMR
imaging analysis, and their detailed description is
beyond the scope of this fMR imaging paradigm
review.

One clinical application of fMR imaging is the
mapping of brain functions in relationship to
intracranial tumors, seizure foci, or vascular mal-
formations before surgical excision. The goal of
functional mapping procedures is to maximize
resection of pathological tissue, spare eloquent
cortices, and reduce surgical risk. Localizing
eloquent cortex merely by means of the anatomic
landmarks identified in structural MR images is
inexact, because of the frequent anatomic varia-
tions in the brain and to displacement of normal
landmarks when a mass lesion is present. Pre-
surgical fMR imaging can provide accurate map-
ping of functional brain responses to various
stimuli or tasks, even close to lesions [5,6]. These
fMR imaging maps also can be used to aid in
the planning of a surgical approach, shorten the
operative procedure by obviating intraoperative
awake mapping, and help determine whether
operative or non-operative treatment would be
optimal for the patient. The whole-brain volumet-
ric capability of fMR imaging allows functional
mapping beyond the limits of the exposed cortical
surface available for intra-operative mapping.

1064-9689/03/$ - see front matter © 2003 Elsevier Inc. All rights reserved.

doi:10.1016/S1064-9689(03)00062-X
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Published studies have verified the accuracy of
fMR imaging presurgical mapping compared with
intraoperative electrocortical stimulation [7-10].

A variety of paradigms are used to produce
pre-surgical BOLD response in various brain
regions. The paradigms used include active motor,
language, or cognitive tasks, and passive tasks
using tactile, auditory, or visual stimuli. “Elo-
quent” regions in which activation can be
demonstrated include the sensory and motor
cortices, supplementary and pre-supplementary
motor areas, basal ganglia, primary and associa-
tion visual cortices, primary and association
auditory cortices, Wernicke’s area, Broca’s area,
and executive areas of the brain. The intent of this
overview is to describe clinically proven clinical
fMR imaging paradigms.

A routine clinical fMR imaging session typi-
cally includes three to six different paradigms,
with each paradigm chosen to activate a cortical
region anatomically related to the lesion or
jeopardized by the treatment, either by surgery
or ionizing radiation. For example, a patient with
a lesion in the vicinity of left precentral gyrus
could perform one or two sensorimotor fMR
imaging paradigms to localize the sensorimotor
homunculus and supplementary motor area. The
same patient could also perform one or two
language paradigms to identify fMR imaging
responses for Broca’s area, Wernicke’s area, and
pre-supplementary motor area (SMA). Thus, the
optimal clinical fMR imaging program requires
a “menu” of different paradigms, from which
a selection is made that is appropriate to each
patient’s mapping requirements.

Usually the paradigms for clinical preoperative
fMR imaging mapping are designed as “‘blocks”
rather than “events” or ‘“‘single-trial”. The pri-
mary interest of presurgical fMR imaging is the
localization of functional response, and block
paradigms yield a greater detection power than
event-related paradigms [11,12]. The duration for
each fMR imaging scan is a compromise between
the need to acquire sufficient data for reliable
statistical mapping and to limit the time a patient
spends inside the magnet. A task design which
includes 4 to 10 blocks of stimulus condition,
each with 4 to 12 image acquisitions per block,
interleaved with similar length blocks of rest or
control condition, should provide adequate data
for demonstrating fMR imaging localization. Such
a task design can be achieved within a total scan
duration of three to five minutes. A combina-
tion of high-resolution structural MR imaging

images and several fMR imaging paradigms can
be obtained within an hour or less of scanning
time.

Paradigms for clinical use must be designed so
that even patients with neurologic impairments
are able to perform the task. Tasks that are too
difficult or complicated result in poor patient
compliance and suboptimal activation [13]. Dur-
ing the fMR imaging acquisition, patient task
performance can be monitored visually (for motor
tasks), or with button presses on an MR imaging
compatible recording device (for language or
cognitive tasks). However, the performance of
some simple covert paradigms (such as silent word
generation) cannot be monitored. For tasks that
are not monitored, poor patient compliance might
not be evident until the weak or absent activation
is demonstrated in the processed images. Simi-
larly, small amounts of head motion, that could
compromise fMR image quality, may go un-
detected during the fMR imaging acquisition.
Therefore, it is imperative that the patient is well
coached before the scan session to help ensure
their understanding and compliance with task
directions, and careful attention must be given to
measures for preventing head motion.

Motor paradigms

The network of primary cortical motor control
is an important concern for fMR imaging as-
sessment when regions of pre- and post-central
gyri are at risk from surgical procedures on the
brain. A variety of paradigms are available for the
localization of fMR imaging motor task responses,
including flexion or extension, supination or pro-
nation, and joystick manipulation. The large finger
or hand area of the sensorimotor homunculus
yields a robust BOLD response during the per-
formance of simple or complex finger tapping
(thumb to finger opposition) [14]. Similarly, a foot
or ankle or lip or tongue movement paradigm [15]
can be used to map the corresponding region along
the central sulcus. Typically, when such tasks are
performed in a block paradigm, fMR imaging
responses can be localized to the corresponding
regions of contralateral primary sensorimotor
cortex (Fig. 1), supplementary motor area, and
ipsilateral superior cerebellum. fMR imaging
responses in basal ganglia (Fig. 2) and thalamus
may also be mapped with motor paradigms [16]. A
complex opposition of each finger to the thumb
yields a greater extent of response in primary
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Fig. 1. fMRI responses during performance of a finger-tapping (A4) and foot or ankle motor tasks (B) in a patient with
a left parietal low grade glioma. The activation for the finger task is on the lateral convexity in the superior genu of the
central sulcus. The activation for the foot task is near the interhemispheric fissure.

sensorimotor cortex than a simple thumb to index
finger opposition. For patients with compromised
motor ability that may have difficulty performing
complex finger tapping, the simpler thumb to
index finger opposition can be used. Generally, the
more complex the finger motor task the greater the
activation in the SMA [17].

Motor tasks of the upper or lower limbs may
be performed unilaterally, bilaterally, or alternat-
ing right and left limbs. Alternating- or bilateral-
limb motor task paradigms can demonstrate
comparative fMR imaging responses between the
affected hemisphere (in proximity to a lesion) and
the unaffected hemisphere. Alternating-limb para-
digms allow a separate comparison of the re-
sponse from each limb, which can be useful to
observe the functional relationship of sensori-
motor cortex across hemispheres in the presence
of tumor mass effects (Fig. 3). As with all fMR
imaging procedures, care must be taken to assure
that head motion does not occur during the
performance of motor tasks, because even slight

amounts of task-correlated motion can cause
confounding false-positives in statistical analysis.
For sufficient BOLD contrast between the active
and resting task conditions, the patient should be
instructed to fully relax during the scan rest
periods.

Tactile stimulation paradigms

As an alternative to motor tasks, the sensori-
motor regions can be mapped with passive fMR
imaging tactile stimulation paradigms [18]. Pas-
sive stimulus paradigms are useful in patients
who are unable to perform a motor task, either be-
cause of age, disability, or the administration
of anesthesia (Fig. 4). The BOLD response from
tactile stimulation of the palm produces a fMR
imaging localization similar to that produced by
finger tapping [19], including contralateral pri-
mary sensorimotor cortex and supplementary
motor area. Other regions, such as the lower limb
or face, can also be mapped by means of a passive

Fig. 2. Basal ganglia (putamen) fMRI responses during performance of a finger motor task shown in patients with a left
frontal temporal tumor (4) and mesial left frontal gliomas (B).
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Fig. 3. fMRI responses during performance of an
alternating-hand finger motor task in a patient with
a right frontal tumor. Activation for the right hand
movement is colored yellow or orange and left hand
movement cyan or blue. Sensorimotor cortex is activated
bilaterally.

tactile stimulus (Fig. 5). The source of the tactile
stimulus can be as simple as the investigator’s
fingertips, a plastic toothbrush or wooden dowel,
or as sophisticated as a MR imaging-compatible
air-puff delivery system. Care should be taken that
the stimulus mechanism does not cause task-

Fig. 4. fMRI responses during a bilateral palm tactile
stimulus paradigm in a 3-year-old patient with a right
frontal tumor. FMRI was performed with Propofol
general anesthesia. Bilateral primary sensorimotor and
SMA activation is demonstrated.

correlated artifacts, which are encountered even
when the mechanism is outside the imaged volume
[20]. Tactile stimulation paradigms provide a
degree of flexibility to clinical fMR imaging
applications, because impaired, unconscious, or
even severely injured patients can be successfully
mapped [21].

Auditory stimulation paradigms

MR imaging scanners can generate a great
amount of ambient acoustic noise because of the
rapid rate of gradient switching. Nevertheless, it is
possible to map primary and association auditory
cortices in patients with fMR imaging using
headphones or combination earplugs or ear-
phones to attenuate background scanner noise
[22-24]. Stimuli such as pure tones, complex
sounds, music, or speech can be used; different
stimuli yield varying patterns of fMR imaging
response. A simple paradigm that combines both
auditory and receptive language stimulus can be
accomplished by the auditory rendition of nar-
rated text. An advantage of text listening is that
the audible characteristics of the spoken word are
sufficiently different from the background scanner
noise, making it easier for the patient to discrim-
inate the auditory stimulus compared with pure
tones. When the patient is listening to text, fMR
imaging responses in bilateral regions of lateral
superior temporal gyri and transverse temporal
gyri are demonstrated (Fig. 6). An auditory
narrated text stimulus can also be expected to
invoke receptive language responses, including
Wernicke’s area in posterior superior temporal or
inferior parietal regions, and possibly Broca’s area
in inferior or middle frontal gyri.

To help ensure the patient’s concentration on
the narrated text, a magazine or book the patient
would normally read or enjoy can be chosen as
the source of the text. The choice of material is
especially important in pediatric patients. Robust
activation can be obtained in pediatric patients
with appropriately chosen text, even when the
patient is apparently asleep [25] or sedated. For
fMR imaging in adult patients, a small collection
of recorded text narrations is useful in the scanning
area. When the auditory stimulus is conveyed to
the patients by way of the MR imaging-compatible
intercom system, the fit of the headphones or the
earphones and earplugs should be checked care-
fully to ensure optimal delivery of sound and
damping of ambient sound.
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Fig. 5. fMRI responses during a finger motor task (4); and a face tactile paradigm (B) in a patient with a left frontal
tumor. The activations conform to the expected locations along the sensorimotor strip.

Visual stimulation paradigms

Visual presentations of stimuli or paradigm
cues offer many opportunities for fMR imaging
application. Visual stimuli can be delivered to the
patient by way of MR imaging-compatible video
goggles, a video screen, or a combination of
mirrors and a rear-projection screen. Primary and
association visual cortex fMR imaging responses
can be elucidated by presentation of a suitable
stimulus, such as an 8 Hz reversing checkerboard
pattern alternating in blocks with a fixation and
gray background (Fig. 7) [26]. The response to
this primary visual stimulus can identify regions
of eloquent cortex in proximity to occipital lobe
lesions, especially along the striate cortex and
calcarine fissure.

Visual stimuli of a more complex nature, such
as words, text, scenes or faces, can also evoke
fMR imaging responses in dorsal and ventral
visual association cortices. Visual stimuli are used
in fMR imaging paradigms designed to map
memory, language, and cognitive functions in
the human brain. Examples of paradigms using

complex visual cues are illustrated under the
headings of language and cognitive paradigms.

Language paradigms

Linguistic mapping often is a priority for fMR
imaging presurgical referrals, because injury in
a region with language function produces sub-
stantial clinical deficit and the location of
language cortex may be difficult to predict.
fMR imaging replaces the more invasive Wada
test to determine the hemispheric dominance of
language in many patients [27-30]. fMR imaging
paradigms can produce not only an assessment of
hemispheric dominance, but can also reveal the
localization of intrahemispheric cortical foci for
expressive and receptive language function. A
variety of language paradigms have been used
for preoperative fMR imaging, including word
generation, [31,32] word comprehension [33],
and rhyme discrimination [34,35]. Because of
the complexity of language-related functions, it
has been suggested that the performance of

Fig. 6. Temporal lobe auditory responses during a text listening paradigm shown in a patient with a right tempo-parietal
tumor (A4); and a patient with a left fronto-temporal tumor (B). These activations are robust despite being in close

proximity to the lesions.
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Fig. 7. fMRI responses from an 8 Hz reversing checkerboard visual stimulus paradigm in a patient with left occipital
AVM (A4) and a patient with left occipital lesion and epileptogenic focus (B). In (B) little functional visual cortex was
evident in the left hemisphere. The child did not have a demonstrably greater visual deficit following surgery.

multiple and diverse fMR imaging paradigms can
more fully represent the varied neuroanatomical
responses of language function [36,37]. While
a variety of paradigms can be used for language
mapping, some of the simplest for patients to
perform include word generation, text reading,
and listening to narrated text. Word generation
paradigms can be performed with a variety of
cues, including: word-stem completion, verb gene-
ration from a given noun or picture, word
generation from a given alphabet letter, word gen-
eration from a given category or antonym gen-
eration from a given word. Auditory or visual
presentations can be used to provide task cues,
alternating with blocks of rest or control con-
dition. Visual presentation offers greater flexibility
and avoids interference from acoustic noise
generated by the scanner. To minimize lip,
tongue, and head motion that occur during overt
word production, the patient can be instructed to
generate words from the provided cues covertly
(silently).

Word generation paradigms produce a robust
fMR imaging response in expressive language
regions of lateral inferior and middle frontal gyrus
in the language dominant hemisphere (Broca’s
area) (Fig. 8), and the medial superior frontal
gyrus (pre-SMA) (see Fig. 10). Text reading
paradigms can also produce fMR imaging re-
sponse in Broca’s area, but are especially useful
for their sensitivity to receptive language regions
of posterior superior temporal gyrus and inferior
parietal lobe (Wernicke’s area) (Fig. 9). Narrated
text can invoke fMR imaging responses in Broca’s
and Wernicke’s areas, but will also produce an
auditory response in adjacent auditory cortices
of superior temporal gyri. Since it is difficult to
distinguish adjacent auditory and language re-
gions of superior temporal gyrus, a contrasting
control task such as backward text must be used
in an auditory narrated text paradigm to isolate
Wernicke’s area response [38].

Expressive language paradigms, such as word
generation tasks reliably produce a fMR imaging

Fig. 8. fMRI responses during performance of word generation expressive language paradigms in (4) a patient with left
frontal cavernous angioma; and (B) a patient with left frontal tumor. In both cases, the lesions have close proximity to
language cortex. In the patient with the cavernous hemangiomas, surgery was not offered to the patient and in B tumor
resection was tailored to minimize the risk for postoperative language deficit.
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4

Fig. 9. (4, B) fMRI response to a text reading receptive language paradigm in two patients. Activation is evident in the left
inferior parietal lobe. Both patients were studied before resection of cavernous hemangiomas, not shown in the images.

response in the medial superior frontal gyrus in
addition to that in Broca’s area. This response is
typically situated slightly rostral to the site of the
SMA activation during a motor task (Fig. 10). It
is referred to as pre-SMA. Injury to the SMA or
pre-SMA may produce a profound language
deficit such as aphasia. Therefore mapping of
the SMA is sometime requested in patients
evaluated for resection of a frontal lobe tumor.
Proximity of the SMA activation to the surgical
target predicts a higher risk for postoperative
neurologic deficits for motor or speech func-
tion [39].

Patient task performance can be a factor in
successful language response mapping, especially
if word generation tasks are performed covertly.
Patient cooperation during a language task may
be variable, so it is reasonable to have a patient
perform at least two tasks for language mapping.
Multiple language paradigms can be designed to
evoke different language-related responses (eg,

expressive and receptive language). Confirmation
and increased confidence of fMR imaging lan-
guage mapping is attained when a concurrence of
response localization occurs across multiple para-
digms (Fig. 11).

Accurate results with language tasks require
careful preparation of the tasks and instructions
to the patient. At the authors’ facility, the
antonym word generation paradigm is commonly
used with five blocks of single words presented
visually on a screen (two seconds per word)
alternating with blank screen fixation. The words
are selected for this task to have a high degree of
imageability. The patient is instructed to covertly
generate an antonym for each word presentation.
Similarly, single alphabet letters can be presented,
with an instruction for the patient to covertly
generate a word (or words), which begins with
each letter. If during the instruction period before
the fMR imaging the patient has difficulty
generating words from a letter, the patient can

Fig. 10. Comparison of medial superior frontal gyrus fMRI responses during performance of (4) a foot movement
motor task and (B) a word generation task in a patient with a left frontal meningioma. In (A4) activation is evident in the
right SMA and in (B) in the left pre-SMA. The meningioma likely distorts the superior frontal gyrus and displaces the
activation. The patient has a risk for postoperative aphasia if the left SMA or pre-SMA is damaged.
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Fig. 11. fMRI responses for three different language paradigms in a patient with a left frontal lobe lesion. In (4) word
generation from antonyms; in (B) word generation from a given alphabet letter; and in (C) text reading was performed
by the patient. The frontal lobe activation has the same location in all three tasks, lending a high degree of confidence to

this language region mapping.

be instructed to covertly generate the next letter of
the alphabet in sequence. A simple text reading
paradigm has also been successful, consisting of
10 blocks (eight seconds each) of a visually
presented short descriptive paragraph alternating
with blocks of incomprehensible letter strings,
alternating with blocks of blank screen or fixation.
The patient is instructed to observe the pre-
sentation during the entire scan and concentrate
on reading and comprehending the blocks of
descriptive text. Post-processing of this paradigm
design can yield separate contrasts for text reading
versus letter strings, or text reading versus rest.
The text reading versus letter string contrast
controls for the effects of the visual presentation,
whereas text reading versus rest can yield a robust
contrast for fMR imaging mapping of visual
processing and receptive language.

Cognitive paradigms

Beyond the capabilities of mapping sensory
and language function, fMR imaging has been
applied extensively in neuropsychiatric applica-

tions to explore the neuroanatomic organization
of cognitive processes. Clinically, cognitive fMR
imaging paradigms have been applied toward
the assessment of patient populations including
schizophrenia, dementia, autism, depression, and
traumatic brain injury [40-42]. While most of
these studies have examined population effects,
some cognitive paradigms may be used to study
individual patients referred for presurgical map-
ping. As stated in the introduction, a presurgical
fMR imaging program might include a “menu” of
paradigm options, each of which can demonstrate
responses in an expected pattern of regional
functional activation. The advantage of various
paradigms would be mapping multiple activation
sites in proximity to a lesion, thus providing the
neurosurgeon with an assessment of surrounding
eloquent cortices. For example, a patient with
a lesion in the right frontal lobe might perform
one or two language paradigms to establish
hemispheric dominance for language, a sensori-
motor paradigm to localize central sulcus, and
a cognitive paradigm that is expected to involve
right prefrontal functionality.

Fig. 12. fMRI responses to lesions during performance of a visual organization task in a patient with a right parietal
meningioma (4); and a patient with a right frontal oligodendroglioma (B). The activation has close proximity to the
lesion in the right frontal lobe. In (B), the location of the activation is displaced posteriorly from its normal location.
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Two examples of cognitive paradigms for right
frontal lobe involvement that are used at the
author’s facility are a visual organization task, and
an arithmetic task. For the former, the Hooper
Visual Organization Task [43], a commonly ap-
plied neuropsychiatric test of visual spatial ability,
has been adapted to use in the MRI scanner [44].
Patients are visually presented with a line drawing
depicting a simple object, which has been cut into
2 to 4 pieces and rearranged in a puzzle-like
fashion, followed by a single word presentation.
The patients are instructed to covertly name the
fractured line drawing during each picture pre-
sentation, and then decide whether the word
presentation matches the preceding picture. This
task typically evokes fMR imaging responses in
bilateral dorsolateral prefrontal lobes, bilateral
superior parietal lobules, and visual association
cortices (Fig. 12). In the arithmetic paradigm, a set
of simple arithmetic equations and numeric
answers are presented in each task block, and the
patient is instructed to indicate whether the answer
is correct for each presentation. This paradigm
typically demonstrates a bilateral dorsolateral
prefrontal lobe fMR imaging response (Fig. 13),
and bilateral parietal lobes. These tasks may be
useful for identifying right hemisphere eloquent
cortices.

Memory function is another important con-
cern for preoperative mapping, especially for
patients with refractory epilepsy being considered
for temporal lobectomy [45]. The broad category
of memory function encompasses many aspects,
several of which have been the focus of fMR
imaging research: working memory [46] and long-
term memory [47], semantic [48] and episodic
memory [49], memory encoding and retrieval [50],

Fig. 13. Sagittal images illustrating right hemisphere
fMRI responses during performance of an arithmetic
computation paradigm in (4) a patient with a right
frontal AVM and (B) a patient with a right frontal
oligodendroglioma. Mapping was requested to deter-
mine the risk for postoperative deficit. Activation in
both cases has close proximity to the lesion in the right
frontal lobe. Resection was modified to avoid injury to
the eloquent brain regions.

Fig. 14. fMRI responses during performance of a spatial
working memory paradigm in a patient with a left
frontal lesion and seizures (same patient as in Fig. 11).
Bilateral frontal and superior parietal lobe activation is
seen at this slice location, with the left frontal lobe
response located just posterior to the lesion.

and recognition memory [51]. To date, many of
these fMR imaging memory studies have reported
population-level statistics, not the level of reliable
individual mapping required for preoperative
assessments. A potential confound for memory
related paradigms is the associated non-memory
specific responses for attentional load [52].

While paradigms for fMR imaging assessment
of memory function continue to be investigated,
some paradigms have been applied toward pre-
operative assessments of surgical candidates. A
visual-spatial working memory paradigm has
demonstrated a robust pattern of bilateral frontal
and bilateral superior parietal responses (Fig. 14).
This paradigm consists of visual presentation of
seven blocks of an alphabet letter grid containing
five letters, followed by six seconds of fixation
on a blank screen with cross hairs, followed
by presentation of a single letter. The patient is
instructed to memorize the letters and their posi-
tions during the initial presentation, and then
respond whether the single letter is a positional
match. These blocks alternate with an easier task
consisting of a single letter presentation followed
six seconds later by another single letter pre-
sentation, with the same instruction for responding
whether the single letters match. Activation,
demonstrating possible memory-related brain ac-
tivity, is identified by post-processing comparing
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Fig. 15. fMRI responses during performance of a face
memory paradigm in a neurology patient referred for
episodes of prosopagnosia. Activation is detected bi-
laterally in the fusiform gyri.

signal intensity in multiple letter presentations
versus single letters.

Another memory paradigm, which can be used
to evaluate functionality in the posterior mesial
temporal lobes involves a face memory task. In this
paradigm, a face is presented which the patient is
instructed to memorize, followed in brief succes-
sion by two more face images. The patient is
instructed to indicate which of the two faces is
a match for the first. Additional faces, followed by
test faces, are presented repeatedly during each
of the task periods. Activation is identified in
the fusiform gyrus bilaterally in normal subjects
(Fig. 15). The fusiform gyri responses are pre-
sumably related to both visual processing and
working memory of the face images [53].

Research continues toward the application of
fMR imaging memory paradigms in the pre-
operative assessment of memory function in the
medial temporal lobes for epilepsy patients being
assessed for temporal lobectomy. In patients with
sclerosis or with other cause for dysfunction in the
mesial temporal lobe, activation is hypothetically
diminished in the hippocampus and fusiform
gyrus. One potential application of fMR imaging
is to replace the memory portion of the Wada test.
Recent reports show promise for fMR imaging as
a possible replacement of the more invasive Wada
test of memory, but full concurrence has not yet
been achieved [54]. An fMR imaging paradigm
incorporating the encoding of various image types

Fig. 16. fMRI activation during performance of a novel
versus. familiar images paradigm in an epilepsy patient.
In this patient with left mesial temporal sclerosis,
activation is demonstrated in the right fusiform gyrus
and hippocampus. Activation is diminished in the left
mesial temporal lobe.

was reported to be in agreement with eight of nine
Wada patient assessments for memory lateraliza-
tion [S5]. A paradigm based on a contrast of
memory-related responses to over-learned famil-
iar images and novel images has shown promise
[56]. This paradigm has demonstrated symmetric
results in control subjects and asymmetric mesial
temporal lobe responses in epilepsy patients
(Fig. 16), but results have not been 100% consistent.
As of this writing, fMR imaging assessment of
memory lateralization and localization appear
complementary to the Wada memory test as
a predictor of surgical risk to memory.

Interpretation

With the paradigms used in presurgical plan-
ning, the location and the size of the activated
region depend on many factors, including the
amount of effort expended by the patient, the
sensitivity of the scanner to the BOLD effect,
the noise and signal in the acquisition and
the threshold chosen for displaying the acti-
vation. The precision of the activation is also less
than finite. Activation on two successive iterations
of the paradigm overlap substantially, but only
about half of the voxels activated in one iteration
are also activated in the next iteration. Therefore
the distance between activation and lesion cannot
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Fig. 17. A map of signal intensity (red coloration)
superimposed on an anatomic image showing loss of
signal in the left posterior temporal region secondary to
blood products in a cavernous hemangiomas. The lack
of signal implies a failure to detect any BOLD effect
present in that region. A study that is negative for
activation in that region does not then imply a lack of
neuronal function in that region.

be measured with millimeter accuracy. Mapping
with intraoperative stimulation mapping has
a similar degree of imprecision and inaccuracy
because the electric current used to stimulate the
cortical surface may spread up to 1 cm through
the cerebral cortex. For intraoperative electrical
stimulation or fMR imaging, a distance of more
than 1 cm between the edge of lesion and the
activated regions suggests a low risk for new
postoperative deficit whereas a distance less than
1 cm implies a significant risk [57]. The goal of
fMRI interpretation is generally to identify the
gyrus in which the activation is located and then
to determine the relationship of this gyrus to the
lesion.

Activation is generally taken to indicate the
presence of eloquent cortex, that is cerebral cortex
in which neurologic activity for clinically observ-
able actions take place. Activation usually sug-
gests the location of brain which if injured will
result in a neurologic deficit. While activation
generally implies eloquent brain, exceptions do
occur. Some regions of activation may represent
cerebral functioning that takes place simulta-
neously with the task but not indispensable for
the task. Some areas of activation may represent
functional connectivity, regions of brain that
share pathways with the eloquent region. Some
areas of activation may represent artifacts. There-

fore injury to a region of brain with activation
may not in every case result in a neurologic deficit.
In the case of the SMA, injury to this region in
the mesial superior frontal gyrus may result in
a neurologic deficit or may not, depending on the
state of organization in the SMA [58]. Activation
does not in every case predict a region necessary
for normal neurologic function.

The absence of activation where it is anticipated
must be interpreted with caution. Absence of
activation may signify the absence of functional
brain in that area, but it may also be explained by
a technical failure. One example is a region with
magnetic susceptibility effects in which the de-
tection of the BOLD effect is impaired. Anatomic
images should be inspected carefully to identify
possible causes for technical failure, such as
metallic clips, blood products, or other source for
susceptibility effects. Some institutions generate
signal intensity maps (Fig. 17) for each fMRI
examination to measure the homogeneity of the
magnetic field. The absence of signal in these maps
indicates the insensitivity of the acquisition to the
BOLD effect in that region. Activation may be
missed because of reduced sensitivity caused by
magnetic field inhomogeneities (eg, in the mesial
temporal lobes because of the adjacent sphenoid
sinuses), to insufficient signal to noise ratio (eg, in
a patient who does not remain immobile during the
acquisition), or to technical choices (eg, choice of
a higher than optimal threshold). T2*-weighted
scan parameters used in the acquisition of fMR
images are inherently sensitive to susceptibility-
induced signal losses [59], such as may occur near
sinuses, a cavernous angioma , or site of a previous
resection. These regions of susceptibility-induced
signal losses may mask underlying cortical re-
sponses. Activation may also be reduced or
obscured in the proximity of a large vascular
malformation or malignant tumor. Vascular mal-
formation with shunting may alter the BOLD
effect locally [61]. Functionally intact eloquent
cortex adjacent to a glioblastoma has been shown
to display no activation [60]. Absence of activation
must be interpreted cautiously. In a patient eval-
uated for language laterality, the absence of
activation in the usual location of Broca’s area in
left frontal lobe does not imply that surgical
resection of that lobe will leave no deficit. The
presence of activation in the homologous region in
the right frontal lobe suggests mixed or right hem-
ispheric language dominance, but does not exclude
the possibility of language function in the left
hemisphere that is masked by a nearby lesion or
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susceptibility effect. The effects and depth of
anesthesia may also inversely affect the BOLD
response [61].

fMR imaging is not a direct measure of
neuronal activity, but instead depends on statis-
tical analysis to identify areas with a hemodynamic
response secondary to neuronal activity. The
BOLD effect depends on the linkage between
neuronal activity and blood flow. Inappropriate
statistical analysis or post-processing techniques
may lead to spurious false positives, lack of
identified fMR imaging response, or misregistra-
tion of activation maps.
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MR myelography

Contrast-enhanced myelography has long been
a standard diagnostic procedure to evaluate de-
generative spine disease in patients with symptoms
suggestive of spinal cord and nerve root compres-
sion. Injection of intra-thecal contrast enhances
evaluation of compressive effects on nerve roots
and thecal sac and allows evaluation of bony
pathology and its effect on these neural structures.
The disadvantages of contrast-enhanced myelog-
raphy include expense, risks related to lumbar or
cervical puncture, and ionizing radiation.

MR myelography (MRM) has slowly evolved
into a useful diagnostic tool that has advantages
of being noninvasive, does not use ionizing
radiation, and can be obtained simultaneously
during routine spine MR imaging. MRM allows
evaluation of the nerve root sheath and unlike
contrast-enhanced myelography, is not dependent
on spine curvature, gravity effects or size of the
thecal sac. Its disadvantages include increased
motion susceptibility, the inability to image in
the upright or symptomatic position and the
dependence on technical settings that can greatly
vary depending on the manufacture of the MR
imaging unit.

Henning et al [1] initially described the use of
MRM in 1986 using rapid acquisition with
relaxation enhancement (RARE). In 1992, Krudy
[2] described a heavily T2-weighted fast spin-echo
pulse sequence with fat presaturation that pro-
vided excellent contrast and resolution in the
lumbar region with minimal artifact from para-
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vertebral vessels. Scan time was approximately 6.5
minutes but this technique was suboptimal for
imaging the cervical and thoracic region because
of poor spinal cord definition and cerebral spinal
fluid (CSF) flow artifact. Also in 1992, Vandyke
et al [3] described a three-dimensional (3D) fast
imaging with steady state precession (FISP)
sequence that produced high signal intensity from
the CSF by maintaining constant phase at the
radiofrequency pulse in the presence of CSF
motion. Two separate 2.5-minute acquisitions
were obtained, one with the RF pulses of the
same phase and the other with alternating phases.
The maximum signal between the two acquisitions
was taken on a pixel-by-pixel basis and a localized
region of interest was created by removing
surrounding high signal from fat. These were
displayed as two-dimensional (2D) and reformat-
ted three-dimensional (3D) cross-sectional images.
This technique resulted in a short imaging time,
five minutes in total, and provided images with
uniform, high signal intensity CSF. The need for
post-processing at a workstation however, was
a disadvantage with these techniques and in our
experience; the image quality has been less
optimal often degraded by patient motion and
juxta-thecal venous structures (Fig. 1).

MRM images using heavily T2-weighted images
with fat-suppression are susceptible to artifact
because of the hyperintense signal of juxta-thecal
venous structures. This signal can be suppressed by
administration of intravenous gadopentetate di-
meglumine (0.15 mmol/kg) as a negative contrast
agent during turbo short tau inversion recovery
(STIR) MRM, and gadolinium also improves the
signal-to-noise ratio of adjacent CSF contain-
ing structures [4]. This technique has the obvious
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Fig. 1. Normal MRM using 3D FISP technique. Anterior (4) and lateral (B) maximum intensity images produced at the
MR workstation show the thecal sac without compressive deformity. Left (C) and right (D) oblique images show a large
portion of the respective left and right nerve root sleeves particularly at lower lumbar levels. The vertebral bodies are
faintly visualized on the lateral and oblique images using this technique.

disadvantage of increased time and expense.
A shorter scan time with high resolution and
contrast however, is the ultimate solution for
MRM to be a useful add-on to standard spine
MR imaging.

MRM reached a new height in 1997 using
echo-planar imaging to rapidly acquire MRM
images. Damaerel et al [5] described a technique
derived from a RARE sequence, single-shot turbo
spin-echo (SS-TSE) that allowed image acquisi-

tion in 2 seconds per image (coronal, sagittal, and
oblique views) and alleviated the need for post-
processing at a workstation. The parameters used
by Demaerel et al were an effective TE, 850
milliseconds; echo train length 160; TR, 11.5
milliseconds; matrix, 160 x 256; number of acquis-
itions, one; field of view, 125 x 200 mm; slice
thickness, 20 mm; and acquisition time 1.8 seconds.

The authors have since modified the technique
used by Demaerel to increase resolution while only
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Fig. 1 (continued)

increasing scan time to 8 seconds per view (TE,
199.5 milliseconds; TR, 8000 milliseconds; matrix,
256 x 256; number of acquisitions, one; field of
view, 200 x 200 mm; slice thickness, 20 mm;
acquisition time 8 seconds; presaturation fat pulse)
[6] (Fig. 2). This technique uses a fat-suppression
pulse and thus eliminates bony landmarks. It is
therefore important to mark a reference level using
the workstation before filming (see Fig. 2). It also is

useful to invert the image contrast using reverse
mode so that CSF appears black on a white
background. The authors have found that this
technique results in excellent resolution in the
cervical and lumbar spine and is not significantly
degraded by cerebrospinal fluid (CSF) flow or
paraspinal vessel artifacts (Figs. 3, 4). Based on the
authors’ clinical experience, we believe that this
technique accurately depicts the nerve root sleeves
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Pilot Image

FSE. (16)

Fig. 2. A 62-year-old female patient evaluated for low back pain using our echo-planar RARE technique (4) Axial T2-
weighted image is used for localization. Sagittal (SAG), coronal (COR) and bilateral 45° oblique (45) planes oriented
with the neural foramen are obtained. (B) Sagittal T2-weighted image shows L4-5 and L5-S1 disc desiccation and a small
disc or osteophyte complex at L4-5. A localizing mark (62F) has been placed at the level of abnormality for reference
on the MRM images. (C—F) Anterior (C), lateral (D), left (E') and right (F) oblique images better demonstrate the CSF
filled thecal sac, nerve roots within the thecal sac and nerve root sheath complex. Minimal compressive effect is seen at
L4-5 on the lateral image and the nerve roots are well preserved on the oblique images.

and compressive effects on the thecal sac, spinal
cord, and nerve roots.

Karantanas et al [7] compared the SS-TSE
technique to 3D-turbo spin echo (3D-TSE) MRM
and routine T2-turbo spin-echo (T2-TSE) MR
imaging. They concluded there was no significant
difference in measuring the AP diameter of the
spinal canal between the three techniques and no
significant difference in evaluating signal-to-noise
ratio (SNR) of the spinal cord between the SS-
TSE and 3D-TSE techniques, but both were better
for SNR of the cord than T2-TSE. SS-TSE also
was better than either 3D-TSE or T2-TSE for
SNR of CSF, contrast-to-noise ratio between CSF
and spinal cord, and relative contrast between
CSF and spinal cord.

Several investigators have evaluated the accu-
racy of MRM compared with conventional
contrast-enhanced myelography for lumbar spine
imaging. A distinct advantage of MRM is the
ability to evaluate nerve root sheaths. Kuroki et al
[8] used a 3D fast spin-echo technique to show
that MRM was equivalent to contrast-enhanced

myelography in evaluating the lower lumbosacral
nerve roots. Eberhardt et al [9] evaluated 3D-FISP
MRM technique and conventional contrast-
enhanced myelography in an effort to compare
differences in evaluating normal anatomy and
pathologic states. The lengths of individual spinal
nerve roots from the L1 to S3 level were compared
in 50 asymptomatic patients. The sensitivity for
evaluation of the L4 through S1 nerve roots was
comparable but 3D-FISP MRM better delineated
the L1 to L3, S2, and S3 nerve roots than
contrast-enhanced myelography. MRM and con-
trast-enhanced myelography were also compared
with findings at surgery in 80 patients present-
ing with radicular symptoms. The sensitivity for
detecting nerve root compression caused by spinal
stenosis was significantly higher for 3D-FISP
MRM than contrast-enhanced myelography, par-
ticularly in patients with severe stenosis. There
was no significant difference in the ability to de-
tect disc herniation or post-operative scar tis-
sue, and both techniques showed 80% to 90%
sensitivity.
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Fig. 2 (continued)

Ramsbacher et al [10] prospectively evaluated
41 patients with lumbar radicular symptoms
using conventional contrast myelography and
compared it to MRM. They used a heavily T2*-
weighted 3-D gradient echo sequence (4 min scan
time) and 3D maximum intensity projections
(MIP). MRM and contrast myelography had
identical sensitivity and specificity in 35 cases of
thecal sac indentation with nerve root sheath
amputation and 6 cases of spinal stenosis. These
results were confirmed at surgery in 38 patients.

The dorsal root ganglion is believed to play
a significant role in the mechanism of low back
or sciatic pain [11]. Animal studies suggest that
dorsal root ganglion edema caused by compres-
sion produces nerve root pain [12]. Imaging of the
dorsal root ganglion is possible with MRM using

heavily T2-wieghted images with fat suppression
that enhances signal intensity of CSF and the
dorsal root ganglion with subtraction of back-
ground signal. Yohichi et al [13] blindly evaluated
the dorsal root ganglion on MRM images in 83
patients with monoradicular symptoms. Indenta-
tion and swelling of the ganglion was assessed and
a “dorsal root ganglion ratio” was quantitatively
expressed as a ratio of the dorsal root ganglion
width on the involved side to that of the
contralateral side, and these were compared with
83 random control uninvolved levels. The dorsal
root ganglion ratio was significantly higher at
involved levels and in patients with lateral disc
herniations. There was a moderate correlation
between the dorsal root ganglion ratio and leg
pain, gait, and motor symptoms. Indentation of
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the dorsal root ganglion was also significantly
higher at involved nerve roots, in older patients
and in patients with a worse leg pain score, based
on the Japan Orthopedic Association scoring
system. Twenty-three patients were re-imaged at
one year following treatment (19 patients un-
derwent surgery and 6 managed conservatively)
that had good or excellent clinical results and the
dorsal root ganglion ratio had significantly de-
creased. Careful evaluation of the dorsal nerve
root ganglion and correlation with clinical symp-
toms can potentially determine the spinal level
responsible for radicular symptoms and predict
those patients most likely to benefit from in-
tervention.

MRM may also be used in the evaluation of
conjoined nerve roots, nerve root avulsion,
arachnoid adhesions, pseudomeningoceles, syrin-

gomyelia, perineural, and arachnoid cysts (Fig. 5).
MRM also has successfully been used for eval-
uation of proximal brachial plexus injuries and
can detect small meningoceles with avulsed or
intact nerve roots, partial or complete radicular
avulsions without disruption of the thecal sac,
dural sleeve abnormalities and dural scars [14,15].
When compared with conventional cervical mye-
lography and CT myelography, 3D constructive
interference in the steady state (CISS) MRM
shows 89% sensitivity, 95% specificity, and 92%
diagnostic accuracy for detection of traumatic
brachial plexus injuries [15].

The future evaluation of CSF leak and CSF
flow dynamics may eventually be possible using
intrathecal gadolinium enhanced MRM and
cisternography. Zeng et al [16] demonstrated the
feasibility and safety of using low dose intra-
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Fig. 3. A 24-year-old female patient with bilateral radiculopathy greater in the right arm. (4) Sagittal T2-weighted image
at midline shows a small disc herniation (24F) at the C5-6 level. (B) Sagittal MRM image also at midline shows mild
compression of the anterior thecal sac with no deformity of the spinal cord. (C) Right oblique MRM image shows
decreased “‘myelographic effect” at the level of compression and amputation of the right C6 nerve root (black arrow). (D)
Left oblique MRM image shows the inferior aspect of the left C6 nerve root contains CSF signal (black arrow) whereas
there is blunting of the superior nerve root sleeve. Given the findings and failure of conventional therapy, a C5-6 anterior
cervical discectomy and fusion was performed with relief of her symptoms. The asymmetry of the MRM nerve root

compression may account for her asymmetric symptoms.

thecal gadolinium (gadopentetate dimeglumine)
in 11 patients. A single dose of either 0.2 mL, 0.5
mL, or 1.0 mL of gadolinium (500 mmol/l) was
injected by way of lumbar puncture after baseline
MR imaging. The normal hypointensity of sub-
arachnoid space on TIl-weighted images was
reversed to hyperintensity, particularly with lower
doses (0.2 mL and 0.5 mL), but areas of
hypointensity were seen in dependent portions of
the thecal sac with a higher dose (1.0 mL). The
normal hyperintensity on T2-weighted images was
reversed to hypointensity after the 0.5 mL and
1.0 mL doses but not after the 0.2 mL dose. Six
patients were monitored with pre- and post-
imaging CSF analysis and five patients with

12-lead electroencephalography. No significant
abnormality was detected during a 24-hour ob-
servation period following the procedure. No
neurologic sequelae were seen in any of the 11
patients during 9 to 15 month follow-up. MR
imaging at 1 year follow-up in 3 patients showed
no gross morphologic or MR signal changes
compared with initial baseline MR studies.
Jinkins et al [17] further illustrated the use of
intra-thecal gadolinium for the detection of CSF
leaks by using it in conjunction with MR
cisternography. While this method has the obvi-
ous disadvantage of requiring lumbar puncture
and intra-thecal use of gadolinium and it is not
approved in many countries, it warrants further
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Fig. 3 (continued)

investigation and also has potential for evaluation
of CSF flow dynamics.

MR peripheral nerve imaging

Radicular symptoms are common and involve
both the upper and lower extremities. The
majority of patients with radiculopathy have ab-
normalities localized to the cervical and lumbar
spine and routine MR imaging studies of the spine
suffice. There is a subgroup of patients however,
with neurogenic symptoms referable to peripheral
nerve pathology, most notably the lumbosacral
plexus; sciatic nerve; and brachial plexus. Electro-
diagnostic studies, such as electromyography
(EMQG) is useful to localize the level of a peripheral
nerve lesion but does not provide information as
to the etiology of the lesion. Ultrasonography,
computed tomography, and standard MR imag-
ing techniques have been used to evaluate these
patients but have limited capacity and accuracy in
detecting pathologic lesions. MR peripheral nerve
imaging (MRPNI) using phase array coils and fast

imaging technique is a sensitive diagnostic tool
that allows high definition imaging of the extra-
spinal neural structures and improved detection of
intraneural and extraneural pathology.

The brachial and lumbosacral plexus are
formed by multiple ventral rami of spinal nerves.
The C5 through TI1 spinal nerves form the
brachial plexus as roots that subsequently form
the trunks, divisions, cords, and branches. The
lumbosacral plexus is composed of two separate
plexus. The lumbar plexus is formed by LI
through L3 spinal nerves and the sacral plexus
from L4 through S4 spinal nerves. Both the
lumbar and sacral plexus divide into anterior
and posterior branches. The posterior branches of
the lumbar plexus are located within the psoas
muscle and the sacral plexus is anterior to the
piriformis muscle. The sciatic nerve is formed
by the tibial portion from the anterior branch
of the sacral plexus and the peroneal portion from
the posterior branch. The sciatic nerve courses
through the greater sciatic foramen of the pelvis
accompanied by the piriformis muscle and gluteal
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Fig. 4. A 52-year-old female patient with myelopathy. (4) Sagittal T2-weighted image shows multi-level spondylolysis of
the cervical spine with increased spinal cord signal at the C4-5 level (22F). The degree of spinal cord compression at
lower cervical levels is often difficult to ascertain on routine T2-weighted images in these patients with advanced
hypertrophic change. (B) Sagittal MRM image better demonstrates the degree of spinal canal stenosis and spinal cord

compression at multiple cervical levels.

vessels and nerves. The sciatic nerve divides into
tibial and peroneal nerves in the lower thigh
region.

Peripheral nerves are composed of several
fascicles interspersed with adipose and fibrous
connective tissue contained as a structural unit by
the epineurium. Each fascicle is surrounded by
perineurium and the nerve axons that compose
the fascicle are surrounded by loose connective
tissue called endoneurium. The tightly adherent
cells of the perineurium isolate the endoneurial
fluid from the surrounding extracellular space,
and when intact, act as a barrier to the spread of

disease [18]. Axoplasmic fluid is also present
within the axons. The intrinsic contrast properties
of adipose tissue and both endoneurial and
axoplasmic fluid allow distinct MR imaging of
peripheral nerves. The individual fascicles of
larger nerves are visualized as smooth, uniform,
soft tissue structures isointense to muscle on T1-
weighted MR images and are well delineated by
interspersed epineural adipose tissue. Fascicles
appear as high signal intensity dot-like structures
on T2-weighted images that generally show less
intense signal than adjacent blood vessels and
mild to moderate hyperintense signal compared to
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Fig. 5. A 45-year-old male patient with prior traumatic thoracic spine injury and syringomyelia. (4) Sagittal T2-
weighted image shows a focal area of syringomyelia within the lower thoracic spinal cord (white arrow). (B) Sagittal
MRM image takes advantage of the CSF signal with the syringomyelia cavity (black arrow) and also shows the extent
of the lesion. MRM is particularly useful for small CSF containing lesions such as nerve root avulsions, pseudo-

meningoceles and CSF leaks.

adjacent muscle. The nerve fascicles are separated
by low-signal intensity on T2-weighted images
because of interspersed connective tissue and fat-
suppressed adipose tissue.

Typical MRPNI protocols use high-resolution
spin-echo T1-weighted images to show anatomic
detail and fat-suppressed T2-weighted or STIR
images to detect abnormal nerve signal intensity
(Figs. 6, 7) [19]. STIR images are preferable to
provide uniform and consistent fat suppression
with excellent T2 contrast [18]. STIR imaging
however, has a low SNR and is sensitive to blood-
flow artifacts. Flow saturation pulses are useful
to attenuate these phase-shift artifacts [18].

Gadolinium enhanced fat-suppressed T1-weighted
images are typically reserved for patients with
neoplasm, suspected infection, and post-surgical
evaluation.

MR imaging of the peripheral nerves is time
consuming and motion sensitive. It is therefore
useful to limit MR imaging to the most likely
region of nerve pathology. This may be deduced
based on clinical presentation and electrodiagnos-
tic testing (EMG and nerve conduction velocity
studies). Lesions also may be clinically localized
based on pain distribution, palpable mass, and
motor or sensory deficits [19]. Patient sedation
is routinely used during image acquisition and



J.A. Stone | Magn Reson Imaging Clin N Am 11 (2003) 543-558 553

Fig. 6. Normal brachial plexus. (4) Oblique coronal T1-weighted image (to maximize long axis of brachial plexus) of the
lower brachial plexus shows the brachial plexus isointense to muscle extending from the trunks to cords (white arrows) as well
as the proximal roots of C8 and T1. (B) Oblique coronal STIR images (same plane as A) show the normal brachial plexus
(white arrows) with signal higher than muscle but less than vascular structures in the neck. (From Moore KR. Spine Image
Archive. Salt Lake City (UT): Advanced Medical Imaging; Accessed June 2003; with permission.)

occasional patients may require more than one
imaging session.

The use of phase array coils allows a composite
image to be performed from multiple receive-only
surface coils. This allows anatomically detailed

images with high SNR and a small field of view.
High-resolution matrices are used to improve in-
plane spatial resolution. Most phase array coils
are shapeable to fit the curves of the extremity
being imaged [18]. Moore et al [19] have indicated

Fig. 7. Normal sciatic nerve. (4) Coronal T1-weighted image oriented to long axis of sciatic nerve as it courses through
the greater sciatic foramen (arrows). Nerve fascicles are isointense to muscle and surrounded by high signal of adipose
tissue within the epineural space. (B) Coronal T2-weighted FSE image with fat saturation obtained in same plane as
shown in 4. Fascicles appear bright in signal intensity but remain less intense than adjacent blood vessels. (From Moore
KR. Spine Image Archive. Salt Lake City (UT): Advanced Medical Imaging; Accessed June 2003; with permission.)
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that a standard wrap-around thoracic phase array
coil placed over the pelvis or thighs works well for
imaging the lumbosacral plexus and sciatic nerve,
whereas pelvic phase-array coils are generally
limited to imaging the lumbosacral plexus. Images
are best obtained parallel and perpendicular to the
nerve of interest. The field of view is dependent on
the size of the body part being imaged but is in the
range of 18 to 26 cm when imaging the brachial or
lumbosacral plexus and 12 to 16 cm when imaging
the sciatic nerve. A 256 x 256 or 512 x 256 matrix
size is usually adequate for imaging these regions.
Contiguous 4 to 7 mm thick images are used for
imaging parallel to the nerve course and perpen-
dicular to the nerve in the brachial plexus or
lumbosacral plexus. A 50% to 100% gap (24
mm) may however, be used for imaging perpen-
dicular (cross-sectional) to the sciatic nerve
course, particularly when a specific anatomic
region is difficult to ascertain based on clinical
information and a large region of imaging is
necessary.

Peripheral nerve injuries are divided into two
basic groups based on the mechanism of injury:
traumatic axonal disruption caused by a crush
injury or transection and compressive neuropathy
secondary to neoplasm, entrapment, or non-
disruptive trauma [20]. Both mechanisms increase
permeability of endothelial junctions of the
endoneurium and allow an influx of free water
into the endoneurial space. This may account for
increased signal on T2-weighted or STIR images
often approaching that of adjacent blood vessels.
The nerve often becomes enlarged and fascicular
architecture may be distorted. It is important to
image the muscle groups supplied by the nerve of
interest because secondary denervation changes
may be seen. Early denervated muscle has normal
size and initially shows increased signal intensity
on T2-weighted images. Chronic denervation
leads to muscle atrophy and therefore decreased
size and adipose tissue infiltration. This is best
evaluated on Tl-weighted images of the affected
muscle groups.

Many pathologic conditions can be identified
on MRPNI. Compressive neuropathy may be
caused by intrinsic or extrinsic compression of
a peripheral nerve. Extrinsic compression is seen
in entrapment syndromes and occurs in locations
where the nerve has an intimate association with
bone, muscle, or vascular structures. The lower
trunk of the brachial plexus is prone to compres-
sion at the insertion site of the anterior scalene
muscle on the first rib or at the crossing point of

a cervical rib [18]. The sciatic nerve is compressed
at the greater sciatic foramen by the piriformis
muscle and the lateral femoral cutaneous nerve at
the attachment of the inguinal ligament to the
anterior superior iliac spine [18]. Vascular entrap-
ment is often caused by aneurysm formation or
can be the result of hematoma.

Intrinsic compression is often caused by
tumors and may be caused by primary neural
tumors such as neuroma, neurofibroma, and
schwannoma (Figs. 8, 9). Intrinsic compression
also results from metastases, lymphoma, or direct
extension of a non-neural primary tumor as seen
with breast carcinoma and the brachial plexus
(Fig. 10). Granulomatous infiltration as seen in
sarcoidosis may also present as an intrinsically
compressive mass as can postradiation scar tissue
[19]. Postradiation injury however, is frequently
seen as diffuse nerve swelling with T2-hyper-
intensity conforming to the field of radiation.
Hypertrophic neuropathy may mimic a primary
nerve tumor, such as schwannoma [19].

In the absence of a mass lesion or nerve
enlargement, it is imperative to scrutinize for
abnormal nerve signal as acute nerve injury
(intermittent trauma or ischemia) may alter nerve
physiology without altering nerve morphology.
Animal models have shown that acute nerve
compression can cause transient alterations in
axonal transportation without Wallerian degen-
eration or detectable morphologic changes [21—
23]. Axonal transportation occurs at varying rates
of speed, is bidirectional, and moves axonal water
and many substances such as neurotransmitters,
enzymes, and cytoskeleton proteins along the
axon to and from the cell body. Disruption of
axonal transport can lead to inhibited axoplasm
water flow and thus lead to localized or diffuse
increase in axoplasm water content.

Based on this model, Gupta et al [24] produced
compression injury to the sciatic nerve of rats to
produce altered neural function without morpho-
logic injury. MR imaging was performed at 24
hours and again between 24 to 96 hours after
surgery. The opposite sciatic nerve was exposed
but not compressed to serve as an internal control.
Signal intensity was measured on T2-weighted
images of background muscle (to correct for
signal intensity variations within the field of view),
compressed nerve, and normal nerve at multiple
locations and histologic evaluation was performed
to exclude morphologic changes. There was no
significant difference in the nerve or muscle signal
intensity ratio at different locations of the control
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Fig. 8. Neurofibroma of brachial plexus. (4) Coronal T2-weighted FSE image with fat suppression shows a hyperintense
mass in the left paraspinal region with extension along the C8 and T1 nerve roots and proximal inferior trunk (arrows).
Axial T1-weighted (B) and T2-weighted FSE with fat saturation (C) images further show the mass to be multi-lobulated
with heterogeneous signal on T2-weighted images. (From Moore KR. Spine Image Archive. Salt Lake City (UT):
Advanced Medical Imaging; Accessed June 2003; with permission.)

sciatic nerve but there was statistically significant
increased signal intensity in the compressed nerve
both at the level of injury and distal to the level of
injury. There was, however, no significant differ-
ence in signal intensity between normal nerve and
nerve proximal to the level of injury on the
compressed side. Given the distribution of abnor-
mal signal in the compressed nerve, it is likely that
ischemic effects play a role in the mechanism of
this type of injury. It is also possible that dis-
ruption of axoplasm transport leads to a greater
accumulation of water at the point of injured

nerve resulting in greater accumulation of axonal
water distal to the injury. Application to human
subjects may allow identification of an injured
nerve segment in the absence of a morphologic
abnormality that results from intermittent
compression as is seen in several entrapment
syndromes.

A correlation between abnormal high signal on
T2-weighted MR imaging of human nerves and
abnormal clinical and electrodiagnostic studies
has been shown in a limited number of patients
[25,26]. Quantitative image analysis of nerve
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Fig. 9. Neurofibroma of tibial nerve. (4) Axial T1-weighted image shows a soft tissue lesion (arrow) with signal similar
to adjacent vessels and higher in signal than adjacent muscle. (B) Axial STIR image at same level as A shows that the
lesion signal intensity (long white arrow) increases similar to that of adjacent blood vessels compared with the normal
deep peroneal nerve (short white arrow). (From Moore KR. Spine Image Archive. Salt Lake City (UT): Advanced

Medical Imaging; Accessed June 2003; with permission.)

Fig. 10. Non-Hodgkin’s Lymphoma. Coronal T2-weighed
FSE image with fat suppression shows abnormally thickened
lumbar nerve roots with extension into the lumbar plexus
(arrows) tracking medial to the right psoas muscle. The
abnormal plexus shows moderate abnormally increased
signal intensity. This was secondary to lymphomatous in-
volvement of the neural axis. (From Moore KR. Spine Image
Archive. Salt Lake City (UT): Advanced Medical Imaging;
Accessed June 2003; with permission.)

signal has further potential for evaluating patients
with radicular symptoms and multilevel disc or
spondylotic disease [26]. Detection of abnormal
increased cervical nerve root signal on T2-
weighted images caused by proximal compression
may select patients and cervical levels most likely
to benefit from decompression surgery. Larger
human case studies however, will be necessary
before global application is acceptable.
Peripheral nerve recovery from trauma also
may be followed with MRPNI. Severe injury to
a peripheral nerve may result in axonal disruption
whereas the Schwann cells and endoneurium
remain intact, resulting in Wallerian degeneration
[20]. Wallerian degeneration results in an increase
in nerve water content (25% increase in water
content by day 15 post-injury) believed to result
from a decrease in membrane bound water and an
associated increase in extracellular water [27]. This
leads to prolongation of the T1 and T2 relaxation
times on MR imaging. The intact endoneurium
however, permits axonal regeneration and poten-
tial restoration of nerve function. Using a rat
sciatic nerve crush model, Cudlip et al [28] have
shown that quantitative assessment of nerve signal
may confirm acute nerve injury and that a return
toward normal signal correlates with functional
improvement. Increased T2 signal peaks at 14
days after the injury, as does maximal functional
deficit as measured by walking-track analysis. T2
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signal decreases proportionally to functional re-
covery over time with near-normal signal and
return of normal function at 70 days post-injury.

Dailey et al [29] reported a case of a young man
with traumatic laceration of the peroneal branch of
the sciatic nerve. Despite surgical anastomosis,
follow-up electrodiagnostic tests showed no re-
innervation and T2-weighted MRPNI showed
persistent increased signal at and distal to the level
of injury. The scarred segment was subsequently
excised and a sural nerve graft was used across the
gap. MRPNI showed progressive normalization of
the distal nerve signal as function returned by
clinical exam and EMG. While experience in this
clinical setting is limited and the exact time course
of human nerve regeneration and corresponding
MR signal intensity change needs further study,
preliminary evidence suggests that MRPNI may be
a useful monitoring tool for nerve recovery.

Summary

MRM is a useful imaging technique that can
be incorporated into routine spine MR imaging
protocols without a significant increase in imaging
time or patient discomfort. When combined with
high quality, sequential (no inter-slice gap), axial
images of the spine, the authors have found that it
decreases the surgeon’s need for conventional
contrast enhanced myelography by showing the
etiology of compression and degree of compres-
sive effect, particularly in cases of degenerative
spine disease. In select cases where greater bone
detail is desired, an unenhanced CT is often
sufficient.

MRPNI also is a useful imaging technique that
is primarily used in the evaluation of patients with
radicular symptoms not explained by spine MR
imaging findings. Selective MRPNI is performed
based on clinical and electrodiagnostic results to
evaluate extra-spinal causes of peripheral neurop-
athy. It is easily performed using phase array coils
and is primarily used to detect traumatic axonal
disruption and compressive neuropathy.
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Since the publication of “MR Angiography
of the Spine” in the 1998 Magnetic Resonance
Imaging Clinics of North America volume entitled
“New Techniques in MR Neuroimaging” [1],
three important developments in noninvasive
spinal vascular imaging have occurred:

(1) Fast (dynamic, time-resolved, or first pass)
three-dimensional (3D) contrast-enhanced (CE)
MR angiography (MRA) has been applied to
the detection of normal and abnormal spinal
vessels [2—7].

(2) Retrospective review of the results of “‘stan-
dard” spinal MRA studies over an 8-year
period (1992—2000) has been published by
each of two groups [8,9].

(3) Helical CT angiography has been applied to the
detection of the major spinal vessels in patients
with thoracoabdominal occlusive vascular dis-
ease [10].

This article focuses on the first 2 develop-
ments. The emphasis, as in 1998, will be on
the appearance of intradural spinal vessels on
3D CE MRA and on spin-echo MR imaging of
individuals without and with vascular lesions, in
comparison to the appearance of the same vessels

* Corresponding author. Division of Neuroradiology/
MRI Center, Department of Radiology (R-308),
University of Miami School of Medicine, 1115 North-
west 14th Street, Miami, FL 33136.
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on digital subtraction x-ray angiography (DSA).
Spinal vascular anatomy is not reviewed in this
article. The reader is referred to the earlier article
[1] for a complete description of the nomenclature,
location, number, and sizes of the major intra-
dural vessels:

(1) On the cord surface—anterior spinal artery,
posterolateral spinal arteries, and pial arterial
plexus and the anterior median vein, posterior
median vein, and coronal venous plexus.

(2) Extending from the cord surface to the epidural
space—anterior and posterior medullary ar-
teries (also referred to as radiculomedullary and
radiculo-pial arteries [11], respectively), and
the anterior and posterior medullary veins (also
referred to as radiculomedullary veins). Some
investigators simply refer to all vessels accom-
panying nerve roots as ‘“‘radicular’’ vessels [12].

Techniques: 3D contrast-enhanced MR
angiography

All spinal MRA studies are now performed
during or after intravenous infusion of a gadoli-
nium-chelate contrast agent, with doses ranging
from 0.1 to 0.3 mmol gadolinium per kg body
weight. Primarily, two approaches to data acqui-
sition are now used: an older, ‘“standard”
approach and a newer, “‘fast” approach.

Standard 3D contrast enhanced MR angiography

The first approach has been applied, with some
modifications, for almost a decade [13]. This

1064-9689/03/$ - see front matter © 2003 Elsevier Inc. All rights reserved.
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approach uses traditional 3D time-of-flight MRA flowing blood by gadolinium in spinal vessels
pulse sequences with TR values of 20 to 50 rather than “time-of-flight” differences in signal
milliseconds and scan times on the order of 10 intensity. Normal intradural vessels are undetect-
minutes per 3D volume. Vascular contrast is able on pre-contrast MRA acquisitions [1,14].
primarily caused by the relative T1 shortening of Despite the long scan times, a sufficient difference

Fig. 1. MR imaging, standard 3D CE MRA, and DSA of normal intradural vessels. (4) Midsagittal T2-weighted fast-
spin-echo MR image. The spinal cord is normal in size and signal intensity. No “flow voids” are detected in the
subarachnoid space. The T10 and T11 vertebral bodies are identified by the numbers 10 and 11. (B) Postcontrast T1-
weighted MR image. Vessel-like, serpentine enhancement is detected on the posterior surface of the cord at T11 and
faintly at T12. No linear enhancement is identifiable on the anterior surface of the cord. There is no abnormal
enhancement of the cord itself. (C) DSA from the same patient—Ileft anterior oblique view at 19 seconds following
injection of the left L2 lumbar artery. Only the veins are opacified. The anterior (small open arrows) and the larger, more
tortuous posterior (large open arrows) median veins are shown. The two vessels have an anastomosis (small arrowhead)
around the right side of the cord at the T10-T11 level. The left L1 medullary vein (closed arrow) is shown to be a posterior
draining vein, based on its confluence with the posterior median vein. A “kink” (large arrowhead) in the anterior median
vein was used as a marker for identifying this vein on 3D MRA MIP images and distinguishing it from the anterior
spinal artery. The approximate locations of the T10 and T11 neural foramina are indicated by the numbers 10 and 11.
(D) Standard 3D CE MRA sagittal maximum-intensity-projection (MIP) image targets the midline vessels with a volume-
of-interest approximately 3 mm thick. The vessels, which correspond to the anterior and posterior median veins
described in (C) are better shown than in the MR images (A4) and (B). The superior portion of the posterior median vein
seems to end at T10-T1l, consistent with the findings in (C) and (E). (E) Coronal MIP image encompassing
approximately the posterior half of the spinal canal targets the posterior median vein (open arrows), the left L1 great
posterior medullary vein (large arrow), the T10 posterior draining veins (small arrows), and the anastomotic loop at T11
(arrowhead). 1dentification of the vessels as veins is based on a comparison between (E) and (C). The right T10 and T11
neural foramina are indicated. (F) Coronal MIP image encompassing approximately the anterior 10% to 20% of the
canal targets the anterior median vein in the midline, the right T10 anterior medullary vein (arrow), the anastomotic loop
at T10-T11 (small arrowhead), and the “kink” (large arrowhead) in the anterior median vein (compare with C). (From
Bowen BC, DePrima S, Pattany PM, et al. MR angiography of normal intradural vessels of the thoracolumbar spine.
Am J Neuroradiol 1996;17:483-94; with permission.)
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Fig. 1 (continued)

in gadolinium concentration (intravascular >
extravascular) exists during the post-contrast
acquisitions that the largest normal spinal vessels
(principally veins) can be readily detected (Fig. 1).
This approach has been referred to as “‘standard,”
or “steady-state,” 3D CE MRA [4].

The CE MRA data are acquired at 1.0 T or 1.5
T as a single 3D slab that has sagittal (or coronal)
orientation and encompasses the spinal canal in
the antero-posterior (A-P) and right-left (R-L)

directions [13,14]. The pulse sequence is typically a
radiofrequency (RF)-spoiled, flow-compensated,
gradient-echo sequence (40-50 milliseconds/8—
10 milliseconds/20° [repetition time (TR)/echo
time (TE)/flip angle]) with 30 cm field-of-view
(FOV), 400 (phase) x360 (read) matrix, phase
sampling ratio 0.758, and 0.8 mm slice (partition)
thickness, producing an effective voxel size of
approximately 0.5 mm?. Similar vascular contrast
has been obtained with values of (29 milliseconds/
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Fig. 1 (continued)
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4.8 milliseconds/15°) for [TR/TE/flip angle] (B.
Bowen and P. Pattany, unpublished observa-
tions, 2003). Spatial presaturation pulses are
used to reduce or eliminate aliasing and motion-
induced artifacts. For sagittal slab acquisitions,
one presaturation zone covers the abdomen and
chest anterior to the aorta and a second
presaturation zone covers the cutaneous and
subcutaneous tissues of the back (thoracolumbar
MRA). In the neck and wupper chest, the
presaturation zones cover the soft tissues ante-
rior to the airway and posterior to the spinal
canal (cervicothoracic MRA).

Although less commonly used in current
practice, ‘“‘standard” (TR ~25-60 milliseconds)
gadolinium-enhanced phase contrast (PC) MRA,
with two-dimensional (2D) or 3D acquisition
techniques, has been applied previously to image
spinal vascular malformations, before and after
treatment [8,15-17]. Small vessels with complex
flow are better delineated with 3D than with 2D
PC MRA when similar velocity encoding (VENC)
values are used for both techniques. No reports
describing the appearance of normal intradural
vessels on standard PC MRA have appeared in
the literature.

Fast 3D contrast enhanced MR angiography

The more recent approach uses higher perfor-
mance gradient coils and rapid gradient-echo pulse
sequences to achieve TR values less than 10
milliseconds and scan times less than 1 minute (as
low as 5-10 seconds) per 3D volume, and
incorporates various methods of k-space sam-
pling,. This approach has been referred to as
“fast,” “dynamic,” “time-resolved,” or “first-pass”
(bolus) 3D CE MRA [18]. Both the “‘standard” and
the “fast” 3D CE MRA approaches are capable of
displaying normal intradural vessels [4,5], and both
have been applied to the study of vascular lesions of
the spine or spinal cord.

With fast 3D CE MRA, the image data are
acquired from a single 3D slab, with sagittal or
coronal orientation, encompassing the spinal canal
in A-P and R-L directions [2,3,5-7]. In most
published studies, one 3D data set (“‘mask”) is
acquired before contrast enhancement, followed
by serial acquisition of three or four complete 3D
data sets (phases) without interruption. An excep-
tion is the auto-triggered, elliptic-centric-ordered,
first-pass 3D CE MRA technique reported by Farb
and colleagues [7], in which only one 3D data set is
acquired and postprocessed for vessel display. The

goal of the fast technique with multiple acquired
phases is to capture predominantly arterial en-
hancement in the early phases and predominantly
venous enhancement in later phases (Fig. 2).
Temporal resolution of arterial and venous
enhancement depends on the complex relationship
between k space sampling method, acquisition
(scan) time required for each 3D data set, and the
arrival and transit times of the contrast bolus for
the region of interest. Based on DSA studies, an
estimate for the average length of time between
optimal anterior spinal artery enhancement and
optimal median vein enhancement in the thoraco-
lumbar region is approximately 10 seconds [14].

The data acquisition and image reconstruction
parameters reported for the fast technique with
multiple acquired phases are typified by the values
used by Binkert and colleagues [2], although
shorter TR and TE values and higher spatial
resolution are now attainable on commercially
available whole body MR scanners. Binkert et al
[2] used a 3D gradient-echo pulse sequence with the
following parameters: 7 milliseconds/2.3 millisec-
onds/25° [TR/TE/flip angle], 28 cm FOV (3/4
phase), and 0.5 NEX. Data were acquired with 34
slices, each 2 mm thick, 192 (phase) x256 (read) in-
plane matrix size, and then increased to 57 slices
with 384 x 512 matrix size by zero-fill interpolation,
producing an effective voxel size of approximately
1 mm?. For the 3D CE MRA acquisition, Binkert
et al [2] administered a gadolinium dose of 0.2
mmol/kg at a rate of 3 mL/second, and following
the appropriate time delay, the data were acquired
with sequential k-space encoding. The scan time
per 3D volume was 24 seconds.

Binkert and colleagues [2] determined the
appropriate delay time between intravenous in-
jection of the contrast bolus and the initiation of
the 3D MRA data acquisition using a 2 mL (1
mmol) test dose of gadolinium chelate with rapid
sampling of the signal in the mid-thoracic aorta
by a single slice (sagittal) 2D gradient-echo tech-
nique. Other investigators have used alternative
schemes: Yamada et al [5] sampled the signal in
the descending aorta in a single axial section lo-
cated at the diaphragm, whereas Shigematsu et al
[6] initiated the 3D acquisition at the start of the
bolus injection.

Fast 3D CE MRA using elliptic centric k-
space encoding seems promising because the
sampling of peripheral lines of k space, after
the central lines (responsible for vessel signal and
contrast) have been acquired, improves spatial
resolution (vessel detail) [4,7,19,20]. Farb and
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Fig. 2. Fast 3D contrast-enhanced MRA of the artery of Adamkiewicz and the great anterior medullary vein in a 72-
year-old woman with an aneurysm of the descending aorta. The left frame of the figure demonstrates 3 MIP views of the
aorta with the lower half of the frame showing the lateral view and the origin and proximal portion of the left T10
intercostal artery. The middle frame is a coronal MIP image from the “early phase” 3D MRA volume acquisition. This
MIP image, which is targeted to the spinal canal, shows the artery of Adamkiewicz (arrows) originating from the left T10
intercostal artery in the neural foramen and ascending to join a midline vessel in the canal. The right frame is a coronal,
targeted MIP image from the “late phase” 3D volume acquisition. This image shows a left anterior medullary
vessel (arrowheads), which extends from the midline vessel on the cord to the left L1 neural foramen. The medullary
vessel is more intense on the “late phase” image, and therefore represents a left L1 anterior medullary vein. The
midline vessel on the cord surface represents the incompletely resolved anterior spinal artery and the anterior median
vein. The level of the T10 neural foramina is labeled for the “early” and “‘late” phase MIP images. (From Yamada N,
Takamiya M, Kuribayashi S, et al. MRA of the Adamkiewicz artery: a preoperative study for thoracic aortic aneurysm.
J Comput Assist Tomogr 2000;24:362-68; with permission.)

colleagues [7] reported sequence parameters of
6.2 milliseconds/1.5 milliseconds/30° [TR/TE/flip
angle], 36x27 cm FOV (3/4 phase), 352x352

Postprocessing

For the standard and fast 3D CE MRA tech-

matrix, 70 sections, each 1.2 mm thick, achieving
voxel dimensions of 1x1x1.2 mm without
zero-filling techniques. Scan time, though, was
approximately 2 minutes per 3D volume—ap-
proximately five times the scan time of Binkert et
al [2] and other investigators noted previously, and
10 times the estimated time difference between
optimal arterial and venous opacification on DSA.
Thus, despite careful synchronization of the
initiation of 3D data sampling and the ““first pass”
arrival of the contrast bolus, temporal separation
of arterial and venous signal changes with the
elliptic centric ordering 3D CE MRA technique is
difficult [4,7].

niques, targeted, maximum intensity projection
(MIP) images of the spinal vessels are produced
from subsets of the source image data (subvolu-
mes) by manual selection of a region-of-interest
(ROI). Based on our experience we recommend the
following approach to display intradural vessels
detected on sagittal source images with the
standard CE MRA method: (1) generate four or
five coronal MIP images (each from a ROI
thickness equal to approximately one-fourth of
the spinal canal AP diameter) progressing from the
posterior to the anterior margin of the canal; (2)
generate four or five sagittal MIP images in
a similar fashion, progressing from the right side
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to the left side of the canal; (3) for the coronal and or anterior surface of the cord are achieved (Fig. 3).
sagittal subvolumes that best display the vessels, The ROIs that are drawn for the coronal MIPs
modify the thickness or angulation of the ROI, and usually have curved anterior and posterior margins
repeat the MIP until the greatest length and because the spine characteristically has anterior-
intensity of the intradural vessels on the posterior posterior curvature. In some cases, multiplanar

Fig. 3. Left T12 dural AVF. All three reviewers in the study by Saraf-Lavi and colleagues thought that a fistula was
present based on the MR imaging (true positive result, 4 and B) and based on MR imaging plus standard 3D contrast-
enhanced MRA (true positive result, A—F) findings. (4) T2-weighted fast-spin-echo MR image shows hyperintense cord
from T9 to the conus tip and serpentine flow voids, consistent with enlarged intradural vessels, posterior to the cord from
T6 to T10 (note serrated appearance of the posterior margin of the cord). (B) Postcontrast T1-weighted MR image shows
patchy enhancement within the cord from T9 to the conus tip. (C) MR angiography sagittal MIP image demonstrates
marked tortuosity and length of a posterior perimedullary, intradural vessel, corresponding to the posterior median vein.
(D, E) The coronal MIP images are targeted to the posterior half of the thoracic spinal canal in (D) and to the more
anterior portion of the canal in (E) which demonstrates an enlarged, tortuous vessel (arrow) extending toward the left
T12 foramen. The vessel corresponds to the left T12 anterior medullary vein. The left pedicle of T12 is labeled. (F) DSA
posteroanterior view, following injection of the dorsal ramus of the left T12 intercostal artery, shows the fistula
(arrowhead) and draining medullary vein (arrow). (From Saraf-Lavi E, Bowen BC, Quencer RM, et al. Detection of
spinal dural arteriovenous fistula with MR imaging and angiography: sensitivity, specificity, and prediction of vertebral
level. Am J Neuroradiol 2002;23:858-67; with permission.)
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Fig. 3 (continued)

reformatting before application of the MIP algo-
rithm improves the display of vessels. Unfortu-
nately, not all scanner manufacturers offer MIP
algorithms that have the range of capabilities
described above. When the MIP options are
limited, the multiplanar reformatted sections may
provide the best display of intradural vessels.
Although gadolinium enhancement of a mass
or the cord itself in pathologic conditions can
potentially obscure or mimic the enhancement
within spinal vessels on CE MRA, this shortcom-
ing has rarely occurred in our experience [13].

Appearance of spinal intradural vessels on MR
imaging and MR angiography

Normal vessels

Only the largest intradural vessels, measuring
approximately 1 mm in diameter, are displayed on
the sagittal and coronal MIP images. Standard
CE 3D MRA of the thoracolumbar region
demonstrates vessels that correspond to the major
intradural veins (see Fig. 1). The venous anatomy
is better displayed on CE MRA sagittal MIP
images (see Fig. 1D) than on postcontrast T1-
weighted sagittal images (see Fig. 1B). The
tortuosity of normal anterior and posterior
median veins is variable, but usually not extreme.
Occasionally, the tortuosity (as measured in turns

per vertebral segment) of either of these veins may
be marked and extend over several vertebral levels
so that the appearance mimics that observed in
patients with vascular malformations [9]. The
appearance of the posterior median vein on CE
MRA and the appearance of the “filling defect”
produced by the vein on supine thoracic myelog-
raphy are similar [21].

The major intradural arteries, including the
artery of Adamkiewicz, are shown poorly, or not
at all, on MIP images from standard 3D CE
MRA [14]. Presumably, veins are preferentially
shown because of their greater diameter and
hemodynamics (lack of pulsatile flow and hairpin
turns). With the standard CE technique, normal
veins and arteries cannot be distinguished de novo
except by anatomic differences in vessel location,
of which the most distinctive finding is the
presence of a large vein (posterior median vein),
and no large artery, in the midline of the posterior
surface of the cord.

The “fast” contrast-enhanced technique offers
the possibility of distinguishing between the
largest intradural arteries and veins by temporally
resolving the arterial and venous phases of the
contrast bolus. As discussed earlier, though,
adequate temporal resolution is difficult because
3D-volume acquisition times of about 10 to 15
seconds may be necessary for a clear distinction
between arteries and veins [5,14]. Using a “fast”
technique with 3D-volume acquisition times of 34
to 45 seconds, Yamada and colleagues [5] have
shown that vessels larger than 0.5 mm diameter
may be detected and that the artery of Adamkie-
wicz can be distinguished from the great medul-
lary vein (see Fig. 2). Distinguishing between the
two vessels is tedious, however, since identification
of the artery is contingent on tracking its course
from the dorsal branch of the intercostal or lum-
bar artery to its junction with the anterior spinal
artery on the cord surface. A similar approach has
been used to identify the artery of Adamkiewicz
on contrast-enhanced, multi-detector row, helical
CT angiography (CTA) [10].

Yamada and colleagues [5] tracked the artery
of Adamkiewicz on targeted MIP images con-
structed from double oblique, multiplanar refor-
matted (MPR) images that were derived from the
original 3D source images. To improve arterial
contrast, pre-injection ‘“mask” source images were
subtracted from the contrast-enhanced, early-
phase source images. The primary criterion which
was used to distinguish major arteries (eg, artery
of Adamkiewicz and the anterior spinal artery)
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from major veins (eg, anterior median vein and
great medullary vein) was that arteries should
exhibit an early-phase signal intensity that was
equal to or greater than the late-phase signal
intensity (see Fig. 2). This criterion may be
difficult to verify for the midline vessels on the
anterior surface of the cord where a prominent
anterior median vein, for example, courses adja-
cent to, and is not spatially resolved from, the
anterior spinal artery. Because of the proximity of
the two vessels, the late-phase venous enhance-
ment may obscure the declining enhancement in
the anterior spinal artery and may exceed the
early-phase enhancement, suggesting that only
a midline vein is present [4].

Using the detailed postprocessing steps and
the criterion described earlier, Yamada and
colleagues [5] were able to identify the artery of
Adamkiewicz in 69% of patients who underwent
MR angiography before surgical or endovascular
stent-graft repair of thoracic and abdominal
aortic aneurysms. The anterior spinal artery
caudal to the junction with the artery of
Adamkiewicz was identified in only 50% of the
patients, while the anterior spinal artery craniad
to the junction was never identified. The great
anterior medullary vein was reportedly identified
in 65% of patients; however, the investigators
presented no targeted, midsagittal MIP images
or source images to document that the vein
displayed on coronal MIP images (see Fig. 2)
was in fact the anterior, and not the posterior,
medullary vein.

Regarding detection of the artery of Adambkie-
wicz, CTA may be more sensitive than MRA.
Takase and colleagues [10] have reported that the
artery was clearly visualized in 63 of 70 patients
(90%) who underwent helical CTA for evaluation
of presumptive thoracoabdominal vascular dis-
ease. Although this detection rate exceeds that of
Yamada et al, no direct comparisons between
MRA and CTA in the same patient population
have been reported. Furthermore, Takese’s study is
limited by a lack of DSA documentation of the
identity of intradural arteries as distinct from veins.

Detection of normal intradural vessels using
PC MRA techniques has been disappointing. For
2D PC angiography, Mascalchi et al [16] found
that modulus images failed to show the largest
intradural vessels in normal volunteers. The
anterior epidural venous plexus and basivertebral
veins were demonstrated and appeared as single
longitudinal and multiple transverse, well-defined
stripes behind and within the vertebral bodies on

sagittal, low VENC acquisitions. Similarly, 3D
PC angiography has not been shown to detect
normal intradural vessels, or differentiate be-
tween arteries and veins. With PC techniques, the
distinction between arteries and veins is likely to
be difficult because of the overlap of velocities
and the presence of bidirectional flow in the
anterior spinal artery and the major coronal
veins [11].

Abnormal vessels

Morphologic and flow-related differences on
MR imaging between intradural vessels in normal
controls and the vessels in patients with dural
arteriovenous fistula (DAVF) have been examined
retrospectively by Saraf-Lavi and colleagues [9] in
the first part of a recently published study. They
showed that two features of intradural vessels in
patients were abnormal and that these features
were strongly associated with the presence of
fistula. First, visibility of flow voids on T2-
weighted images was greater, and could be recog-
nized by the significantly increased percentage of
patients (compared with controls) with flow voids
extending for a distance of at least three vertebral
segments (Fig. 4). Second, serpentine enhance-
ment on postcontrast T1-weighted images was
greater, and also was manifested as a significantly
increased percentage of patients with this en-
hancement extending for a distance of at least
three vertebral segments (see Fig. 4).

Also, in the first part of their study, Seraf-Lavi
and colleagues [9] evaluated morphologic and
flow-related differences detected on standard 3D
CE MRA for the same subject groups (Fig. 5).
Features displayed on the MIP images, such as the
length, tortuosity, and size (qualitatively) of the
dominant intradural, perimedullary vessel, yielded
significantly increased mean values for the group
of patients with dural AVF compared with the
control group. In future studies, these features
could be used as criteria for determining the
presence of DAVF prospectively.

Vascular malformations

The classification scheme of Anson and
Spetzler [22] continues to be used in recent ar-
ticles on MR angiography of the spine. This
scheme recognizes 4 types of spinal vascular mal-
formations:

Type I-dural arteriovenous fistula (AVF), with
single (IA) or multiple (IB) feeding arteries
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Fig. 4. Detection of intradural vessels on conventional MR imaging of patients with proven dural arteriovenous fistula
(DAVF group, n = 20) and control individuals with normal DSA studies (control group, n = 11). For each graph, the
ordinate (y-axis) indicates the percentage of subjects with (YES) and without (NO) the specified finding in each subject
group (DAVF or control). R1, R2, and R3 refer to reviewers blinded to the group assignment of each subject. (4)
Intravascular “flow voids” extending over at least three contiguous vertebral segments in the intradural space on T2-
weighted MR images. (B) Serpentine enhancement extending over at least three contiguous vertebral segments in the
intradural space on contrast-enhanced T1-weighted MR images. (From Saraf-Lavi E, Bowen BC, Quencer RM, et al.
Detection of spinal dural arteriovenous fistula with MR imaging and angiography: sensitivity, specificity, and prediction
of vertebral level. Am J Neuroradiol 2002;23:858—67; with permission.)

Type Il-intramedullary, glomus-type arterio- or cavernous malformations are not specifically
venous malformation (AVM) included in this scheme.

Type II1-juvenile-type AVM, which has intra-
medullary, extra-medullary , and sometimes
extradural components

Type IV—perimedullary (intradural, extrame-
dullary) AVF

Dural arteriovenous fistula

The most common of the four types of vascular
malformation in the Anson-Spetzler classification
is the dural AVF, which is an acquired lesion.
Dural AVF consists of a vascular nidus or shunt

Epidural or paraspinal AVMs, metameric which is located on the dorsal aspect of the nerve
vascular malformations (eg, Cobb’s syndrome), root sleeve at the neural foramen [23]. The fistula is
B
A
9
8
7
6 - :
= 1 : | [—o—conTroL
o<
¥4 —o—CONTROL || i —&— DVAF
4l —&—DVAF 5 i
24
1 1 4= —— == =]
0 . : 0
1 2 3 1 2 3
REVIEWER REVIEWER

Fig. 5. Detection of intradural vessels on standard 3D contrast-enhanced MRA. Same subject groups and reviewers as
in Fig. 4. For each graph, the error bars indicate the standard error of the mean. (4) Mean tortuosity of the dominant
intradural vessel on MIP images. The ordinate (y-axis) has units of “‘turns per vertebral segment” (B) Mean length of the
dominant intradural vessel on MIP images. The ordinate (y-axis) has units of ““vertebral segments”. (From Saraf-Lavi E,
Bowen BC, Quencer RM, et al. Detection of spinal dural arteriovenous fistula with MR imaging and angiography:
sensitivity, specificity, and prediction of vertebral level. Am J Neuroradiol 2002;23:858—67, with permission.)
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supplied by the dural branch of the radicular—
medullary-dural artery (reviewed in reference [1]).
The nidus is drained intradurally by retrograde
flow through the medullary vein, resulting in
venous hypertension and engorgement of the
predominantly longitudinally oriented veins on
the cord surface (coronal venous plexus) and the
intraparenchymal radially oriented veins [24,25].

Several MR imaging features of the spinal cord
have been reported to occur in association with
dural AVF: hypointensity on T1-weighted images
and hyperintensity on T2-weighted images in-
volving the central region of the cord and
extending over several levels; scalloping of the
cord contours on sagittal images caused by
enlarged intradural vessels, variable enlargement

Fig. 6. Dural arteriovenous fistula at T12 in a 68-year-old man with a 3-year history of progressive myelopathy. His
symptoms began approximately 6 months after radiotherapy and surgical excision of a carcinoma of the right lung apex.
His progressive neurological deficits were initially attributed to radiation myelitis of the upper thoracic cord. (4)
Midsagittal T2-weighted fast-spin-echo MR image shows hyperintense cord from T4 to T10 and serpentine flow voids,
consistent with enlarged intradural vessels, posterior to the cord from T8 to T10. (B) Standard 3D contrast-enhanced
MRA coronal MIP image (targeted to posterior half of the spinal canal) demonstrates an enlarged, tortuous vessel
(arrow) extending from the right T11 foramen to the posterior cord surface, where numerous, convoluted vessels are
seen. The right T11 vessel corresponds to the posterior medullary vein. (C) DSA posteroanterior view, following
injection of the right T11 posterior intercostal artery, demonstrates a fistula in the region of the neural foramen with
drainage into the canal by way of the medullary vein (arrow). (From Bowen BC, Pattany PM. Vascular anatomy and
disorders of the lumbar spine and spinal cord. Magn Reson Imaging Clin N Am 1999;7:555-71, with permission.)
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Fig. 6 (continued)

of the cord; and patchy or diffuse enhancement of
the cord on postcontrast Tl-weighted images
(Figs. 3, 6) [9,26-29]. The frequency with which
each of these changes is observed is variable.
Hyperintensity within the center of the cord on
T2- or T2*-weighted images has been reported as
the most consistently observed abnormal cord
finding [30]; however, it is not specific and may be
seen in patients with inflammation/infection,
neoplasm, trauma, or arterial ischemia. Cord
enhancement also is nonspecific. Hurst and
Grossman [31] have recently reported frequent
detection of a hypointense rim or anulus in the
periphery of the cord on T2-weighted fast-spin-
echo images and have proposed this feature as
a reliable sign of the venous hypertension asso-
ciated with dural AVF.

The spinal cord imaging findings described
above typically occur in conjunction with the
evidence for abnormal vessels that was described
by Saraf-Lavi and colleagues [9]: (1) “flow voids”
in the extramedullary, intradural space, and (2)
serpentine postcontrast enhancement. This evi-
dence of abnormal vessels is crucial when
constructing a differential diagnosis, yet such
evidence is not always detectable because of blood

flow properties and spin-echo pulse sequence
parameters [32] or it may be confused with or
masked by cerebral spinal fluid (CSF) pulsation
artifacts [13,27,29,30]. Thus, in early investiga-
tions, and even today, some authors contend that
a negative MR imaging study does not rule out
dural AVF [33].

The addition of MRA to the routine MR
imaging study improves visibility of intradural
vessels, and thus may increase the sensitivity and
specificity with which dural AVF (or other
vascular lesion) is detected. As discussed above
(Abnormal vessels section), standard 3D CE
MRA enables determination of parameters, such
as mean length, mean tortuosity, and mean size
(qualitatively) of the dominant intradural peri-
medullary vessel, that are significantly increased
when DAVF is present and could be used as
additional diagnostic criteria, supplementing the
two MR imaging features of abnormal vessels.

In the second part of their investigation, Saraf-
Lavi et al [9] presented three neuroradiologists with
conventional spinal MR images from control indi-
viduals (n = 11) and from patients with proven
dural AVF (n = 20). One week later, the reviewers
were presented with the conventional MR images
plus 3D CE MRA images (MRI + MRA) for the
same subjects. In each review session, the sets of
images for the controls and patients were presented
in a blinded, randomized format. The reviewers,
who had different degrees of experience in inter-
preting spinal MR studies, were asked to indicate
whether or not a dural AVF was present based on
MR imaging alone (first session), and later based on
MRI + MRA (second session). Each reviewer’s
answers were based on his or her general subjective
impression derived from the MR findings for ab-
normal intradural vessels. Specific quantitative and
semi-quantitative criteria, such as threshold values
for tortuosity and length of the dominant vessel,
that were determined from the first part of the
investigation, were not applied in this second part,
but certainly merit testing in subsequent studies.

For each reviewer, there was no significant
difference in sensitivity and specificity for the
detection of fistula by MR imaging versus MRI +
MRA (Table 1). When reviewers with differ-
ent degrees of experience were compared, how-
ever, the more experienced neuroradiologist R2
achieved a significantly higher sensitivity (100%)
than the less experienced neuroradiologist R3
(80%) for MRI + MRA, but not for MRI alone.
Thus, when standard 3D CE MRA is added to
conventional MR imaging of the spine, sensitivity
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Table 1
Detection of the presence of dural arteriovenous fistula by MR imaging alone (MRI) and by combined MR imaging plus
MR angiography (MRI + MRA)

Sensitivity Specificity Accuracy
Reviewer MRI MRI+MRA MRI MRI+MRA MRI MRI+MRA
R1 85% 85% 91% 82% 87% 84%
R2 90% 100% 82% 82% 87% 94%
R3 85% 80% 100% 82% 90% 81%

From Saraf-Lavi E, Bowen BC, Quencer RM, et al. Detection of spinal dural arteriovenous fistula with MR imaging
and angiography: sensitivity, specificity, and prediction of vertebral level. AJNR Am J Neuroradiol 2002;23:858-67, with

permission.

in the detection of dural AVF may be improved
for the experienced reviewer.

As shown in Figs. 3 and 6, the dominant
intradural vessels detected by standard 3D CE
MRA in patients with dural AVF represent
engorged veins of the coronal venous plexus,
especially the anterior and posterior median
veins. Delineation of a dominant, tortuous
medullary vein, and thus identification of the
corresponding neural foramen, potentially enable
the reviewer to predict the level of a suspected
fistula. In an early, non-blinded study, Bowen
[13] identified the dominant vein and correspond-
ing fistula level on standard 3D CE MRA in
67% (6 of 9) of the reported cases. In their

blinded study, Saraf-Lavi et al [9] assessed the
accuracy of MR imaging versus MRI + MRA
in detecting the vertebral level of the fistula. On
average, the percentage of true positive subjects
in whom the correct fistula level was predicted
increased from 15% for MR imaging alone to
50% for the combined study (MRI + MRA),
and the correct level plus or minus one level was
predicted in 73% for the combined study. The
improvement in predicting the correct level from
MRI + MRA rather than MR imaging alone is
illustrated in Fig. 7, where the levels estimated
from MRI + MRA cluster around the horizon-
tal line representing the correct levels in the true-
positive cases. Note that in some cases, no level
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Fig. 7. Estimation of vertebral level of DAVF by one reviewer (out of three reviewers total) based on MR imaging
findings alone (squares, MR imaging) versus MR imaging plus MR angiography findings (¢riangles, MRA). Numbers on
the y-axis refer to the deviation (in vertebral segments, craniad ““+” or caudad “—") of the estimate from the correct level
of the fistula, indicated by ““0”. Numbers on the x-axis are the case numbers assigned to the subjects with documented
DAVEF. The absence of a square or triangle for a case indicates that the reviewer did not suspect fistula (false negative),
or that fistula was suspected but the level was indeterminate. (From Saraf-Lavi E, Bowen BC, Quencer RM, et al.
Detection of spinal dural arteriovenous fistula with MR imaging and angiography: sensitivity, specificity, and prediction
of vertebral level. Am J Neuroradiol 2002;23:858-67, with permission.)
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could be estimated from the MR imaging,
whereas the correct level or an adjacent one
could be estimated from the MRI + MRA.

The investigators concluded that the principal
benefit of standard 3D CE MRA was not
improved detection of the presence of fistula
but rather improved localization of the vertebral
level of the fistula compared with MR imaging
alone. These benefits of MRA obviate the need
for supine myelography [34] in the diagnostic
work-up of patients with suspected spinal
vascular malformation. In addition, the ability
to predict the fistula level plus or minus one
level noninvasively can potentially expedite the
subsequent invasive DSA examination by direct-
ing the angiographer to certain spinal levels
initially.

The fast 3D CE MRA technique does not seem
to improve the detection of draining intradural
veins of dural AVFs compared with the standard
3D technique, although no direct comparison of
techniques on a case-by-case basis has been done.
The fast 3D method may be advantageous since it
can display the AV shunt (Fig. 8), which is not
typically seen with the standard 3D method
because of diffuse epidural enhancement (Figs. 3,
6). The AV shunt was detected in two of three
cases of dural AVF by Binkert and colleagues [2]
and prospectively in eight of nine cases by Farb
et al [7]. In the latter study, several patients un-
derwent fast 3D MRA on more than one occasion
to localize the fistula site. The number of 3D
MRA examinations required to confidently iden-
tify the site before DSA was as follows: one MRA
in four patients, two MRAs in three patients,
three MRAs in one patient.

While the level of the fistula can often be
determined from the course of the draining vein
only, the display of the fistulous communication
provides added confidence in diagnosis and
localization. Both coronal and sagittal (or axial
[2,7]) targeted MIP images are useful and should
be obtained to determine whether the fistula
drains initially to the anterior or the posterior
surface of the cord. Detection of the feeding artery
or arteries to a fistula potentially also provides
added confidence in diagnosis. Using the auto-
triggered, elliptic centric ordered 3D MRA
technique, Farb and colleagues [7] were able to
demonstrate the feeding artery at the level of the
fistula in eight of their nine cases. In three of the
eight identified cases, there were additional feed-
ing arteries, but these additional feeders were dem-
onstrated by MRA in only one case.

Because the standard and fast 3D techniques
do not have the temporal resolution of DSA,
more of the enlarged intradural veins are often
demonstrated on the MIP images than on in-
dividual frames of the DSA filming sequence [13].
Also, the delayed frames of DSA studies are often
degraded by contrast dilution and patient motion,
so that the visibility of the anterior or posterior
median vein on DSA is inferior to MRA. By
augmenting the display of intradural veins, CE
MRA complements the catheter DSA study,
which has unparalleled sensitivity in demonstrat-
ing normal spinal arteries and the feeding arteries
of vascular malformations.

Most of the papers evaluating the application
of standard gadolinium-enhanced PC MRA to
the detection of spinal dural AVF were published
before 1998 [15-17]. Using 2D PC MRA,
Mascalchi and colleagues [16] observed vascular
abnormalities in five out of six patients with
dural AVF, but the investigators were able to
identify the level of the draining medullary vein
(and hence the vertebral level of the fistula) on
modulus images in only two of the six patients.
Similarly, Provenzale et al [15] demonstrated
enlarged midline intradural veins in a patient
with dural AVF using 3D PC angiography
(VENC = 25 cm/second), but were unable to
show the site of the fistula. Mascalchi et al [17]
reported improved detection of fistula location
when 2D phase images were acquired in addition
to 2D and 3D modulus images. No articles
describing improvements in these PC MRA
techniques applied to spinal vascular lesions
have appeared in the radiology literature since
1998, although Mascalchi et al [8] recently
published a retrospective review of their previous
experience with 34 post-treatment patients.

Intramedullary arteriovenous malformation

Several early MR studies [32,35,36] reported
sensitive detection of intramedullary AVMs with
routine spin-echo MR imaging. The findings
included intramedullary low signal with surround-
ing normal cord tissue, focal cord enlargement at
the location of the nidus, and serpentine signal
voids within the subarachnoid space in the region
of the nidus. Improvements in MR scanner
hardware and software, and the application of
new pulse sequences such as STIR (short tau, or
short TI, inversion recovery), have resulted in
greater sensitivity in detecting intramedullary
lesions, such as glomus AVM and the presence
of edema or hemorrhage.
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Fig. 8. Fast 3D contrast-enhanced MR angiography of a left T11 dural arteriovenous fistula. (4) The coronal MIP
image demonstrates marked tortuosity of the posterior median vein and the left T11 posterior medullary vein (arrow)
draining the fistula (arrowhead). (B) The axial targeted MIP image shows the fistula (arrowhead) in the left neural
foramen draining to the posterior surface of the cord. (C) DSA (posteroanterior view), following injection of the left T11
intercostal artery, shows the fistula (arrowhead) and draining medullary vein (arrow). (From Binkert CA, Kollias SS,
Valavanis A. Spinal cord vascular disease: characterization with fast three-dimensional contrast-enhanced MR
angiography. Am J Neuroradiol 1999;20:1785-93, with permission.)

The evaluation of AVMs using standard
gadolinium-enhanced PC MRA techniques were
reported by Mascalchi and colleagues in their
series that included patients with AVMs and
patients with dural AVFs [16,17]. Detection of
the feeding arteries of AVMs was limited with
2D PC MRA [16], but improved when 2D and
3D PC modulus images, and 2D phase images,
were acquired and then reviewed together [17].
Mascalchi and colleagues were more successful
in characterizing ‘“‘high flow” lesions, such as
AVMs, than “low flow” lesions, such as dural
AVFs.

The fast 3D CE MRA technique seems to
provide better delineation of the nidus and drain-
ing veins of an AVM (Fig. 9), and the draining

medullary vein of a dural AVF (see Fig. 8), than
PC techniques. Binkert and colleagues [2] used the
fast MRA technique to prospectively characterize
and categorize 12 vascular lesions: 6 spinal cord
AVMs, 3 spinal dural AVFs, and 3 spinal or
paraspinal tumors. Except for one of the dural
AVFs, all of the vascular lesions were correctly
characterized. For the intramedullary AVMs, the
level of the main arterial feeder was identified in
all six cases. Maschalchi and colleagues [3] have
questioned whether the fast 3D CE MRA method
improves the visibility of the feeding arteries of
AVMs compared with PC techniques. They found
that the combined PC techniques were superior;
however, their fast 3D CE MRA technique
differed from that used by Binkert et al [2] in
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Fig. 9. Fast contrast-enhanced MR angiography of a cervical spinal cord AVM. (4, B). Coronal MIP image (A4) is
compared with an anteroposterior DSA image (B). The MIP image shows the main arterial feeder (arrow), which
originates from the left costocervical trunk. The AVM drains primarily into an enlarged posterior median vein
(arrowhead). (From Binkert CA, Kollias SS, Valavanis A. Spinal cord vascular disease: characterization with fast three-
dimensional contrast-enhanced MR angiography. Am J Neuroradiol 1999;20:1785-93, with permission.)

several ways, including the time of initiation of 3D
data acquisition relative to the passage of the
contrast bolus.

There are no published series of spinal cord
AVMs evaluated with the standard 3D CE MRA
technique. In our experience, the draining veins,
and often the nidus, are well shown; however, the
feeding artery or arteries are inapparent or
indistinguishable from draining veins [37]. When
compared with Binkert’s results, it appears that
the feeding arteries are better detected and
identified with the fast 3D CE MRA. This
assertion should be viewed cautiously, though,
because the feeding arteries and draining veins of
intramedullary AVMs are not temporally resolved
in any of the fast 3D CE techniques published to
date [2,3]. Thus, “identification” of feeding
arteries de novo requires tracking of the vessel
or vessels of interest on MIP images from a known
parent artery (see Fig. 9).

Posttreatment vascular malformations

The MR angiographic findings in patients with
treated spinal vascular malformations, primarily
AVFs, have been described [8,13,38,39]. Treatment
of dural AVF is either surgical or endovascular
using embolic agents [22,40-42], whereas treatment
of intramedullary AVM often requires a combined
approach [41]. Surgical treatment of dural AVF
usually involves interruption of the draining intra-
dural vein, with or without removal of the dural
nidus, depending on the pattern of venous drainage
[40]. There is no resection or ‘‘stripping” of the
engorged coronal venous plexus.

In early [13] and more recent [39] articles,
Bowen and colleagues showed that standard 3D
CE MRA obtained 2 to 4 months after successful
surgical treatment of dural AVF typically detected
one or a few non-enlarged, minimally serpentine
vessels along the cord (Fig. 10). The pattern was
consistent with residual flow in normal anterior or
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posterior median veins. The abnormal medullary
vein draining the fistula preoperatively was no lon-
ger seen. In some patients, MR imaging revealed
a decrease in hyperintensity on T2-weighted im-
ages and cord enhancement on postcontrast
T1-weighted images, depending on the extent of
pre-treatment signal abnormalities.

In one case [13], MRA performed at 1 and 5
months after attempted embolization of a dural
AVF with polyvinylalcohol microspheres, showed
no change in the appearance of the enlarged
medullary vein draining the fistula, compared
with the pretreatment MR study. Residual or
recurrent fistula was found at surgery and treated,
after which the enlarged medullary vein was
no longer observed on MRA or DSA. In cases
where dural AVF was successfully embolized
with “glue” (n-butyl 2-cyanoacrylate, NBCA), the
post-treatment 3D CE MRA revealed a lack of
flow in the draining medullary vein, consistent
with occlusion, which was confirmed by DSA.
These preliminary results suggest that 3D CE
MRA may be able to accurately detect evidence of

both unsuccessful and successful treatment of
dural AVF.

Mascalchi and colleagues [8] studied 34
patients with spinal vascular malformations (30
dural AVFs, 2 intramedullary AVMs, and 2
perimedullary AVFs) who underwent MR imag-
ing and MRA before and after endovascular or
surgical treatment. The cases were accumulated
over an 8-year period, and MRA consisted of PC
techniques only (early cases) and PC techniques
combined with a fast 3D CE method [3] (later
cases). MRA was found to be more sensitive than
conventional MR imaging in depicting residual or
recurrent flow in peri- or intramedullary vessels,
and hence patency of the vascular malformation.
Studies testing whether MRA can substitute, at
least partially, for DSA in the posttreatment
evaluation of spinal vascular malformations have
not been published.

Epidural arteriovenous malformation
Bowen and Pattany [43] have reported a case
of proven epidural AVM (L2 level) with intra-
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Fig. 10. MR imaging and standard 3D contrast-enhanced MRA of a left T9 dural arteriovenous fistula (DAVF) before
(A—F) and 2 months after (H-/) surgical interruption of the fistula. (4) Midsagittal, T2-weighted fast-spin-echo MR
image shows normal cord size and minimally increased cord signal at T8. Intravascular flow voids (arrows) produce
a hypontense, serrated appearance along the anterior surface of the cord from T6 to L2 and along the posterior surface
of the cord from T9 to T10. (B) Postcontrast T1-weighted MR image shows a scalloped cord contour with enhancing
serpentine vessels (arrows) corresponding to the flow voids observed in (A4). Questionable cord parenchymal
enhancement is also noted at T8. (C) Standard 3D CE MRA sagittal MIP image demonstrates an enlarged serpentine
vessel (open arrows) on the anterior surface of the cord. Also shown is an incompletely resolved network of vessels (closed
arrow) on the posterior surface from T8-T9 to T11-T12. (D, E) Coronal MIP images targeted to the anterior (D) and
posterior (E) portions of the spinal canal. In D, the midline tortuous vessel corresponds to an enlarged anterior median
vein. No dominant anterior medullary vein is detected. Thus, drainage to the cord from a DAVF is likely to be through
a posterior medullary vein. In E, a cluster of tortuous, enlarged intradural vessels, corresponding to the coronal venous
plexus, is detected between T8 and T11. A vessel (black arrow overlying left T9 pedicle) extends to the prominently
enhancing left T9 neural foramen. No other forminal level has this combination of findings, suggesting that the fistula is
located at T9 and drainage to the cord is through the left T9 posterior medullary vein. F, G. DSA lateral (F) and
posteroanterior (G) views following contrast injection of the left T9 intercostal artery. In F, several enlarged, convoluted
veins located posteriorly (closed arrows), and a single enlarged vein located anteriorly (open arrows) are opacified. The
approximate location of the T9 vertebral body in indicated. In G, the left T9 DAVF (arrowhead) and the draining
posterior medullary vein are shown. The early draining veins of the posterior coronal venous plexus are also opacified.
Note the similarities between C and F and between E and G. (H) Midsagittal, T2-weighted fast-spin-echo MR image
shows laminectomy defects at T9 and T10 and ferromagnetic artifact (arrow) resulting from surgical treatment of the
DAVF. Cord size and signal intensity are normal, and the flow voids detected preoperatively in A are no longer well
demonstrated. (I) Postcontrast T1-weighted MR image shows minimal linear or serpentine enhancement anterior (open
arrow) and posterior to the cord compared with B. Ferromagnetic artifact (arrow) displayed in H is again observed. (J)
Standard 3D CE MRA sagittal MIP image demonstrates a decrease in size and tortuosity of the anterior median vein
(open white arrows) and a marked decrease in visibility of the posteriorly located intradural veins (open black arrowheads)
compared with the pretreatment image C. Ferromagnetic artifact (closed black arrow) and enhancing scar in the surgical
bed are detected on the MIP image. (K) Coronal MIP image targeted to the posterior portion of the spinal canal reveals
minimal enhancement from residual small vessels and scarring, and the ferromagnetic artifact (arrow) on the left at T9.
No abnormally enlarged left T9 medullary vein or posterior coronal venous plexus is detected. Compare with the
corresponding pretreatment image E. (From Lee TT, Gromelski EB, Bowen BC, Green BA. Diagnostic and surgical
management of spinal dural arteriovenous fistulas. Neurosurgery 1998;43:242—7, with permission.)
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dural venous drainage. The findings with respect
to cord signal changes and enhancement on MR
imaging and the findings associated with abnor-
mal intradural vessels on MR imaging and
standard 3D CE MRA were indistinguishable
from those described above for dural AVF. An
additional finding, which may favor an epidural
AVM rather than dural AVF, was the large size of
the markedly enhancing region around the epidu-
ral nidus. On postcontrast T1-weighted images
and on MIP images, this region was larger than
that observed at the adjacent and contralateral
vertebral levels, and extended from the paraspinal
region lateral to the L2 foramen to the epidural
space, with indentation of the thecal sac. Thus, the
epidural space in the region of the neural foramen
corresponding to an abnormal medullary vein

should be scrutinized for evidence of enhancement
that is more conspicuous than seen in cases of
dural AVEF. Differentiation of epidural AVM
from dural AVF may still be difficult, because in
some cases of dural AVF intradural and epidural
venous drainage are present [40].

Vascular tumors

Hemangioblastoma, hemangiopericytoma (for-
merly included under the term ““angioblastic men-
ingioma” which is now considered obsolete), and
paraganglioma are neoplasms that are likely to
produce abnormal MR findings because of in-
creased flow in intradural vessels. Bowen and
Pattany [1] presented the findings for a case of
hemangiopericytoma in the 1998 Magnetic
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Resonance Imaging Clinics of North America
volume on “New Techniques in MR Neuroimag-
ing”, and they had previously published an example
of paragranglioma [44]. More recently, these inves-
tigators reported three cases of intramedullary
hemangioblastoma (two thoracic and one cervical)
on standard 3D CE MRA [4,45,46]. Standard 3D
CE MRA was used (1) to establish that hypointense
foci on MR images represent blood flow within
normal-sized or enlarged intradural (intra- or
extramedullary) vessels and (2) to elucidate the
relationship of the vessels, usually veins, to the
tumor mass. Better characterization of the arterial
supply seems to be possible with the fast 3D CE
MRA technique. Binkert and colleagues [2] were

able to identify the arterial supply to a lower
thoracic cord hemangioblastoma from the left T11
intercostal artery through the artery of Adamkie-
wicz and anterior spinal artery. Enlarged veins of
the coronal venous plexus, though, dominated the
MIP images and partially obscured the intradural
course of the artery of Adamkiewicz. In a few cases
of vertebral, paraspinal or presacral vascular
lesions (eg, symptomatic vertebral body hemangi-
oma), the fast 3D CE MRA technique has been
used successfully to rule out potential involvement
of the intradural vasculature [2].

The recognition of abnormal intradural vessels
in association with an intrapinal mass favors the
presence of a vascular tumor over a less vascular
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intramedullary (astrocytoma, ependymoma) or
extramedullary (schwannoma or neurofibroma,
ependymoma of the filum terminale) neoplasm
and typically influences subsequent evaluation
and treatment. Vascular tumors often require
catheter angiography pre-operatively to define
blood supply and drainage and to determine
whether pre-operative embolization is warranted.

Vascular occlusive disease

The diagnosis of spinal cord infarction caused
by arterial occlusion is primarily made on clinical

grounds and is often difficult to verify by
conventional angiography. Blood is supplied to
the cord by the sulcal branches of the anterior
spinal artery and by radial perforating branches of
the pial arterial plexus on the cord surface [1]. The
anterior spinal artery supplies approximately
the anterior two-thirds of the cord and most of
the central gray matter. Hypoperfusion in this vas-
cular distribution, as may occur from pathologic
changes in the descending aorta (aneurysm,
thrombosis, dissection) or from small vessel
vasculidities, can result in cord infarction. When
an infarction results from compromise of a
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segmental artery, the branches that supply the
ipsilateral half of the vertebral body may be
affected also. Vertebral body infarct is best
detected on sagittal images, usually appearing
as a triangular area of increased signal near
the endplate or deep medullary portion of the
vertebral body [47]. The role of MRA in the
diagnosis of cord infarction has not yet been
determined. Yamada and colleagues [5] evaluated
a series of patients before surgical or endovascular
stent-graft repair of thoraco-abdominal aortic
aneurysms. The patients had no history of cord
infarction, yet the artery of Adamkiewicz was
identified in only 69% of the patients. This
apparently low sensitivity (correlative DSA was
not done in all cases) for detecting the domi-
nant arterial supply to the thoracolumbar cord,
combined with the known difficulty in demon-
strating arterial occlusion on DSA in patients with

clinical evidence of cord infarction, suggests that
current 3D CE MRA techniques are likely to have
little if any impact on the diagnosis of cord
infarction.

Venous infarction is a feature of the clinico-
pathologic entity called ‘“‘subacute necrotizing
myelopathy” (SNM), which is characterized by
coagulative necrosis involving both gray and white
matter, thickened leptomeninges with inflamma-
tory cell infiltrates, normal arteries, and enlarged,
tortuous veins within the cord parenchyma and on
its surface [48]. Some investigators [49] consider
SNM equivalent to the Foix-Alajouanine syn-
drome, which represents the end stage of chron-
ically elevated venous pressure distal to a spinal
dural AVF [50]. Other investigators [48] argue that
SNM encompasses a broader spectrum of disease,
including thrombophlebitis. MR imaging findings
reported for SNM include diffuse hypointensity on
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Tl-weighted images and hyperintensity on T2-
weighted images, cord enlargement, and dilated
vessels (veins) on the cord surface. The role of 3D
CE MRA in discriminating between potentially
different etiologies for SNM has not yet been
defined.

Summary

The role of MRA, as an adjunct to conven-
tional MR imaging of the spine and spinal cord, is
evolving. The older MRA methods that have been
applied to spinal vascular imaging include 2D and
3D phase contrast techniques and a derivative of
3D time-of-flight techniques with data acquired
for about several minutes after gadolinium con-
trast injection (standard 3D CE MRA). Newer 3D
gradient-echo techniques, which allow the acqui-

sition of each volume of data in tens of seconds as
a contrast bolus traverses the region of interest
(fast 3D CE MRA), offer the possibility of
temporally resolving intradural arteries and veins.
The appearance of normal and abnormal intra-
dural vessels, primarily veins, on the standard 3D
CE MRA method has been described for the
thoracolumbar region. Normal intradural arteries
have been more difficult to detect, although
preliminary results with the fast 3D CE MRA
method, are promising [5]. Only by establishing
the MRA appearance of normal arteries and
veins, can one begin to define “abnormal” with
greater confidence (presuming that the variability
in the appearance of normal vessels is not so great
as to preclude differentiation). In striving for this
goal, MRA has already encountered competition
from CT angiography [10].
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In the characterization of spinal vascular
lesions, the value of MRA has been demonstrated
most convincingly for dural AVF. This lesion is
more accurately localized and more sensitively
detected (by neuroradiolologists and others experi-
enced in spine imaging) with combined MR
imaging and standard 3D CE MRA than with MR
imaging alone [9]. Preliminary results suggest that
sensitivity and specificity may be further improved
if fast 3D CE MRA is combined with conventional
MR imaging [2,7]. Although less well documented,
the value of MRA in characterizing other lesions,
such as AVMs and vascular tumors, has been
reported in recent publications [3,4,8,37,45]. In the
future, the role of MRA will depend on technical
advances, such as parallel acquisition techniques
and possibly implantable RF coils, which permit
improved detection of, and differentiation between,
intradural arteries and veins. With these improve-
ments, MRA may play an expanded role in the
characterization of spinal vascular abnormalities,
encompassing trauma and degenerative spine
disease and vascular malformations and tumors.
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The goal of MR angiography (MRA) of
the carotid arteries is not only to replace the
more invasive conventional catheter angiography
(XRA) but also to provide information not
available with the latter method. Time-of-flight
(TOF) MRA and black blood techniques have
been studied extensively but lately have been
surpassed in quality and diagnostic information
by contrast-enhanced MRA. There are, however,
techniques such as sonography (US), particularly
with the addition of power color Doppler and
more recently computed tomography angiogra-
phy (CTA), that offer reliable high quality infor-
mation, comparable to that obtained with MRA.
MR imaging may be used to provide informa-
tion regarding the intrinsic characteristics of
an atherosclerotic plaque and thus offers possi-
ble prognostic implications. The role of plaque-
stabilizing therapy may also in the future be
assessed with high-resolution MR imaging of the
carotid arteries. With the availability of perfusion
MR imaging, evaluation of the effects of carotid
artery disease on the intracranial circulation can
also be observed. In this article, the authors
review the role of different MRA techniques (with
emphasis on contrast enhanced MRA) in the
evaluation of carotid artery stenoses, evaluation
of plaques and dissections.

MRA with regards to carotid artery
atherosclerotic disease

Cerebral infarctions distal to ipsilateral in-
ternal carotid artery (ICA) atherosclerotic nar-
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rowing cause 20% to 30% of strokes [1-4]. The
risk of stroke increases with the severity of
stenosis and is likely caused by embolic material
arising in plaques [5-8]. Plaque assessment with
XRA according to the North American symp-
tomatic carotid endarterectomy trial (NASCET)
revealed that patients with very severe stenosis
(80%-99%) and with irregular plaques have
a high risk of stroke [9,10]. Additionally, in
a study by Rothwell et al [11], irregular plaques
on XRA were more likely to have macroscopic
ulceration and thrombus at surgery than were
smooth plaques. The frequency of cerebral micro-
emboli and the prevalence of emboli from a plaque
surface will decrease over time after a symptomatic
event because of healing of the plaque rupture
[12,13]. The degree of the stenosis and plaque
morphology, are predictors for stroke risk for 2
years if medical treatment rather than surgical
treatment is implemented [11]. Therefore, since
the degree of stenosis and plaque morphology
affect the probability for strokes, both need to be
addressed by diagnostic imaging.

MRA evaluation of the extracranial carotid
arteries

Wagle et al [14] evaluated the extracranial
carotid arteries in 1989 with 2D Fourier trans-
form, and 3D Fourier transform imaging. Also in
1989, spoiled gradient echo imaging with TOF
techniques for carotid artery evaluation was used
[15]. Later, a comparison of non-contrast 2D TOF
MRA to XRA was performed with good intra-
observer agreement, particularly with respect to
severe stenoses [16]. Another study comparing
non-contrast 2D TOF MRA of the carotid artery
bifurcations in 200 patients found that MRA
agreed with XRA in 114 of 119 arteries with mild
stenosis (0% to 29%), 15 of 21 arteries with
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moderate stenosis (30% to 69%), and 41 of 45
arteries with severe stenosis (70% to 99%).
Seventeen occluded arteries were also accurately
diagnosed with MRA [17]. Furst et al [18],
however stated that non-contrast MRA was not
capable of differentiating true occlusion of an
ICA from a pseudo-occlusion, although 3D MRA
imaging improved visualization of the bifurca-
tions [19]. Multislab 3D acquisition when in-
troduced, also allowed for better depiction of
carotid artery stenoses when it was compared with
direct sagittal MRA [20]. In a study by Patel et al
[21], 176 carotid arteries were studied for severe
stenosis (70% to 99%) with 2D and 3D TOF
non-contrast MRA. This study revealed that 3D
imaging was significantly more accurate than 2D
imaging when compared with XRA and sonogra-
phy US [21]. Despite these advances, a review of
the literature by Kallmes et al [22] in 1996 stated
that the specificity of MRA, according to his
calculations ranged from 18% to 100% for
carotid artery stenosis and, therefore claimed that
it’s true specificity remains unknown.

Some investigators have studied the evaluation
of the carotid arteries with US and MRA in
combination as a replacement for carotid XRA
and concluded that XRA is indicated if a disagree-
ment in regards to stenosis measurements between
MRA and US exists [23]. A study by El-Saden
et al [24], stated that MRA and US could replace
XRA if the studies were in agreement (100%
sensitivity and 91% specificity with an accuracy
rate of 94%), and concluded that agreement with
MRA and US meant that further evaluation with
XRA was unnecessary. In this study, the statistical
analysis revealed high sensitivities and specificities
when using 3D TOF MRA (100% sensitivity and
91% specificity with an accuracy rate of 94%), but
flow gaps resulted in inaccurate MRA examina-
tions necessitating XRA in some patients. (Figs. 1,
2) Other authors were able to accurately differen-
tiate carotid occlusions from high-grade stenoses
(90%-99%) [25]. Still, others found that both US
and 2D TOF MRA without contrast or 3D MRA
overestimated carotid stenotic lesions when com-
pared with XRA [26]. This latter study was
plagued by flow voids that limit the interpretation
of the MRA examinations. When a study of flow
voids and their significance was undertaken by
Nederkoorn et al [27], it was found that flow
voids in non-contrast 3D TOF examinations had
a positive predictive value for severe stenosis of
84.3%, but that even mild stenosis (0% to 49%)
could demonstrate flow voids (2.9%) (Fig. 3).

Fig. 1. MRA of occluded ICA. Oblique view of 2D
TOF MRA demonstrating complete occlusion (arrow) of
the proximal left ICA just distal to the bifurcation and
also a focal stenosis of the proximal external carotid
artery.

An extensive study of XRA demonstrated that
it is not without limitations either. In a study by
Anderson et al [28], XRA missed a partially
thrombosed aneurysm seen on US and 2D and 3D
MRA. Recent studies reveal the shortcomings of
conventional XRA when compared with MRA
and rotational XRA. XRA has also been shown
to be inaccurate for evaluation of the degree of
stenosis and has a tendency to underestimate
stenosis because of the eccentric configuration of
plaques [29-31].

Since MRA demonstrates inconsistencies with
regards to estimations of arterial stenosis when
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Fig. 2. Differences in degree of stenosis with varying MRA techniques. (4) Oblique view of 2D TOF MRA
demonstrating a focal smooth stenosis (arrowhead) of the right vertebral artery. (B) Corresponding 3D TOF MRA

shows that the stenosis appears to be more severe than on A.

compared with XRA, contrastenhanced MRA may
be implemented to improve evaluation, specifi-
city, and sensitivity. Limits with regard to the
visualization of the vessels, particularly the region
of the origin of the great vessels (caused by
motion artifacts), and the distal carotid and
vertebral arteries segments remain even with
contrast enhanced MRA. These limitations may
result in poor surgical outcomes [32,33]. Another
problem encountered with contrast-enhanced
MRA examinations is that of adequately imaging
the contrast bolus at its peak enhancement. This
requires shorter acquisition times, and to help
remedy the examination length problems and
associated motion artifacts, contrast bolus track-
ing techniques with a modified keyhole scheme or
elliptical centric k-space ordering can be used to
optimize the visibility of the contrast bolus on
MRA [34,35]. Central sampling of the k-space is
another method of data acquisition that has
shown improved temporal resolution and also
allows for improved spatial resolution by reducing

voxel size. To obtain a smaller voxel size, it is
necessary to acquire the center of k-space during
the peak concentration of contrast delivered by
way of a power injector during breath holding
[36]. Using a smaller voxel size (0.95 x 0.76 x 0.82
mm versus 1.3 x 1.29 x 1.25 mm) for coronal
imaging with a test bolus helps delineate the
arterial lumen, but wrap-around artifacts and
signal fall-off at the origin of the great vessels
occur, limiting study quality [37]. These high-
resolution images do not always allow enough
time for the examination to be performed during
a single breath hold. Saturation bands used over
the dural venous sinuses reduce venous contam-
ination. Using phantoms, Melhem et al [38]
showed that the greater the stenosis, the larger
percentage of sampling of k-space needed to accu-
rately demonstrate it. A study by Serfaty et al [39]
used fluoroscopic triggering and demonstrated a
94% sensitivity and a 85% specificity with 3D
TOF post-contrast MRA for stenosis evaluation
when compared with XRA. When combined with
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Fig. 3. Flow gaps with varying MRA techniques. (4) Oblique view from a 3D TOF post-contrast coronal MRA
demonstrates a vertebral artery flow gap (arrowhead) because of stenosis. (B) Similar findings are seen on the
corresponding non-contrast 2D TOF MRA. Both techniques are not able to show the angiographic “string sign”.

US, the sensitivity and specificity increased to
100% for evaluation of stenosis of 70% to 99%.
This obviated the need for XRA in 61% of pa-
tients when MRA was used alone or in 74% of
cases when MRA and US were used together.
Other investigators also used fluoroscopic trig-
gering to improve examination quality to obtain
optimum vessel enhancement and some have
reported sensitivities of 88.9% and specificities
of 58.1% using the maximum intensity projection
(MIP) images, and sensitivities of 83.3% and
specificities of 97% using elliptic-centric post-
contrast images [40-42]. These investigators also
used venous suppression techniques. An accuracy
level of 87.6% was attained and with the addition
of reformatted transverse images an accuracy
of 92.8% was possible. Evaluation of plaques
revealed a 58.1% specificity for irregularity or

ulceration [43]. Addition of the first-pass method
to fluoroscopic triggering improved the exami-
nations, but quality limitations caused by failure
of triggering still occurred. In these cases, the
second phase of acquisition yielded sufficient
image quality. However, in a study by Akoi et al
[43], the axial-based source images still suffered
from ring artifacts, low-resolution and low soft-
tissue visualization. Adding a 1 minute second-
phase acquisition in a different plane (axial) after
first pass contrast-enhanced MRA improved these
short falls and lengthened acquisition only slightly.

The next improvement came from better
software and hardware for sensitivity encoding
(SENSE) MRA. Sensitivity encoding is a new
method that improves performance and has been
used to study the carotid arteries without fluoro-
scopic triggering by Golay et al [44] and with
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fluoroscopic triggering by Jewells et al [45]. The
study by Jewells et al demonstrated a 100%
sensitivity and specificity using 3D TOF post-
contrast MRA images when compared with XRA
for stenosis evaluation, even in the presence of
a long string sign seen in 22 carotids (Fig. 4). This
method of evaluation uses multiple receiver coils
in parallel to encode the location of pixels within
a patient in reference to the coils. The coils re-
gister the location of each pixel on the reference
scan and use the data to reduce misregistration
artifacts by placing the pixels back in the right
location when they have been displaced or
“wrapped around”. This method also allows for
a reduction in scan time by one half resulting in
motion artifact reduction [46]. Therefore, scan-
ning time is short enough that three examinations
can be obtained during a single breath-hold 3D
TOF post contrast MRA. SENSE MRA has also
been used to study the abdominal vasculature and
to reduce artifacts in echo-planar imaging [47,48].
A recent study by Borish et al [49], using a time-
resolved technique without bolus-timing, yielded

less favorable results demonstrating that this
technique is best used in conjunction with bolus
timing.

CTA carotid artery evaluation

A discussion of carotid MRA is not complete
without commenting about carotid artery CTA.
In a study by Link et al [50], there was an
agreement of stenosis classification in 82% of
moderate stenoses and in 90% of severe stenoses,
but limited evaluation of mild stenosis with an
agreement of only 59%. Accuracy in the evalua-
tion of occlusion was 100%. Other investigators
have experienced different results with CTA dem-
onstrating its poor ability to distinguish between
moderate  (50%—-69%) stenosis (sensitivity =
65%) and severe (70%-99%) stenosis (sensitiv-
ity = 73%) (Fig. 5). These limitations are most
likely secondary to artifacts from calcific and
eccentric plaques.

The addition of shaded surface display (SSD)
to CTA, and evaluation of the source images in

Fig. 4. SENSE (parallel imaging) technique for MRA. (4) Lateral digital subtraction view from a catheter angiogram
demonstrates a significant post-bulbar ICA stenosis. (B) Lateral view from a SENSE encoded post-contrast 3D TOF
MRA image with central k-space acquisition, breath hold and fluoroscopic triggering. The stenosis is well seen and also

notice the excellent demonstration of all arterial branches.
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Fig. 5. CTA of the carotid arteries. (4) Lateral maximum intensity CTA image of a normal carotid artery bifurcation.
There is some venous contamination because bolus-tracking was not employed but it does not affect the visualization of
the arteries. (B) Older (note step artifact) oblique maximum intensity CTA image of the carotid artery bifurcation shows

a calcific plaque that prevents visualization of the lumen.

carotid artery stenoses, improved its accuracy
when compared with XRA in a study by Papp
et al [51]. The source images alone tended to
underestimate the stenoses. Another study by
Marcus et al [52] revealed an 83% agreement
between XRA and SSD CTA images. Dix et al
[53] demonstrated that optimum parameters for
carotid stenosis evaluation with CTA should in-
clude MIP and SSD axial magnified images with
the level set halfway between luminal density and
vessel wall density for greatest accuracy. This
study demonstrated less than a 1% average
difference in stenosis measurements by CTA when
compared with the average caliper measurements
in phantoms. Leclerc et al [54] documented similar
results using SSD and MIP images. Axial images
classified stenosis correctly in 95% of instances.
Similarly, volume-rendering display yielded a sen-
sitivity of 92% and a specificity of 96%. These
results are similar to those seen using SSD CTA

imaging alone [53]. Other investigators have not
found such promising results because of plaque
eccentricity and the resultant non-circular lumens
(a similar problem to that seen with XRA). In
a study by Porche et al [55] using CTA, incorrect
measurement of stenoses was found in 18 of 100
patients with non-circular lumens. This resulted in
2 out of 12 patients being diagnosed with moderate
stenosis by CTA when it was severe stenosis,
or 16% of patients not being selected properly
for surgery. Inaccurate stenosis measurements
were also seen with CTA when phantoms were
evaluated using helical scanning with orientations
parallel to, and at 45° oblique and perpendicular
angles to the z-axis [56]. This problem worsened
with increasing slice thickness and increasing
length of stenosis. A recent study by Lev et al
[57] comparing total occlusion versus near-total
or hairline residual lumen (>90%-99% stenosis)
with CTA and XRA revealed promising results
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with accuracy rates of 95% and 85%, but did not
compare these results to 3D post-contrast MRA.

Plaque evaluation

It has been shown that ulcerated plaques are
more likely to produce emboli caused by a com-
bination of slowly swirling blood within them
allowing platelet aggregates to form, and inter-
mittent Bernoulli effects, which then pull these
platelet aggregates into the flowing blood creating
emboli [56]. Plaque destabilization secondary to
infiltration by machrophages and T-cells appears
to be related to the presence of procoagulant pro-
tein tissue factor (TF). TF has been found to be
present more frequently in patients who have
cerebral microembolism (symptomatic patients
more than in asymptomatic ones) [58]. Another
important plasma indicator of plaque instability
is oxidized low density lipoprotein [59]. Therefore,
laboratory analysis and analysis of plaque mor-
phology are important for evaluation of risk of
embolic events.

US may depict plaque morphology, which
correlates with symptomatology. The degree of
plaque irregularity is not significant with regards
to symptomatology [60]. In that study, plaques
were characterized as Type I (hypo-echoic: equal
brightness to blood), Type 2 (iso-echoic: bright-
ness equal to periadventitia), and Type III (hyper-
echoic: brightness greater than periadventitia).
The hypoechoic areas within a plaque correlate
with lipids and hemorrhage. The isoechoic areas
correlate with fibrosis and the hyperechoic areas
may also be consistent with hemorrhage [61].
There is a correlation between plaque heteroge-
neity and future rate of ipsilateral strokes in the
presence of associated carotid artery stenosis, as
well as a correlation between plaque heterogeneity
and severity of stenosis [62,63]. Limitations of
plaque assessment also exist with intravascular
US as shown by Miskolczi et al [64] in a study
of 140 carotid arteries that accurately depicted
plaque ulcerations, but small mural thrombus was
misinterpreted as plaque. Comparison of MRA
with  XRA according to Anderson et al [65]
resulted in a similar assessment of carotid bi-
furcation stenosis, but MRA allowed for better
direct visualization of the plaque than did US and
therefore, the authors believe MRA could replace
XRA for evaluation of carotid artery stenosis.
A study by Nederkoorn et al [66] yielded similar
findings when a comparison of US with contrast-
enhanced MRA and XRA was performed. Both

US and MRA were accurate examinations but
MRA performed better for plaque analysis.
CTA is also useful for the evaluation of plaque
morphology. CT evaluation of carotid plaques
in a study by Oliver et al [67] revealed a correla-
tion between plaque appearance on CT and their
histology. A plaque appearing patchy or homog-
enous on CT, had a necrotic lipid core at histology
and often hemorrhage. Fifteen out of 16 plaques
that were of lower density than muscle on CT had
a lipid core. Fibrous plaques had soft tissue den-
sity equal to muscle in six out of seven instances.
CT also demonstrated high-density calcifications
better than histology, but fair to poor for vis-
ualization of ulceration, an important predictor
of plaque instability [67]. Lack of plaque ulcera-
tion identification is problematic since it is known
that soft-plaques and ulceration in particular
predict embolic potential. In a study evaluating
plaque morphology by Randoux et al [68],
visualization of plaque irregularities was good
with CTA, but XRA and MRA demonstrated
ulceration better than CTA (Fig. 6). Other authors
have shown that CTA was not accurate for
evaluation of plaque composition and that ulcer-
ation prediction was only moderate compared
with histologic analysis [69,70]. Plaque evaluation
with MRI is a developing technique (Fig. 7).
Hatsukami et al [71] evaluated atherosclerotic
plaques for instability using gradient-echo-recalled

Fig. 6. Plaque ulceration on MRA. Slightly oblique 3D
TOF post-contrast MRA shows a small ulcerated plaque
(arrow) in the posterior wall of the ICA.
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imaging with multiple overlapping thin section
acquisitions. Using spin echo techniques, the
same investigators, demonstrated a sensitivity of
81% and a specificity of 90% in 18 patients who
underwent endarterectomies. The three spin echo
sequences used were 3D TOF TI1 double in-
version recovery, intermediate signal and T2-
weighted images at 3 to 5 mm for optimal voxel
sizes, and acceptable signal-to-noise ratios.
Black-blood technique also aids the process by
suppressing the signal from flowing blood with
resultant increased vessel conspicuity.
Evaluation of plaque morphology in endar-
terectomy specimens using MRI may require 3D
imaging for sufficient resolution to identify the
cartilaginous cap, necrotic core and calcifications
[72,73]. Callahan et al [74], and Connors et al
[75] investigated the use 3-Tesla units in the
evaluation of plaque morphology and found
a high correlation with histology. The work is
still ongoing, but the images are capable of
demonstrating lipid cores, hemorrhage, plaque
ulceration, plaque rupture and inflammation, and
plaque calcification. A T2 imaging classification
scheme for atherosclerotic plaques has been
adapted for MRI with a Type 0 meaning no
intimal thickening, a Type I-II being a thin
plaque with less than 10% stenosis and no
calcification, and a Type III plaque having with
small lipid cores and no calcification. Type IV-V
plaques are divided into a, b, and c. A type IV-
Va has a large lipid core with a fibrous cap and
small calcifications. A type Vb has a lipid core or

fibrotic tissue with large calcifications, a type Vc
is a fibous plaque with no lipid core, and a type
VIb-Vic is a plaque containing hemorrhage or
thrombosis [75]. Several new methods for plaque
evaluation are currently under investigation,
including the use of gadolinium derivatives for
plaque volume evaluation and of iron oxide
particles to evaluate macrophage density [76].
CT imaging with liposomal iohexol and
positron emission tomography imaging with 18
flouro-deoxyglucose are also ongoing research
projects [77].

Prediction of brain hemodynamics with
conventional and perfusion MRI:
added decision-making factors for surgery

The blood supply to the brain is affected by
stenoses in the carotid arteries and by the burden
of disease involving the intracranial vasculature.
Therefore, evaluation of the intracranial vascula-
ture along with the carotid vasculature is probably
warranted in most patients with vascular disease.
Mean transit time (MTT) may be affected by
severe occlusive disease of the carotid arteries
without changes in cerebral blood volume (CBV).
In ischemic tissue there is prolonged MTT and
higher signal intensity than in adjacent normal
tissue which is proportional to the degree of
severity of proximal vessel disease [78]. Regional
MTT maps are the best indicator of relative
oligemia and ischemia caused by reduction of
cerebral blood flow (CBF). Normal CBV maps

Fig. 7. Plaque characteristics on MR imaging. (4) Axial fat suppressed T2 weighted image shows thick, bright, and
somewhat irregular atherosclerotic plaque (arrowhead) in the posterior wall of the left ICA. (B) In a different patient,
axial post contrast T1 weighted image with fat suppression shows a thick plaque (arrowhead) with enhancement and
areas of no enhancement suggesting the presence of intra-plaque fibrous tissues, fat or calcifications.
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despite MTT abnormalities indicate the circula-
tory systems’ ability to compensate for hypo-
perfusion, in particular in the gray matter, where
the regional CBV may be increased with signifi-
cant carotid stenosis. This phenomenon may be
explained by perfusion of gray matter by way of
pial collaterals and not just macro-circulatory
compensation by way of the internal carotid and
external carotid (by way of the superior ophthal-
mic artery) arteries. Abnormal T2 signal in the
area of hypoperfusion has also been reported with
internal carotid artery occlusive disease before
the development of major neurologic deficits or
infarction [79]. Therefore, brain imaging with
perfusion and MRA may be warranted for eval-
uation of individuals with significant carotid
stenosis to determine the true severity of their
disease.

MRA of the neck for arterial dissections

Evaluation of the post-traumatic carotid and
vertebral arteries is becoming more common as
clinicians and radiologists realize the potential of
these vessels to be injured. Most commonly, injury
to these vessels results in dissection, although
occlusions and pseudoaneurysms also occur [80].
Pseudoaneurysms remain unchanged in 46% of
patients, disappear with 36%, and decrease in
size in 18%. Resolution occurs more commonly
with vertebral artery aneurysms than it does
with internal carotid artery aneurysms [81]. The
injuries are often related to fractures or sublux-
ations of the spine, facial bones, and skull base,

and are most frequently secondary to motor
vehicle accidents [82-86]. The patient may dem-
onstrate cerebral infarction (up to 20% of infarcts
in young individuals), or there may be face, neck,
occipital pain, vertigo, cranial nerve III symp-
toms, or visual symptoms, although some patients
are asymptomatic [82-88]. Dissections may heal
spontaneously and the type of healing depends on
the length of the dissection. A normal appearing
vessel after healing may be seen after a 2-mm long
dissection. A stenotic vessel after healing of a 6-
mm long dissection, pseudoaneurysm formation
after a 4- to 6-mm long dissection or an occluded
vessel after a 8-mm long dissection [89].

On MRI, vertebral and carotid artery dis-
sections have an eccentric signal void with
surrounding semilunar, oval, or circumferential
area of increased T1 signal (hematoma) [90-93]
(Fig. 8). This finding may also be the result of
normal laminar flow on gradient echo images and
thus, the use of fat suppression T1 images may
help differentiate mural hematoma from sur-
rounding tissues [82,92,94,95]. Differentiation of
mural from luminal thrombus is best done with
gradient echo images through the stenotic arterial
segment perpendicular to the length of the vessel
[93]. In a study of 20 vertebral artery dissections
evaluated by MRI, XRA, and US, MRA was
able to identify a double lumen, intimal flap or
mural hematoma with stenosis or aneurysmal
dilatation consistent with dissection, or irregular
stenosis or string sign as suggestive of dissection
(sensitivity: 94%, specificity: 29% for dissections)
[96]. XRA was 100% sensitive and 35% specific.

Fig. 8. Vertebral artery dissections. (4) Axial T1 weighted image shows dissection of the right internal carotid artery
(arrowhead) with diminished central lumen and bright mural clot. (B) In the same patient, the dissected artery
(arrowhead) is better seen on a T1 weighed, fat suppressed image.
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Combining MRA with XRA increased the
specificity to 50%. The sensitivity of US was
79% but US lacked specificity. Follow-up MRI
demonstrated recanalization of vessels in 63% of
patients, persistent occlusion in 31%, and a dis-
secting aneurysm in one patient.

CTA was used for the diagnosis of dissections
of the internal carotid artery [97] by Leclerc et al
[97]. They evaluated 16 patients with 18 dissections
and found that CTA demonstrated 100% speci-
ficity and 100% sensitivity for stenotic dissections.
Using enlargement of the dissected artery as
a criterion for the diagnosis of occlusive dissection,
they achieved 100% specificity and sensitivity.
CTA has also been used for follow-up evaluation
of ICA dissections over time to assess changes seen
on XRA between 7 and 26 months [98]. CTA is
deemed to be a good method for initial evaluation
of cervical dissection and for follow up. CTA is
easily added to screening spine CT in patients with
cervical spine fractures obviating the need for
MRA, and at least according to the previously
cited study it seems to be accurate.
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MR angiography (MRA) is a powerful, non-
invasive diagnostic imaging technique for examin-
ing normal and abnormal blood vessels. Initially,
MRA approaches were developed that took ad-
vantages of naturally occurring vascular-stationary
background tissue contrast mechanisms. These
MRA techniques visualized the vasculature by
using either inflow effects (a class of techniques
known as time-of-flight [TOF] imaging) or by
encoding blood velocity into the phase of the
MR signal (phase contrast [PC] imaging) [1,2].
Over approximately 15 years these techniques
have dramatically improved. Today, TOF MRA
in particularly, can routinely provide satisfactory
images of the intracranial vasculature including
rotational projection images [3]. In some medical

Operational funds were provided by the Alberta
Foundation for Health Research, the Alberta Heritage
Foundation for Medical Research (AHFMR), the
Calgary Health Region through the Partners-in-Health
fundraising campaign, the Canadian Institutes for
Health Research (CIHR), the Heart and Stroke
Foundation of Canada (HSFC), and the University of
Calgary. CS is funded by Keimyung University School
of Medicine, Daegu, Korea. All authors are also with
the Seaman Family MR Research Centre, Foothills
Medical Centre, Calgary Health Region, Calgary,
Alberta, Canada.

* Corresponding author. MR Research Centre,
Foothills Medical Centre, 1403-29th Street, NW, Cal-
gary, AB T2N 2T9, Canada.

E-mail address: rfrayne@ucalgary.ca (R. Frayne).

centers, the TOF MR angiographic technique has
replaced conventional digital subtraction angiog-
raphy (DSA) for screening for intracranial vascu-
lar disease [4-7]. PC MRA is less frequently used
for the assessment of the intracranial circulation,
but nevertheless, can provide important informa-
tion about flow directionality, for example in
assessing venous thrombosis [8] or in areas with
retrograde blood flow [9]. Despite their success,
both TOF and PC MRA have a number of
limitations, such as decreased sensitivity to slow
and disturbed flow [10].

A third class of MR angiographic techniques,
which has been aggressively developed and
evaluated only over the last decade, requires the
injection of MR contrast agents [11,12]. These
contrast-enhanced MRA (CE MRA) techniques
use the T1-relaxation-shortening effects associated
with paramagnetic MR contrast agents [13] to
improve vascular signal and minimize artifact
because of slow and disturbed flows. To date,
nearly all major arterial systems have been imaged
reliably with CE MRA [1,14,15]. Those most
commonly assessed include the extra-cranial
carotid arteries [16], the thoracic-abdominal aorta
[17] and its major arterial branches, [18], and the
peripheral arteries [19,20].

CE MRA also has been used to study in-
tracranial vascular diseases. The authors have
used a variety of CE MRA approaches to evaluate
intracranial artery occlusions in acute ischemic
stroke, and for the assessment of cerebral an-
eurysms and venous malformations. In this
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article, the authors review (1) the utility of CE
techniques on the imaging of intracranial cere-
brovascular diseases, and (2) the advantages and
limitations of commonly used CE MRA tech-
niques for intracranial vessel imaging. This is
followed by a discussion of the clinical applica-
tions of intracranial CE MRA.

When should one use contrast enhancement
for MR angiography?

Flow-dependent acquisition techniques, such
as TOF and PC MRA, are in extensive clinical use
today. One of the main advantages of non-CE
MRA (NCE MRA) procedures is that they are
noninvasive and rely only on endogenous mech-
anisms to provide image contrast between flowing
blood and background tissue. These classes have
many advantages and disadvantages.

Advantages of non-contrast-enhanced M RA
techniques

TOF MRA is based on the signal difference
resulting between saturated spins in the stationary

A. Tlssue =900 ms

B. T1ycE blooa = 1200 ms

background tissue and unsaturated (ie, fully
magnetized) spins in flowing blood. T1-weighted
imaging sequences are used in TOF MRA to
maximize the signal from blood while minimizing
the signal from the background tissue (Fig. 1A, B)
[21,22]. Ideally, the acquired slices are perpendic-
ular to the direction of blood flow and are
acquired sequentially in the direction opposite to
the flow. This acquisition geometry ensures that
fully magnetized spins in the blood enter the
excited slice. In addition, specialized saturation
pulses can be applied ahead of the advancing
acquired slice to suppress unwanted venous or
arterial blood [23]. In a region with rapid blood
flow and with a vessel that is mainly perpendicular
to the acquired slice, excellent angiograms can be
obtained.

The 2D TOF technique is robust, fast, and
often adequate for screening, but has a slice
thickness > 1.5 mm that makes stenosis measure-
ment difficult. The 3D TOF technique acquires
signal from a slab of tissue, and thus has better
signal-to-noise (SNR) compared with the 2D TOF
approach [24]. By phase encoding in the slice-
select direction, the excited slab can be subdivided

C. T1¢E biooa = 50 ms
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Fig. 1. Saturation effect: MR magnetization (or signal) as a function of the number of excitation pulses (which equals
slice thickness/tissue velocity). (4) Stationary background brain parenchymal tissue with a T1 relaxation time of 900
milliseconds, (B) for flowing blood (T1 = 1200 milliseconds), and (C) flowing blood containing MR contrast agent
(T1 =~ 50 milliseconds, see text). The image contrast between the blood and the background tissue is a complex function
of the excitation parameters (flip angle and repetition time), the T1 relaxation time and velocity. Difference 1 shows a
large image contrast between fast moving non-contrast-enhanced blood and background, whereas difference 2 shows
a small image contrast since the slow moving blood is saturated. The introduction of MR contrast into the blood
increases the image contrast and also removes the influence of blood velocity (Difference 3).
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into many partitions, each 1 mm or less in
thickness. Thus 3D TOF has higher SNR and
better spatial resolution compared with 2D TOF.
The principal disadvantage to 3D TOF is the
progressive saturation of blood as it flows through
the excited volume. 3D TOF examinations are
also longer and are therefore more sensitive to
patient motion. Multiple overlapping thin slab
acquisition (MOTSA) [25] is a hybrid approach
that acquires a series of thin-slab 3D acquisitions
to achieve high spatial resolution, good SNR, and
decreased sensitivity to slow flow saturation.

PC MRA is another approach that generates
image contrast between flowing and stationary
tissues by encoding velocity into the phase of the
acquired MR signal. PC techniques also are useful
in eliminating signal from high-intensity station-
ary material such as blood products, which on
TOF imaging can also appear hyperintense
because of their very short T1 values. An im-
portant feature of PC MRA is that the image
contrast mechanism is nearly uncoupled from the
acquisition geometry. Unlike TOF, PC MRA can
acquire angiograms in slices or slabs with an
arbitrary orientation relative to the direction or
directions of blood flow. This is an important
feature given the variety of flow directions en-
countered when imaging the intracranial vascula-
ture. While signal saturation effects are greatly
diminished in PC MRA, the decreased signal from
saturation does, however, cause a decrease in
SNR [26]. Another advantage of PC over TOF
MRA is that it is able to acquire directional flow
information.

Disadvantages of non-contrast-enhanced MRA
techniques

NCE MRA techniques have several technical
and clinical disadvantages. Depending on the
technique, these disadvantages [27] can include
long examination times (typically many minutes),
poor or non-visualization of flow dynamics, sensi-
tivity to pulsatile flow artifacts, and dependence on
blood moving perpendicular to the acquired slice.
This last disadvantage causes progressive satura-
tion of flowing blood and is the major limitation
of the TOF technique. Saturation of the blood is
particularly pronounced when the mean blood
flow is slow (ie, venous flow, patients with low
cardiac output, impaired arterial flow, and high-
resistance distal arteries), when the imaging slice or
plane is parallel to the vessels, when the vessels are
not unidirectional, or when the acquisition volume

is large (such as with 3D acquisitions) [28]. Satu-
ration effects are increased when short repetition
times (TR) are used because there is not enough
time for recovery of the magnetization. Intra-voxel
dephasing is another cause of signal loss and
occurs when a large distribution of velocities
occurs within an image pixel. The effects of intra-
voxel dephasing are exacerbated by using large
pixels, fast or disturbed flow, or long echo times
(TE) [29].

In clinical practice, NCE MRA can suffer from
inadequate visualization of arteries with slow or
complex flow, particularly in areas of vascular
pathology (Fig. 2). PC MRA, unlike TOF MRA,
is able to acquire directional flow information.
The major drawbacks of PC methods are their
lengthy acquisition times and the need to match
the velocity sensitivity to the anticipated flow
conditions a priori. Inappropriate settings can
lead to aliasing effects in which flow directionality
is incorrectly displayed or to reduced sensitivity
[21]. The SNR of PC MRA also is indirectly
sensitive to the effects of signal loss because of
slow or disturbed flow.

Contrast-enhanced MR angiography

CE MRA is a more invasive class of MRA
techniques that requires the intravenous injection
of a MR contrast agent. Chelated gadolinium
(Gd) ions [30] are commonly used paramagnetic
substances that shorten the longitudinal relaxa-
tion time (T1) of the blood. Unlike iodinated X-
ray agents, commercially available MR contrast
agents do not have clinically detectable nephro-
toxicity, even at the high doses (>0.1 mmol kg™
sometimes required for CE MRA [31]. These
agents also have a low incidence of allergic reac-
tions [32]. Notwithstanding the need for a venous
administration, an excellent safety profile is as-
sociated with CE MRA. MR contrast agents do
not cross the intact blood-brain barrier. For
intracranial imaging this property is advantageous
in that cerebral enhancement is essentially con-
fined to the intravascular space during data
acquisition.

In CE MRA, MR contrast agents are used to
counter the saturation and intra-voxel dephasing
effects found in 3D TOF and to a lesser degree in
PC MRA. When imaged with a short-TR, T1-
weighted imaging technique (similar to TOF), the
addition of the contrast agent greatly increases the
signal from blood (Fig. 1C) and thus greatly
reduces the detrimental effects of signal loss
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Fig. 2. A 65-year-old man who presented with a 2.7-h history of neurological symptoms. On diffusion weighted MR
imaging (DWI) (A4), acute ischemic changes are evident in a watershed distribution in the right hemisphere. NCE 3D
TOF MRA (B) shows apparent total occlusion of right internal carotid artery and questionable faint signal intensity in
the right M 1. Twenty minutes after the NCE 3D TOF examination, post-contrast 3D TOF MRA (C) shows a focal
narrowing of the distal M1 and decreased blood flow in the right MCA and PCA caused by occlusion of right ICA.

resulting from slow and disturbed flows. The
presence of contrast in the blood makes CE MRA
essentially flow independent, provided that suffi-
cient contrast arrives in the vessels of interest. The
short echo time (TE) typically used for CE MRA
sequences further minimizes signal loss by de-
creasing intra-voxel dephasing. Motion artifacts
are also less evident because of the short acqui-
sition time. Finally, the use of the coronal, sagittal,
or oblique acquisition geometries enables flexi-
bility in imaging blood vessels, and can provide
angiographic images similar to those obtained
with conventional catheter angiography.

Because CE MRA is less sensitive to blood
velocity or the direction of blood flow, the tech-
nique is more likely to accurately reflect the
severity and length of a stenosis, or other vascular
pathologies. Because of the degree of artifact re-
duction, CE MRA has led to improved diagnostic
accuracy and, most importantly, increased diag-
nostic confidence. These developments are impor-
tant when imaging intracranial diseases. For
example, in stroke patients (discussed later in this
study), it is important to distinguish between
vessels that are occluded and those that have only
slow flow, because the prognosis and potential
therapies are different for these two conditions.

In general the T1-shortening associated with
MR contrast agents can be used to substantially
reduce the saturation of blood signal associated
with NCE MR angiographic techniques. CE-MR
angiographic techniques commonly used short
TR (<10 milliseconds) and TE (<2 milliseconds)
gradient-recalled echo sequences. CE MRA has
three principle variants, which differ in acquisi-
tion time and the pharmacologic distribution of
contrast agent during the image acquisition: (1)

post-contrast CE MRA, (2) dynamic CE MRA,
and (3) time-resolved CE MRA.

Post-contrast CE MRA

This technique is performed during the steady-
state phase after the contrast injection when it is
uniformly distributed throughout the intravascu-
lar and extravascular spaces. Because the elimi-
nation of MR contrast agents by way of the
kidney is slow, the intravascular contrast concen-
tration remains uniform for about 20 minutes
after injection [33]. Intracranially, contrast re-
mains intravascular provided the blood-brain
barrier is not compromised. This steady-state
contrast agent concentration in blood lowers the
T1 relaxation of blood from approximately 1200
ms to between 200 milliseconds and 400 milli-
seconds [33]. Superb vascular enhanced images
with minimal artifacts [33] can be acquired during
this interval. In post-contrast TOF, an important
consideration is determining the optimal flip angle
that maximizes the vascular signal. For example
in acute stroke imaging, the authors increased the
flip angle and TR (flip angle of 35° and TR of
32 milliseconds) to maximize vessel signal intensity
on post-contrast TOF while suppressing back-
ground signal (non-CE MRA, conventional 3D
TOF acquisition: flip angle = 15°, TR = 24
milliseconds) [34].

The dosage of administered MR contrast
directly effects visualization of intracranial vessels.
In the authors’ acute stroke protocol, 20 mL (10
mmol) of gadopentetate dimeglumine (Magnevist;
Berlex, Wayne, New Jersey) is injected for
dynamic susceptibility contrast perfusion-weight-
ed imaging (PWI) 3 to 5 minutes before the



C-H. Sohn et al | Magn Reson Imaging Clin N Am 11 (2003) 599614 603

post-contrast CE MRA acquisition. Jung et al [35]
studied the optimal dose of gadopentetate dime-
glumine for post-contrast CE MRA in intracra-
nial vascular disease. They reported that 5 mL to
10 mL volumes (2.5 mmol to 5 mmol) of contrast
agent aided in (1) differentiating true stenoses in
large arteries from areas of artifactual narrowing
and (2) in depicting small AVMs with slow flow.
Tartaro et al [36] reported that after injection of
a double-dose (0.2 mmol kg~') of MR contrast,
the signal-to-noise ratio (SNR) for small arteries
and veins increased, while the SNR for larger
arteries decreased.

Dynamic contrast-enhanced M RA

MR hardware and software capabilities have
undergone significant evolution in the past de-
cade. Fast gradients (up to 50 mT m™ ") coupled
with real-time imaging now allow the acquisition
of temporally synchronized 3D gradient-recalled
echo images that are suitable for CE MRA. The
two primary issues in dynamic CE MRA are: (1)
detection of contrast arrival and (2) efficient
acquisition of the appropriate MR data.

Dynamic CE MRA techniques are based on
acquiring images during the first pass of the con-
trast agent so that ideally only signal from blood in
the arterial system is enhanced. For best image
quality there should be no background or venous
enhancement. Ideally, data should be acquired
while the arterial MR contrast agent concentration
is high and constant. This is not easily achieved
because of uncertainty in contrast arrival in the
vessels of interest and the short optimal interval
between the arterial and venous enhancement
phases (Fig. 3). Typically the intracranial arterio-
venous circulation time is between 2.5 seconds and
6 seconds [37]. Several techniques have been
devised to ensure that data is acquired during the
arterial contrast concentration phase.

The uncertainty in the transit time of contrast
agent from the injection site to the brain vary
significantly from patient-to-patient, and depend-
ing on factors such as cardiovascular output and
presence of vascular pathology. Several strategies
are currently employed to determine the time of
contrast arrival, including detection of a test bolus
injection before the CE MRA acquisition, auto-
mated triggering, and fluoroscopic imaging to
detect bolus arrival followed by manually trigger-
ing [38] of the acquisition (Fig. 4).

The first strategy, imaging a test bolus of
contrast is a simple yet effective method that

rapidly acquires a series of images during the
passage of a small injection of contrast (ie, a ““test”
bolus of typically between 5% and 10% of the
total injected volume). This method (Fig. 4A)
acquires a series of 2D T1-weighted images during
the passage of the test bolus, and from these data
calculates the contrast arrival time. This strategy
is straightforward and does not require special
hardware and software, yet reduces the major
sources of patient-to-patient variability. The
automated trigger and fluoroscopic monitoring
approaches (Fig. 4B) do not use an early “‘test”
injection since they sense the arrival of the full
contrast injection in or near the vessel-of-interest.
To accomplish this task, however, these ap-
proaches require additional hardware capabilities.
Automated triggering is a strategy that determines
the arrival of contrast in the vessels of interest,
[39,40], by following the MR signal in a small
tracker volume placed in or near the vessel-of-
interest. When the detected signal level in the
tracker volume exceeds a predetermined thresh-
old, the acquisition of the CE MRA volume is
triggered. Fluoroscopic triggering, is the most
advanced strategy for bolus detection that uses
a series of rapid 2D images to determine contrast
arrival [41]. The operator views these images and
commences the CE MRA volume once the con-
trast agent arrives. Both the automated triggered
and fluoroscopic approaches require a small delay
(~1 second or more) to switch from detection
mode to acquisition of CE MRA data. Neverthe-
less, automated and fluoroscopic triggering are
the preferred and most robust strategies for
determining contrast arrival.

The second issue in dynamic CE MRA is the
short recirculation time in the intracranial circu-
lation (Fig. 3) [37]. Acquiring the data before the
arterial peak is reached reduces the SNR and
produces artifacts [42,43]. Conversely, delayed
acquisition, in addition to reduced SNR and
increased artifacts, results in venous enhancement
which further complicates image interpretation
[42,43]. A variety of centric-encoding approaches
have been suggested to collect data during the
short arterial-venous interval. Centric approaches
ensure that the central portions of k-space are col-
lected immediately to minimize the possibility of
venous contamination. k-Space is a mathematical
formalism that describes the method of collecting
MR data. The center of k-space contains informa-
tion about large structures (ie, low spatial frequen-
cies) whereas the periphery of k-space describes
the edges of the image (ie, high spatial frequency).
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Fig. 3. MR imaging signal versus time for an injection of a 4-mL test bolus of MR contrast agent. Curves are plotted for
the extra-cranial arterial (black) and venous (gray) circulation. The two unknowns are (1) the arrival of contrast in the
arterial system (~13 seconds after intravenous injection in this example) and (2) the delay between the arterial and venous
passage of the agent (7 seconds in the extracranial circulation). Intracranially, the arterio-venous delay will be even
shorter. In dynamic CE MRA approaches, a timing technique (see text) is necessary to ensure data acquisition begins at
the appropriate time. Data must be collected using a centric phase-encoding approach to ensure arterial imaging. Time-

resolved approaches collect data throughout the contrast injection and do not require explicit synchronization.

The most appropriate approach for dynamic
CE MRA is the elliptical-centric phase-encoding
order proposed by Wilman et al [44]. Elliptical-
centric phase encoding acquires phase encodings in
order of increasing distance from the center of
k-space. A high degree of venous suppression can
be achieved with a data acquisition time several
times longer than the arterial-venous interval [45].

Time-resolved approaches to CE MRA

Time-resolved techniques are another ap-
proach to performing CE MRA that acquired
images during the passage of contrast (Fig. 4C).
Unlike dynamic CE MRA techniques that must
first explicitly determine contrast arrival (Fig. 4A
or 4B), time-resolved techniques collect images
before, during, and after the arterial contrast
phase. These approaches offer the possibility of

observing flow dynamics, although to accomplish
this requires an inherent trade-off between spatial
and temporal resolution. Both 2D (single slice)
and 3D (volume) implementations have been
used.

Two-dimensional time-resolved conventional
and projection-imaging techniques [46—49] achieve
sub-second resolution, but have drawbacks: (1)
only one or a few relatively thick slices can be ob-
tained; (2) small vessels may be obscured because of
low spatial resolution; and (3) vessel overlap cannot
be eliminated in the projections. Time-resolved 2D
CE MRA techniques in intracranial vessels require
trade-offs between spatial resolution, acquisition
time, and image contrast, according to the clinical
applications.

With time-resolved 3D CE MRA sequences,
early, mid, and late arterio-venous phases of
the intracranial circulation can be portrayed.
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Fig. 4. Approaches to synchronizing CE MRA. (A4) Injection of a small test-bolus during acquisition of timing scan. The
delay between injection and peak arterial enhancement (Tggjay) is used to coordinate a dynamic CE MRA acquisition. (B)
Use of an automated system for detecting the arrival of the contrast agent. Once the contrast agent is detected in or near
the vessel-of-interest, the dynamic CE MRA acquisition is initiated. There are two primary methods for detecting
contrast arrival: monitoring of the signal from a small tracker volume [39,40] and fluoroscopic 2D imaging [41] (see text).
(C) Time-resolved CE MRA does not require explicit synchronization to the contrast bolus because it collects a series of
images through the arterial and venous phases of the contrast agent [14,16,50].

Time-resolved CE MRA offers the possibility of
observing contrast dynamics by periodically
updating all or portions of k-space [50]. One tech-
nique, time-resolved imaging of contrast kinetics
(TRICKS) [50], updates the center of k-space
more frequently than the periphery of the k-space.
In this way TRICKS consistently captures an
arterial-only time frame, free of venous overlay
even in regions of rapid venous return [51].

Clinical applications
Ischemic stroke

Ischemic stroke results from occlusion of
the extra- and intra-cranial arteries and can be

broadly classified as thrombotic, embolic, or
lacunar. Mohr et al [52] evaluated 694 patients
who were hospitalized for stroke and found that
53% had large vessel thrombosis and 31% had
cerebral emboli. Thrombotic ischemic infarction
is the result of thrombosis of a specific vessel,
most frequently caused by atherosclerosis. Embolic
ischemic infarctions are often abrupt and cata-
strophic, with the severity of symptoms often
peaking at the ictus. The clinical signs and
symptoms relate to the specific affected vascular
territory. The most common source of emboli is
atherosclerotic alterations at or proximal to the
internal carotid. In about 25% of patients, emboli
arise because of cardiac disease.
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MR has been demonstrated to have an im-
portant role in acute ischemic stroke, particularly
the use of diffusion-weighted (DWI) and perfu-
sion-weighted (PWI) imaging [53,54]. MRA has
an important role in acute cerebral ischemia (<3
hours). Ischemic stroke symptoms are because of
decreased cerebral blood flow, which is normally
attributable to a blocked or partial blocked vessel.
In many patients a major vessel, such as the
internal carotid, anterior cerebral, middle cerebral,
or posterior cerebral artery (ICA, ACA, MCA,
PCA), is involved. These vessels are visible on
TOF, so in principle NCE MRA should be useful
in detection of vascular change associated with
ischemic stroke. Because the blood-to-background
image contrast is dependent on flow in TOF and
PC MRA and because flow is reduced in ischemic
stroke, these techniques suffer signal loss second-
ary to saturation effects and dephasing, resulting
in signal degradation near pathology.

In the authors’ experience, they have observed
that non-contrast enhanced and post-contrast 3D
TOF, individually and in combination, have im-
portant roles in acute stroke management. They
have found that 3D TOF acquired 5 minutes after

the injection of 20 mL of contrast (post PWI) to
have clinical utility [34]. The authors’ post-
contrast 3D TOF acquisition is focused on
visualization of the circle of Willis and is used in
conjunction with noncontrast 3D TOF images to
assess flow in the distal ICA, ACA, MCA and
PCA. Specifically, the authors observed that 66%
of vessel segments that appear abnormal on NCE
3D TOF MRA had a changed appearance on the
post-contrast TOF. In most cases (94% of the
changes) the post-contrast TOF indicated im-
proved blood flow in the questioned segment. Of
the vessels initially graded as occluded, 21% were
subsequently found to be patent (see Fig. 2; Fig. 5).
This may significantly alter treatment decisions.
Other groups [35,49] also have confirmed the
accuracy of this technique for intracranial angiog-
raphy. Kucinski et al [55] have reported that the
degree of collateral circulation was an independent
radiological predictor of favorable outcome after
thrombolysis in acute ischemic stroke. Collateral
flow is often slow and post-contrast TOF is often
a good predictor of the presence of leptomeningeal
collateral flow in patients with occlusion of major
proximal arteries (Fig. 6). Unlike dynamic and

Fig. 5. A 70-year-old man who presented with a 2.1-h history of right hemiplegia and aphasia. Diffusion weighted
images (A4, B) show left hemisphere watershed ischemic lesions. NCE 3D TOF-MRA (C) shows complete occlusion of
the left MCA. Nineteen minutes after the conventional 3D TOF MRA, a post-contrast 3D TOF MRA examination (D)
showed no evidence of occlusions. There is flow asymmetry, with flow in the right MCA being greater than in the left.



C-H. Sohn et al | Magn Reson Imaging Clin N Am 11 (2003) 599614 607

Fig. 6. A 64-year-old man who presented with a 2.8-hour history of weakness of left face, arm, and leg. Diffusion
weighted images were normal. NCE 3D TOF MRA (4) shows completed occlusion of right internal carotid artery.
Thirty minutes later, post-contrast 3D TOF MRA examination (B) showed occlusion of the right internal carotid artery
and MCA, and also shows distal MCA branches that are filled via collateral vessels.

time-resolved approaches, acquisition after con-
trast administration can potentially be adversely
affected by enhancement of tissue and venous
structures, however the authors have found with
proper placement of the acquired 3D slab, this is
not a significant problem. Overall, the authors
found post-contrast 3D TOF to be a critical part
of their acute stroke imaging protocol.

Aneurysms

The accepted standard for identification of
intracranial aneurysms is intra-arterial digital
subtraction angiography (IA DSA). The diagnos-
tic cerebral angiogram procedure has an overall
neurologic complication rate of 1.3% and a per-
manent neurologic complication rate of 0.5% [56].
Many factors modify this risk, so that neurologic
complications were significantly more common
in patients 55 years of age or older (1.8%), in
patients with cardiovascular disease (2.3%), and
when fluoroscopic times were 10 minutes or
longer (1.9%) [52]. For these reasons, 3D TOF
is considered as an alternative approach to
conventional angiography. In an early study,
Ross et al [57] demonstrated that conventional
3D TOF had a combined sensitivity of 95% and
specificity of 100% compared with intra-arterial
angiography. Atlas et al [58] reported that MRA
had a 95% sensitivity, an 88% specificity, a 95%
positive predictive value, and an 89% negative
predictive value for the presence of at least one

aneurysm in patients with one or more aneurysms
larger than 3 mm. They also reported a low
sensitivity (72%) for aneurysms less than 3 mm
and a low sensitivity (41%) for morphologic
features suggestive of rupture. Further, they
showed that post processing and source image
review were useful when evaluating the shape of
aneurysm [59]. While these results were encour-
aging, conventional 3D TOF was found to
underestimate size and poorly visualize the sac
and neck of giant and fusiform aneurysms [57].
Post-contrast 3D TOF has been shown to
improve the detection of aneurysms and depiction
of surrounding vascular anatomy [12,33]. In
dynamic CE MRA studies, Isoda et al [60]
reported that CE MRA resulted in clear images
of lateral sacular aneurysm models, compared
with 3D TOF MRA. Metens et al [61] assessed the
clinical utility and accuracy of dynamic CE MRA
in the detection of unruptured intracranial aneur-
ysms. In this study, the dynamic CE MRA
technique depicted all 23 aneurysms detected in
17 patients with IA DSA (aneurysm ranged from
2 mm to 21 mm). One false-positive result was
reported (overall sensitivity and specificity of
100% and 94%, respectively). The authors have
compared NCE and dynamic CE 3D MRA for
the detection of ruptured intracranial aneurysms.
In this study, the reviewer is unblinded to the
CT findings and, thus, knew the location of
aneurysms. Both NCE and dynamic CE MRA
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techniques failed to depict one aneurysm in the
series of 21 ruptured aneurysms confirmed by con-
ventional angiography (sensitivity 95%, specificity
100%, see Fig. 7). Depiction of aneurysm sac with
dynamic CE MRA was better than conventional
3D TOF MRA (Fig. 8).

Jager et al [62] have reported that dynamic CE
MRA provided better delineation of the giant
aneurysms compared with conventional and post-
contrast 3D TOF. They also stated that de-
lineation of entering vessels, aneurysm sacs, and
exiting vessels on dynamic CE MRA images was
comparable to conventional angiography. Boulin
et al [63] assessed comparison of post-contrast 3D
TOF and DSA in the follow-up of intracranial
aneurysms treated with detachable platinum coils.
The sensitivity and specificity of this study were
72% and 98% for depicting an aneurysm rem-
nant, respectively. In this series, only small
aneurysm neck remnants (less than 3 mm) were

A

not visualized by CE MRA. Therefore, these
authors indicated that MR angiography is prob-
ably a good noninvasive tool for the follow-up of
intracranial aneurysms treated by using coils.

Vascular malformations

Arterio-venous malformations (AVMs) are
non-neoplastic vascular abnormalities that are
often incidentally discovered. AVMs are an
important cause of nontraumatic intracranial
hemorrhage in adults and children. Symptoms
may reflect perfusion changes implicit in such
modification of the blood flow (ie, lack of
perfusion to adjacent brain parenchyma), or the
inability of the vessel to sustain the altered he-
modynamics (mechanical rupture). Surgery, ra-
diosurgery, or intravascular embolization are
possible therapies, each of which are suited to
specific types, locations and hemodymanic prop-
erties of AVMs. The visualization of the venous

Fig. 7. A 33-year-old man presenting with subarachnoid hemorrhage secondary to rupture of a left anterior
communicating artery (A-comm) aneurysm. Right oblique angiogram view (A) confirmed ruptured left A-comm
aneurysm (black arrow). On MIP image through a NCE 3D TOF MRA data set (B), the A-comm aneurysm is not
visualized. The aneurysm sac (white arrow) is well visualized by CE-MRA (C).
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Fig. 8. A 4l-year-old man presenting with subarachnoid hemorrhage secondary to rupture of left middle cerebral artery
(MCA) bifurcation aneurysm. In Towne’s projection (IA-DSA) (A4), a large lobulated aneurysm sac is visualized at the
bifurcation of the left MCA. A 3D TOF MRA projection image (B) shows the aneurysm sac (arrow), but the dynamic
CE-MRA projection image more clearly demonstrates the shape of the aneurysm sac (C).

drainage of AVMs is important for the pre-
operative estimation of the bleeding risk, and for
the exact definition of the target volume in
radiosurgery. Conventional angiography is still
the gold standard technique for detection and
characterization of an AVM. Although flow
through AVMs is elevated, NCE MRA is poorly
suited to detailing the features of these lesions, as
3D TOF or PC tend to be limited to the feeding
arteries while the draining veins and the nidus are
inadequately visualized. A further major draw-
back to NCE MRA study of AVMs is the lack of
temporal selectivity and of dynamic information.

The use of time-resolved CE MRA to study
AVMs has proved most encouraging (Fig. 9)
because by using time-resolved imaging during
a bolus injection of MR contrast, information
about the complex hemodynamics of vascular
malformations may be obtained [48,64,65]. A
sensitivity of 95% for nidus detection with time-
resolved CE MRA is comparable or slightly
superior to that of conventional 3D TOF MRA

[48]. Dynamic CE MRA has been employed as
a less invasive, dynamic angiographic tool for
screening and follow-up of AVMs after radio-
surgery or embolization [66—68]. Fast dynamic 3D
CE MRA has been found to be superior to
conventional TOF MRA in the assessment of
vascular architecture of the cerebral AVMs. An
acquisition time of 9 seconds was sufficient to
differentiate feeding arteries, the AVM nidus, and
the venous drainage patterns [69]. Nevertheless,
this technique has several limitations. First, the
spatial resolution is still low compared with DSA.
Second, the acquisition time of 9 seconds is too
long to clearly differentiate between arteries and
veins. In some images, a mild venous overlay was
observed on the CE MRA projection images, and
dynamic information was not obtained. While
time-resolved and dynamic CE MRA may pro-
vide a useful initial diagnostic test, in all patients
selective and superselective conventional angiog-
raphy remains necessary to make rational thera-
peutic decisions.



Fig. 9. A 59-year-old woman with a large pulsating right facial mass. Intra-arterial DSA (A4) shows the complex dynamics of this lesion. Time-resolved CE
MRA (B) provides similar hemodynamic information in this facial AVM. (Courtesy of Tae-Sub Chung, MD, Seoul, Korea).
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Dural arterial-venous malformations (DAVMs,
or arterio-venous fistulae) are vascular malforma-
tions that have a different clinical presentation,
natural history, imaging features, and therapy
from parenchymal AVMs of the brain. The
natural history and clinical symptomatology of
DAVMs is variable and to a large extent de-
pendent on the location of the lesion and its
venous drainage pathways [70]. Diagnosis of
DAVMs is difficult by CT and conventional MR
imaging techniques. Post-contrast TOF MRA
may allow visualization of abnormal arterial
pedicles and static venous anatomy, but only
time-resolved projection MRA enables dynamic
assessment of the vascular malformations [71].

Moyamoya disease

Moyamoya disease is characterized by severe
stenosis or occlusion of the internal carotid artery
bifurcation followed by progressive internal ca-
rotid artery occlusions and development of basal
(parenchymal) collateral vessels from perforators,
leptomeningeal collateral vessels from the pos-
terior cerebral artery, and transdural collateral
vessels from the external carotid artery. Conven-
tional 3D TOF already plays an important role in
diagnosing moyamoya disease, and in following
disease progression [72]. Time-resolved CE MRA
techniques can also be applied to moyamoya
disease. In addition to identifying stenoses, time-
resolved technique can also evaluate hemodynam-
ics in the brain.

Summary

NCE MRA can provide the authors with
useful diagnostic information in patients suffering
from intracranial vascular disease, often leading
to improved or altered treatment decisions. Most
centers have used 3D TOF for evaluation of
stroke—the most common cerebral vascular
disease. Because of slow and disturbed flow,
conventional 3D TOF MRA tends to overesti-
mate stenotic lesions and occluded arteries and
this can confound neurovascular assessment in
stroke patients. Post contrast 3D TOF techniques
provide a more robust and more specific method
for imaging the intracranial circulation that over-
comes the drawbacks of conventional 3D TOF. In
the setting of acute ischemic stroke, the authors
have found that the combination of conventional
and CE 3D TOF MRA improves their overall
diagnostic ability. Dynamic and time-resolved
CE MRA techniques have evolved rapidly. Time-

resolved CE MRA, in particular, is emerging as
a useful technique for imaging dynamic vascular
pathologies such as AVMs. Unfortunately, time-
resolved MRA of the intracranial circulation
provides images with low spatial resolution and
is currently limited to subsecond frame rate 2D
acquisitions, and less than 2 seconds frame rates
for 3D acquisitions. Nevertheless, like in other
vascular regions, CE MRA represents a milestone
for non-invasive intracranial vascular imaging.
The continuing development of CE MRA tech-
niques and of new contrast agents will lessen the
need for intra-arterial angiography in the future.
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In the past 10 to 15 years, 1.5T has been one of
the most commonly used field strengths for day-
to-day clinical operations. However, recent ad-
vances in high field technology and the increased
availability of high field (> 1.5T) human scanners
have opened the doors for a variety of exciting
improvements in clinical and research applications
of MR imaging. In particular, 3T has continued to
gain wide acceptance as one of the main field
strengths for clinical and research studies. There-
fore, in this article the authors focus on the pros
and cons of 3T imaging and comparisons between
results obtained at 3T and 1.5T.

The movement toward a magnetic field strength
greater than that found in the widely available
1.5T clinical systems stems from the need to
improve spatial resolution, to reduce data acqui-
sition time allowing for an increase of patient
throughput, and to augment susceptibility effects
for functional MR imaging (fMR imaging). With
the improved signal-to-noise ratio (SNR) associ-
ated with high field imaging, several attractive
options are available. First, it is possible to
increase spatial resolution, which may aid in the
identification and diagnosis of subtle morpholog-
ical changes and small lesions. Second, the
improved intrinsic SNR at 3T can shorten data
acquisition time, which leads to an increase of

* Corresponding author.
E-mail address: linw@email.unc.edu (W. Lin).

patient throughput. Finally, and perhaps the
major driving force for high field imaging, is the
increased sensitivity to deoxyhemoglobin induced
susceptibility effects, which in turn improves the
quality of fMR imaging.

While the advantages of high field imaging are
of clinical importance, the associated disadvan-
tages need to be considered also. For example, the
increased sensitivity to susceptibility effects will
improve the quality of fMR imaging, yet it will
cause signal loss in gradient echo images, partic-
ularly in regions where alterations of local
magnetic field are present. In addition, although
the local magnetic field alterations will not cause
signal loss for spin echo images caused by the
application of the 180-degree pulse, geometric
distortions may occur, making it difficult to
conduct morphologic analysis such as volumetric
measurements at high fields. Furthermore, TE will
most likely need to be reduced for high field
imaging to minimize signal loss associated with the
shortening of T2 and more importantly T2%*.
Consequently, a high performance gradient capa-
bility or a high bandwidth will be required. The
latter causes a reduction in SNR, which can
potentially offset the SNR gained by the increase
of field strength. Finally, T1 becomes longer as the
magnetic field strength increases, which could have
substantial implications for the choice of TR to
optimize tissue contrast, and for MR angiography
(MRA). All of the above-mentioned competing
factors that accompany high field imaging are

1064-9689/03/$ - see front matter © 2003 Elsevier Inc. All rights reserved.

doi:10.1016/S1064-9689(03)00068-0


mailto:linw@email.unc.edu

616 W. Lin et al | Magn Reson Imaging Clin N Am 11 (2003) 615-639

likely to affect the image quality and alter the
choice of imaging parameters. The authors discuss
in this article the pros and cons and address
practical considerations for the design of imaging
protocols for high field imaging.

Signal-to-noise ratio

One of the major advantages of high field
imaging is the improvement of SNR compared
with 1.5T. In this section, theoretical background
of MR SNR in relation to field strength is given,
followed by a discussion of potential approaches
for making the best use of the improved SNR.

For an imaging experiment, the MR signal (S)
is directly proportional to the available equilibrium
magnetization (M), the voxel size (V'), and the
resonance frequency (®o), which can be written as

S x 0)()MOV. [1]

The equilibrium magnetization can be expressed
as
242
Y By
My~
0 4kT

2]

where p, v, i, By, k, and T are spin density, gyro-
magnetic ratio (2.68 x 10% rad/T/seconds), Planck’s
constant, static magnetic field, Boltzmann’s
constant, and the absolute temperature, respec-
tively. Therefore, Eq. [1] can be rewritten as

v*hBy
4kT

S x Wop V. [3]
Given the well-known relationship between the
resonance frequency and the static magnetic field
(Larmor equation, ®y = yBy), Eq. [3] can be fur-
ther rewritten as

S x

3 2
v hB;
V. 4
P gkt 4

As a result, MR signal is quadratically dependent
on the static magnetic field; MR signal is expected
to increase by a factor of 4 at 3T with respect to
images acquired at 1.5T. Unfortunately, while the
signal will be four times higher at 3T when
compared with images acquired at 1.5T, the noise
also increases by a factor of two because of the
frequency dependence of the electronic noise,
resulting in a factor of 2 improvement in SNR.
This 2-fold improvement in SNR can potentially
have profound clinical implications for acquir-
ing high-resolution images or shortening data

acquisition time. A representative comparison of
T2-weighted images obtained from the same sub-
ject acquired from 1.5T (Figs. 1A and B) and 3T
(Figs. 1C and D) is shown in Fig. 1 The imaging
parameters were kept as similar as possible between
the two field strengths. In addition, the total data
acquisition times were 8 minutes 43 seconds and 7
minutes 30 seconds for 1.5T and 3T, respectively. It
is immediately evident that the SNR is higher in
images acquired at 3T when compared with that in
1.5T images, enhancing the visibility of fine details.

In light of the improved SNR at 3T, the
authors discuss how the SNR gained at 3T can be
used in practical imaging experiments in the
following subsections.

Shortening data acquisition times

Without losing generality, SNR is roughly
proportional to the square root of the total data
acquisition time. Therefore, with a factor of 2
improvement, it is possible to shorten the total
data acquisition time by a factor of 4 at 3T while
maintaining an SNR comparable to that obtained
at 1.5T. This reduction in total data acquisition
time could minimize patient motion artifacts and
increase patient throughput.

If the authors assume that the spatial resolu-
tion remains constant, two different approaches
can be used to reduce total data acquisition time:
one can reduce the number of averages (when
multiple averages are used) or else decrease TR.
The former approach is straightforward since it
is common to average multiple acquisitions to
improve SNR in clinical images. By acquiring
images at 3T, it is possible to reduce the numbers
of averages by a factor of 4 and thus reduce total
data acquisition time by a factor of 4, while main-
taining an SNR similar to that at 1.5T.

In addition to reducing the number of acqui-
sitions averaged, it also is possible to reduce total
data acquisition time by decreasing TR, since
not all of the imaging protocols require multiple
averages. Following the same logic as discussed
previously, TR can be reduced by a factor of 4
at 3T while maintaining a similar SNR as that
obtained at 1.5T. However, this approach is not
commonly used for the following reasons. First,
while SNR is one of the major considerations for
the quality of MR images, the contrast-to-noise
(CNR) is of primary importance, particularly in
differentiating abnormal from normal tissues. For
example, without losing generality, to obtain T1
weighted images using a spin echo sequence,
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Fig. 1. T2-weighted images acquired at 1.5T (4, B) and 3T (C, D) from a subject are shown, respectively. The imaging
parameters at 1.5T were as follows: TR = 9310 milliseconds; TE = 105 milliseconds; voxel size = 1 x 1 x 1 mm?>; 128
slices; and 1 average. The imaging parameters at 3T were kept as similar as possible to that used at 1.5T except for the

TE = 80 milliseconds and TR = 7730 milliseconds.

an optimal TR providing the maximum contrast
between two tissues of interest can be derived
based on

ln(pb/le) - ln(pu/Tla) [5}
/71, — 1/T1,

TRoptimal =

where the subscripts ¢ and b indicate tissues « and
b. As a result, the choice of TR is somewhat limited
by the Tls of the tissues of interest, making it
difficult to shorten TR without compromising
tissue contrast. In addition, the anticipated in-
crease of power deposit into the body at 3T, and
the number of slices that can be acquired within
one TR are likely to further limit the minimal TR
that can be used. (Please see the section entitled
“Specific absorption rate” [SAR] for a more
detailed discussion.) Therefore, whereas TR can
be reduced to decrease total data acquisition time

at 3T without unacceptable compromise of SNR,
this approach is not commonly used clinically.

Improving spatial resolution

In addition to reducing total data acquisition
time, the improved SNR associated with 3T can
be used to improve spatial resolution while
keeping the data acquisition time similar to that
at 1.5T. By doing so, it is possible to reduce
partial volume effects. The relation between SNR
and spatial resolution can be written as [1]

SNR;p o< /AxAyAz
SNR,p o« TH/AxAy

where SNR,p and SNR;p correspond to SNR
for 2D and 3D approaches, Ax and Ay are the
voxel dimensions along the frequency and phase

(6]
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encoding directions, and TH and Az are the slice
thickness for 2D and 3D acquisition approaches,
respectively. Note that SNR dependence on the
slice thickness differs between 2D and 3D acquisi-
tion approaches.

Given that SNR is expected to increase by
a factor of 2 for images acquired at 3T compared
with 1.5T, it is now possible to improve spatial
resolution by a factor of 2 for both inplane
directions (Eq. [6]) while maintaining the SNR
expected in 1.5T images. In contrast, assuming the
inplane spatial resolution remains constant, the
extent to which spatial resolution can be improved
along the third (slice select) direction, will depend
on the acquisition approach used (2D or 3D
Eq. [6]). In the case of a 2D approach, the SNR
is directly proportional to the slice thickness. To
maintain an identical SNR between 1.5T and 3T,
the slice thickness can be reduced by a factor of 2
at 3T. In contrast, a factor of 4 reduction can be
achieved with a 3D acquisition approach, without
compromising SNR. Therefore, depending on the
structures of interest and the imaging sequences
used, one would need to consider how the im-
proved SNR can be best used for maximizing the
visibility of the relevant details.

Applications

In this section, practical examples that can
benefit from the improved SNR at 3T are shown.
These examples include magnetic resonance an-
giography, imaging of normal neonates without
sedation, tissue segmentation, and diffusion tensor
imaging (DTI). Unless otherwise mentioned, all
images shown in the following sections were
acquired from either a head-only 3T or a whole
body 1.5T MR scanner (Siemens Medical Systems
Inc., Erlangen, Germany).

MR angiography

Several diseases affect blood vessel morphology
[2-5]. An important area of research involves the
segmentation of vessels from three-dimensional
(3D) image data and subsequent analysis of
vessel morphology to diagnose and stage disease
[6]. The author group has developed methods
of segmenting vessels from 3D images and of
forming connected, detailed, and clinically vali-
dated vessel trees [7-10]. Given this ability, one can
then quantitatively analyze the morphology of
vessel populations by many parameters to define
differences between normal patients and those
with suspected or known disease. At present, the

authors are particularly interested in characteriz-
ing abnormal vasculature associated with malig-
nant tumors as seen by MRA [9,10]. This type of
application, and many others, requires extraction
of the smallest vessels that can be defined from
MRA. It therefore would be useful to determine
how the improved spatial resolution associated
with 3T can be used to facilitate vascular
segmentation.

A 3D time-of-flight sequence with velocity
compensation along the slice select and frequency
encoding directions was used to acquire images at
1.5T and 3T. The imaging parameters at 3T were as
follows: 6 slabs and 40 slices per slab; TR = 35
milliseconds; TE = 3.6 milliseconds; flip an-
gle = 18; FOV = 215 mm? with a matrix size of
256 x512; TH = 1 mm; and a magnetization
transfer contrast pulse for each TR. The imaging
parameters were kept identical at 1.5T except for
TR = 36 millisecondsand TE = 4.6 milliseconds.

Images obtained from both field strengths were
compared by (a) examination of the images on
a slice-by slice basis, (b) volume rendering (ray-
casting) by maximum intensity projection, and (c)
extraction of detailed vessel trees from each image
set. In addition, for the slice and volume rendering
comparisons, the image sets were registered using
the mutual-information-based method of Rueckert
et al [11]. Vessel extraction was performed by the
method of Aylward et al[7]. Subsampling provided,
for each vessel, an ordered set of equally spaced
skeleton points at a distance of one voxel and with
an associated radius at each skeleton point.

Comparison of the image pairs on a slice by
slice basis demonstrated that large, bright vessels
were readily appreciated on both studies. Small,
dim vessels were difficult to define from back-
ground on the 1.5T MRA, however (Fig. 2).

Volume rendering of the two datasets by
maximum intensity projection provided similar
results. Although the brighter vessels were readily
appreciated in both studies, the small, dim vessels
whose image intensities were closer to background
could not be well visualized in the 1.5T study
(Fig. 3). In addition, it is apparent that a higher
background tissue signal is observed in images
acquired at 1.5T compared with 3T images. The
authors attribute this elevated background to the
signal from superficial fat, which is substantially
reduced at high field because of the shortening
of T2*.

Fig. 4 illustrates the results of vessel segmen-
tation. The results were similar to those earlier
in the discussion, with vessel extraction from the
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Fig. 2. Coronal sections of co-registered MRAs of the same subject obtained on a 3T scanner (4) and 1.5T scanner (B).
The small vessels (arrow) easy to see in the 3T image are difficult or impossible to visualize on the 1.5T study.

1.5T study representing only the subset of large,
bright vessels obtained from the 3T study. Loss of
information was present in all four intracerebral
circulatory groups under 1.5T imaging. The num-
ber of vessels extracted were for the 1.5T and
3T studies respectively, 32 and 48 for the anterior
cerebral circulation, 25 and 40 for the left middle
cerebral circulation, 27 and 42 for the right mid-
dle cerebral circulation, and 16 and 35 for the
posterior cerebral circulation.

The authors expected that vessel radius might
be a limiting factor, with the 3T study containing
many small vessels not present in the 1.5T images.
Because it could be of importance to define the
limits of resolution at each magnet strength, the
authors examined the average vessel radius and
the smallest vessel radius present in both sets of

segmented vessels. To the authors’ initial surprise,
there was no obvious difference in the smallest
radius between the two image segmentations.
Indeed, both segmentations reported the smallest
discernible vessel point to have a radius of be-
tween 0.25 and 0.3 mm. Although the 3T vessel
segmentation possessed a smaller average radius,
the difference in average radius between the 3T
and 1.5T segmentations was small (average vessel
point radius 0.83mm for 3T and 0.85 mm for
1.5T). These results are most easily explained by
the noise present in the 1.5T image, making
radius determination more difficult, variable, and
uncertain.

The authors examined by several methods the
degree of vessel detail obtainable in a single subject
scanned by a 1.5T and a 3T MR magnet. All

Fig. 3. Volume rendering by maximum intensity projection for MRA studies of the same subject on a 3T unit (4) and
1.5T unit (B). Small, dim vessels cannot be well seen on the 1.5T study.
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Fig. 4. Comparison of vessel extractions from 3T MRA (4—C) and 1.5T MRA (D-F). Vessels have been rotated into
similar points of view for the two studies to show approximate lateral (4, D), AP (B, E), and axial (C, F) views. Anterior
cerebral group (red), left middle cerebral group (cyan), right middle cerebral group (blue), and posterior circulation
(gold). The 1.5T study is missing the smaller vessels, including distal branches of the anterior and middle cerebral
circulations and small branches of the posterior cerebral circulation.

evaluation methods suggest that large, bright
vessels are seen similarly well under both imaging
protocols. However, all methods also suggest that
small, dim vessels whose intensity is close to that of
background can only be delineated under higher
magnet strength. The smallest visualizable vessels
at 3T seem to have a radius of about 0.3 mm when
the voxel acquisition size is 0.4 x 0.4 x 1.0 mm?>.

Imaging of normal and healthy neonates

Motion artifacts caused by patient movement
during MR acquisition have been one of the
major limiting factors for MR imaging. While it is
possible to minimize motion artifacts by carefully
instructing subjects to remain still during data
acquisition, this is obviously not applicable for
neonates. Consequently, sedation is normally used
for neonate imaging, making it difficult to image
normal neonates. Therefore, neonate imaging thus
far has been obtained from subjects who un-
derwent MR imaging because of clinical indica-

tions and were retrospectively determined to be
clinically normal. In addition to the fact that these
results do not necessarily represent normal neo-
nates because subjects were imaged for potential
clinical indications, sedation was always used.
With the improved SNR associated with 3T im-
aging, allowing rapid data acquisition, this opens
a new avenue for imaging normal neonates with-
out sedation.

The authors have recently imaged 20 full term
and healthy neonates (age: 16+4 days) using
a head-only 3T MR scanner [12]. The imaging
protocol included DTI, 3D T1 MR-RAGE, and
spin-density/T2-weighted sequences. The total
data acquisition time for imaging sequence
was approximately 12 minutes. Excellent imaging
quality was obtained from 13 of the 20 neonates.
A representative set of MP-RAGE T1-weigthed
images is shown in Fig. 5. The spin density and
T2-weighted images from the same subjects are
also shown in Fig. 6. In addition, fractional
anisotropy (FA) maps obtained from one neonate
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Fig. 5. Representative images obtained from a normal and healthy neonate using a 3D MP-RAGE sequence at 3T are
shown. No sedation was used for this study. No clear motion artifacts are present and quality anatomical images are
obtained. The imaging parameters for the MP-RAGE sequence were as follows: TR/TE/TH = 11.1 milliseconds/
4.3 milliseconds/ Imm, and an inplane resolution of 0.90 x 0.90 mm? A total of 122 sagittal images were acquired to
cover the entire brain and the total data acquisition time was 5 min and 34 seconds.

are shown in Fig. 7. Consistent with previously
reported results, a global elevation of ADC and
a reduction of FA in the major WM tracts are
observed in neonates when compared with that
reported in adults [13-16]. In particular, quanti-
tative measures of FA reveal that an FA of
0.63+£0.06 in the major white matter tracts

(splenium of corpus callosum) and 0.10 +0.03 in
gray matter are obtained. However, an FA of
0.20 £ 0.07 is observed for the frontal white matter
despite a well-delineated gray/white contrast in
T2-weigthed images at the same anatomical
region. This observed spatial variation of FA
in white matter may suggest different degrees

Fig. 6. High quality spin density (4) and T2-weighted (B) images were obtained from a normal and healthy neonate at
3T without sedation. In addition to the fact that the SNR is sufficient for delineating anatomical structures, no apparent

motion artifacts are observed.
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Fig. 7. Fractional anisotropy maps obtained from a normal and healthy neonate at 3T using a single shot EPI DTI
sequence. The imaging parameters for the DTI sequence were as follows: TR/TE/TH = 4219 milliseconds/92.2 milli-
seconds/Smm, an inplane resolution of 1.72 x 1.72 mm, 12 averages, and 20 slices. Seven images were acquired for each
slice, one without diffusion gradient (b = 0) while the remaining six with b = 1000 seconds/mm? and diffusion gradient
along {1/v2,0,1/v2}, {~1/v2,0,1/v2}, {0,1/v2,1/v/2}, {0,1/v2,—1/v2}, {1/v2,1/v/2,0}, {-1/v/2,1/3/2,0}

separately.

of WM maturation between the major WM
tracts and the WM adjacent to the cortical gray
matter rim.

The ability to image normal neonates without
the need for sedation is likely to facilitate a more
complete understanding of brain development in
addition to establishing normative FA values of
normal neonates, which should greatly facilitate
differentiating abnormal from normal subjects.

Diffusion tensor imaging

DTI has recently been proven to reveal subtle
microstructural alterations in white matter, which
are not detectable by conventional MR imaging
[17-20], and there has been extensive interest in
using this new source of information for clinical
purposes. However, with the application of dif-
fusion gradients, the SNR of DTI images is much
lower compared with that of conventional MR
images, and thus multiple averages are normally
required to obtain a sufficient SNR. This imposes
constraints in a clinical setting because of magnet
time limitations. Therefore, to obtain a sufficient
SNR, spatial resolution is often sacrificed, making
these studies more prone to partial volume effects.
To determine how, potentially, partial volume
effects will affect the quality of DTI images,
a subject was imaged at 3T using a single shot
DTI sequence. Two sets of DTI images were
obtained by maintaining all imaging parameters
constant except that the spatial resolution and the
number of averages were varied. Images with two

different spatial resolution were obtained:
4x4x4 mm®and 2x2x2 mm® with 1 and 22
averages, respectively. The FA maps calculated
from the two different resolutions are shown in
Fig. 8. Regardless of the spatial resolution the
FA is higher in white matter than in gray matter
and the improved spatial resolution reveals (C, D)
more detailed white matter structures, particularly
for the peripheral white matter. In addition, fiber
tracking was also performed based on the
principal diffusive direction (ie, the eigenvector
associated with the largest eigenvalue) of the local
tensor. Volumes of interest in the splenium and
genu of the corpus callosum were defined as the
source regions using the FA images with a multi-
planar visualization tool. The source regions were
kept as similar as possible for the high- and low-
resolution FA maps. The target was defined as the
whole brain cortex to search for all possible
trajectories originating from the two source
locations. Subsequently, a fiber tracking method
originally developed by Mori et al [21] was used
and the resulting fiber tracts were overlaid with
the b = 0 anatomical images to augment three-
dimensional visualization.

A comparison of the fiber tracking is shown
in Fig. 9 for low (A) and high-resolution (B)
DTI images. In addition more fibers being visible,
the fiber tracking approach is able to track the
peripheral white matter with greater success in
high-resolution DTI images when compared with
results obtained using low-resolution DTI images.
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Fig. 8. FA maps obtained from a subject at 3T using two different spatial resolution, 4 x 4 x 4 mm?> (4, B) and 2 x 2 x 2
mm?® (C, D) are shown, respectively. It is immediately evident that the high-resolution FA maps offer more struc-
tural details of white matter tracts when compared with that in the low resolution FA maps, particularly for the
peripheral white matter. The imaging parameters were as follows: TR = 6800 milliseconds; TE = 73 milliseconds;
FOV = 256 x 256 mm?; and 58 slices to cover the entire brain. For the high resolution DTI images, a matrix size of
128 x 128 and a slice thickness of 2 mm were used while the matrix size and slice thickness were 64 x 64 and 4 mm,

respectively, for low resolution DTI images.

These findings underscore the importance of using
high-resolution DTI images for assessing FA and
facilitating fiber tracking. However, as mentioned
earlier in the discussion, DTI studies, require
substantial averaging to offset gradient-induced
reduction of SNR, which leads to substantially
lengthened data acquisition time at 1.5T, making
it clinically unacceptable. Nevertheless, the im-
proved SNR associated with 3T should allow the
acquisition high-resolution DTI images while
maintaining a data acquisition time that is more
reasonable in a clinical facility.

An additional result of fiber tracking using
images obtained from a normal neonate at 3T is
shown in Fig. 10. As mentioned in the previous
subsection, no sedation was used for acquiring
these images, yet high quality fiber tracking results
can be obtained within a rather short period of

acquisition time (2 minutes and 11 seconds). This
should further facilitate our ability to use DTI for
the study of normal brain development.

Tissue segmentation

Tissue segmentation has been used in the study
of neurodegenerative diseases such as Alzheimers
[22,23] and Schizophrenia [24,25]. Because most
of the studies to date have been done using images
obtained at 1.5T, the ability to offer images with
a higher spatial resolution or SNR at 3T could
further facilitate the success of tissue segmenta-
tion. A healthy subject was imaged using MP-
RAGE and T2-weigted sequences at 1.5T and 3T,
respectively. The imaging parameters for MP-
RAGE sequence at 1.5T were as follows: TR/
TI = 1550/1100 milliseconds; TE = 4.38 milli-

seconds; and spatial resolution = 1 x 1 x 1 mm?.
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Fig. 9. Results of fiber tracking are shown using the low- (4) and high-resolution (B) DTI images as shown in Fig. 8. The
tracked fibers are overlaid onto the anatomical images for the left and middle images while the corresponding fiber
images without the anatomical information for the middle images are shown in the right panel. A total of 880 and 6708
fibers were tracked for the low and high-resolution images, respectively.

All of the imaging parameters remained identical
except for the TR/TI = 1520/900 milliseconds at
3T. The imaging parameters for T2-weighted
sequence at 1.5T were as follows: TR = 9310
milliseconds; TE = 105 milliseconds; and spatial
resolution = 1 x 1x1 mm®. Again, all of the
imaging parameters at 3T were kept as similar as
possible to that at 1.5T except for the TR = 7730
milliseconds and TE = 80 milliseconds.

Tissue segmentation of gray matter, white
matter and CSF using multi-channel (T1- and
T2-weighted images) was performed for images
acquired at 1.5T and 3T [26,27]. It is somewhat
surprising that no apparent differences are ob-
served in tissue segmentation using images ac-
quired at 3T (Fig. 11A) and 1.5T (Fig. 11B) as
shown in Fig. 11 despite the fact that the SNR is
higher in images acquired at 3T than that at 1.5T.
However, on a closer inspection, it is evident that
the thalamus and basal ganglia are better defined

(axial and coronal sections) and the brainstem
is cleaner (sagittal and coronal sections) at 3T
when compared with that obtained from 1.5T.
A comparison of the volume rendering is also
shown in Fig. 12. Similar to the findings shown
in Fig. 11, the temporal lobe is better defined
(lateral view) and there is more detail at the base
(base view; center column) at 3T, although there
is not much difference in the view from the front
(right column).

These results are preliminary and limited by
the small sample size. Nevertheless, more studies
are warranted to further investigate how the im-
proved SNR at 3T can be better used to facilitate
the outcome of tissue segmentation.

Susceptibility

Perhaps one of most commonly observed
artifacts associated with high field imaging is the
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Fig. 10. Fiber tracking results obtained from a normal neonate are shown. The middle panel is the corresponding fiber
images without the anatomical information as shown in the left pane. The source regions are the splenium and genu of
the corpus callosum and the right and left internal capsule. Despite the fact that a rather short data acquisition time
(2 minutes and 11 seconds) was used to acquire DTI images, major white matter fiber tracts are clearly visible.

increased sensitivity to susceptibility effects, which
can manifest themselves in several different ways,
including a shortening of T2 and T2*, signal loss,
and geometric distortion. These are perhaps the
most prominent shortcomings associated with
high field imaging and will substantially affect
the image quality. The authors first discuss the
basic physics of susceptibility, followed by the
concepts of signal loss induced by intravoxel

dephasing, geometric distortion, and finally how
susceptibility effects can be used for fMR imaging.

Basic physics of susceptibility

Depending on the magnetic dipole moments,
various materials can be grouped into three
categories. In the presence of an external mag-
netic field, magnetic moments exhibit different
magnetic properties that can be characterized as

Fig. 11. Results obtained from tissue segmentation using images acquired at 3T (4) and 1.5T (B) from the same subject
are shown. Although the discrepancies are subtle between the two field strengths, the thalamus and basal ganglia are
better defined by the 3T (axial and coronal sections) and the brainstem is cleaner on the 3T (sagittal and coronal sections)

when compared with that obtained at 1.5T.
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Fig. 12. Surface rendered images based on the images acquired at 3T (4) and 1.5T (B) are shown from a healthy subject.
Although the differences are subtle between the two field strengths, the temporal lobe is better defined (lateral view) and
there is more detail at the base (base view; center column) at 3T.

paramagnetic, diamagnetic, and ferromagnetic
materials, respectively. The authors discuss all
three materials in the following paragraphs.

A pair of electrons in an atom or molecule
causes a cancellation of spin moments. An atom
with an unpaired electron has a non-vanishing
permanent magnetic moment, leading to a non-
zero dipole magnetic field. This state is referred to
as paramagnetism. In the absence of an external
magnetic field, these moments are randomly
distributed. However, in the presence of an
external magnetic field, they tend to align along
the direction of the external magnetic field,
producing a bulk magnetic moment and a corre-
sponding macroscopic magnetic field. In contrast,
for diamagnetism, the macroscopic sum of the
induced moments is roughly anti-parallel to the
external magnetic field, and its associated mac-
roscopic field weakly opposes to the external
field.

The third category of materials has permanent
domains of electron spin magnetic moments that
produce very strong macroscopic fields indepen-
dent of an external magnetic field. This property is
usually referred to as ferromagnetism. These
materials include iron, nickel, cobalt, gadolinium,
dysprosium, and various alloys and oxides.

From the susceptibility perspective, most of
the widely used contrast agents are paramag-
netic, including Gadolinium diethylenetriamine

pentaacetic acid (Gd-DTPA), albumin-Gd-
DTPA, Gd-DTPA-polylysine, and Dysprosium-
DTPA (Dy-DTPA). They possess large magnetic
moments, derived from their unpaired electrons.
Among these contrast agents, Gd-DTPA has been
widely used for a variety of clinical applications,
including enhancing brain lesions based on
contrast agents induced shortening of T1 and
revealing tissue perfusion using the induced T2/
T2* effects. Because these effects also depend on
field strengths, instead of focusing on exogenous
contrast agents, here the authors focus on the
endogenous contrast agent deoxyhemoglobin,
because it is perhaps more relevant to the general
interests of fMR imaging while relying on similar
theoretical considerations as that of exogenous
contrast agents.

Blood is composed of plasma and erythrocytes
(red blood cells or RBCs), various leukocytes
(white blood cells), and platelets. RBCs contain
either oxyhemoglobin (Hb) or deoxyhemoglobin
(dHb). For deoxyhemoglobin molecules, the heme
iron is in a high spin ferrous (Fe’") state
characterized by four of its six outer electrons
being unpaired. The unpaired electron spins
have a large magnetic moment. The associated
paramagnetic properties make deoxyhemoglobin
behave in a manner similar to exogenous para-
magnetic contrast agents [28]. In contrast, for
oxygenated hemoglobin, one of the electrons is
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partially transferred to an oxygen molecule and the
heme iron becomes a low-spin state, exhibiting
diamagnetic properties.

Effects of susceptibility on MR Images

Phase dispersion

Local magnetic field variations (AB) arise from
the susceptibility difference (Ay) between two
materials. Usually, Ay is calculated with respect
to water since water is the most abundant element
in the human body. AB is known to be linearly
proportional to the product of Ay and the
external magnetic field as

AB(F) o< f(F) - Ay - Bo, 7]

where f(7) is a spatially varying function de-
termined by the geometry of the susceptibility
source. The magnitude of AB(7) decreases with
distance from the susceptibility source (Fig. 13).

The expected phase shift (¢(7,TE)) for an echo
time (TE) is,

6(F, TE) = yAB(F) - TE. 8]

Furthermore, the MR signal can be expressed
as

s(F) o J p(F)e *"TE) gy

, 9]
I J p(;*)e*ivf(r‘)Az-Bo-TE dr

where v is the volume of an imaging voxel.

Because of the spatially dependent term f(7),
spins accumulate different phases depending on
their location relative to the susceptibility sources.
In the case when an imaging voxel is near
a susceptibility source, a severe signal reduction
will occur in the presence of phase dispersion (Eq.
[9]) since the MR signal is a complex sum of the
magnetization within one imaging voxel. In the
worst scenario, a complete signal void will occur
when phase dispersion exceeds 2rt. For example, in
brain tissue close to the sinuses where a large AB
is anticipated because of the large susceptibility
difference between air and water, a substantial
signal loss is normally seen. Fig. 14 shows images
obtained from a gradient echo (Fig. 14A) and a spin
echo (Fig. 14B) sequences from the same subject. A
substantial signal loss is observed as expected near
the sinuses (arrow) while a complete signal re-
covery is obtained because of the application of the
180-degree pulse when a spin echo sequence is used.

Geometric distortion

In addition to signal loss, local magnetic field
variations also cause geometric distortion. Unlike
signal loss that is only present in gradient echo
images but not spin echo images, geometric
distortion can be present in gradient echo and
spin echo images. Let us look at the one-
dimensional imaging equation:

o(x) = Jdks(l()eﬂ“kx [10]

Here p(x) and S(k) correspond to MR signal
in the object domain along the x direction and

Fig. 13. A pictorial display of a spherical susceptibility source and the plane (green) where AB is plotted (4). The spatial
magnetic field perturbation is shown (B) where “yellow” is referred to as no effects and dark blue corresponds to the
largest effect. The color bar indicates the magnitude of AB in 10~ Tesla.
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Fig. 14. Signal loss resulted from the presence of local magnetic field is seen in image acquired using a gradient echo
sequence (arrow, A) while signal is recovered when a spin echo sequence is used thanks to the application of 180-degree
pulses. (4, B) Both images were acquired from a head-only MR scanner and a TE of 25 milliseconds and 80 milliseconds
were used for the gradient echo and spin echo sequences, respectively.

k.-space, respectively. In addition, the expression
for k is:

K:A,LL G(!)dr (1]
=Gt

where ¥ =v/2n, G(¢') is the encoding gradient, ¢ is
the gradient on time, and a constant gradient (G)
is assumed. In the case when an additional
gradient such as the local (susceptibility-induced)
magnetic field (Gg,s) is present, geometric distor-
tion may or may not be apparent, depending on
the magnitude of Gy, with respect to G. Eq [11]
can be modified to take into account the present
of Ggus:

K =51(G + Gys)
— k(1 + G/ G).

Therefore, when G, is much smaller than G,
Ges/G can be ignored, ¥’ = k, and a correct
spatial encoding can be obtained. In the case when
Ggus 1s much greater than G, the spatial in-
formation will be encoded at x’ rather than «x,
resulting in geometric distortion.

For routine clinical SE sequences where the
magnitudes of the encoding gradients are nor-
mally much larger than the local magnetic field
variation, geometric distortion is rarely seen.
However, this problem becomes more prominent
when EPI sequences are used or magnetic field
is increased. For a conventional EPI sequence,
a small gradient is normally used along the phase

encoding direction and thus this encoding is prone
to artifacts because of local magnetic field
variation. Because of the linear dependence of
susceptibility-induced field perturbations on ex-
ternal field strength (Eq. [7]), the degree of
geometric distortion will be more prominent
at the 3T than 1.5T under similar experimental
conditions (same phase encoding gradient magni-
tude and imaging parameters), particularly in
regions where susceptibility artifacts are antici-
pated to be severe, making it difficult to cover
large regions of interest without artifacts. A
representative example is shown in Fig. 15. An
EPI SE sequence was used to acquire images from
one subject at 1.5T (Fig. 15A) and 3T (Fig. 15B).
A noticeable geometric distortion is seen in the
image acquired at 3T (arrows) when compared
with that obtained from 1.5T.

Recently, Hunsche et al [29] compared DTI
results obtained from 1.5T and 3T from the same
volunteers. As anticipated, an improvement in
SNR was observed for DTI images acquired at
3T. In addition, ADC and FA are statistically
identical between 1.5T and 3T. However, as also
seen in Fig. 15, a substantial geometric distortion
is observed in images acquired from 3T, particu-
larly at the skull base and sinuses. Their findings
underscore the potential concerns for the use of
high field DTI images for fiber tracking, partic-
ularly in regions where geometric distortion is
anticipated.

In addition to the local magnetic field induced-
geometric distortion, non-linearity of the static
magnetic field can also result in geometric
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Fig. 15. Effects of geometric distortion are shown. Images were acquired at 1.5T (4) and 3T (B), respectively from
a subject using an EPI SE sequence, which eliminates susceptibility induced signal loss. However, more severe geometric
distortion is seen in images acquired at 3T (B, arrows) when compared with that obtained from 1.5T (4, arrows).

distortion. For example, some of the currently
available 3T MR scanners have a “sweet volume”
on the order of 22 cm diameter spherical volume
(DSV). Therefore, as long as the imaging volume is
located inside the 22 cm DSV, geometric distor-
tion caused by the non-linear static magnetic field
should be minimized. However, caution must be
taken to ensure that the subject is placed within
the sweet spot to minimize geometric distortion
resulting from magnetic field non-linearity. Fig. 16
shows a sagittal scout image obtained from a 3T
scanner. The dotted circle indicates the 22 DSV.
As anticipated, no apparent geometric distortion

Fig. 16. A scout image obtained from a 3T scanner is
shown. The dotted circle indicates the 22 DSV for the
scanner used. Note the severe geometric distortion for
regions outside the 22 DSV.

is seen for the brain while severe geometric dis-
tortion is seen immediately outside of the dotted
circle.

Methods to correct susceptibility effects

As discussed in the previous two subsections,
signal loss and geometric distortion induced by
the presence of local magnetic field variations can
potentially hamper clinical applications at 3T.
Nevertheless, approaches have been proposed in
an attempt to minimize susceptibility effects at
high fields. Here the authors first discuss several
straightforward and practical approaches.

As pointed out in Eq. 8, the phase shift is
proportional to the TE used. Therefore, one of the
easiest approaches to minimize signal loss and
geometric distortion is to minimize TE. How-
ever, to achieve a shorter TE while maintaining
a constant spatial resolution requires high gradi-
ent capability, which is limited by the gradient and
the need to avoid peripheral nerve stimulation.

Another solution is to use a higher encoding
gradient (either by increasing the spatial resolu-
tion or by using a higher bandwidth) to minimize
signal reduction and geometric distortion [30,31].
A representative example obtained using a single
shot SE EPI sequence is shown in Fig. 17. The
imaging parameters were kept identical between
different images except for the readout band-
width, which was changed from 750 Hz (Fig. 17A)
and 1565 Hz (Fig. 17B), to 3125 Hz (Fig. 17C). It
is immediately evident that the degree of geo-
metric distortion is substantially reduced when the
highest bandwidth is used (arrows) although the
SNR will be reduced by approximately a factor of
2 when compared with the image acquired using
a bandwidth of 750 Hz.
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Fig. 17. A comparison of geometric distortion is shown when different gradient strengths are used by changing of
bandwidth of each voxel. With an increase from 750 kHz (4), 1565 Hz (B), to 3125 Hz (C), geometric distortion is
substantially reduced since a larger gradient will be needed for the increased BW without changing the FOV.

An increased spatial resolution can also be
used to reduce signal loss in the presence of local
magnetic field perturbations. As mentioned in the
previous section, the magnitude of signal loss
depends on the magnetic field variation within one
voxel. Therefore, it is possible to reduce the voxel
size, which in turn will minimize intravoxel
dephasing (signal loss). In addition, since a higher
gradient will be used to acquire high-resolution
images, the ratio of Gy,s/G (Eq. [12]) will thus
be minimized, which in turn reduces geometric
distortion. However, the major drawbacks of
high-resolution imaging approaches are the
lengthened data acquisition time and compro-
mised SNR. Because the SNR increases by a factor
of 2 at 3T with respect to 1.5T, the reduction of
SNR associated with high-resolution imaging may
have little effect on the overall image quality.

In addition to the above-mentioned practical
approaches, more complex methods aiming to
minimize signal loss and geometric distortion have
also been proposed and will be discussed later.
The spatial resolution along the slice select direc-
tion (z direction) for most 2D MR images is much
lower than that in the readout and phase encoding
directions. Therefore, susceptibility effects are
usually more pronounced along the z direction
since it will be more sensitive to intravoxel
dephasing. To correct for the susceptibility effects
along this direction, Cho et al [32] proposed to use
a tailored RF pulse. Assuming the susceptibility-
induced magnetic field is linear, a quadratic phase
distribution along the slice select direction is used
to compensate for the signal loss. Because the
effectiveness of this approach has been demon-
strated, this method suffers from a low SNR.
Alternatively, the z shimming method [33-36] has
been proposed by many investigators in an
attempt to minimize signal loss along the slice

select direction. In this method, N images are
acquired with N different z gradients covering
positive and negative polarities. By doing so, it is
possible that some of the applied z gradients will
cancel out the presence of local magnetic fields
and thus recover MR signal. Subsequently, either
a maximum-intensity projection or a quadratic
sum of the N acquired images can be used to
obtain composite images where signal loss will no
longer be a problem. The penalty for this
approach, however, is that the total data acqui-
sition time is N times longer without a substantial
gain in SNR.

Post-processing methods can also be used to
correct for signal loss and geometric distortion. In
the event that magnetic field (By) maps are
available experimentally, and assuming that back-
ground field variation is linear as a function of the
spatial locations, a sinc function based on the
experimentally acquired field maps can then be
used to compensate for the signal loss in gradient
echo images [37,38]. In addition, together with
information on spatial resolution, a By map can
also be used to calculate the degree of shift in
pixels, which correct for the geometric distortion.
Because this approach seems to be effective
in correcting geometric distortion, it cannot cor-
rectly determine the signal intensity of the shifted
voxel. Once the signal is displaced to another
voxel, unless distribution of spin density is known,
this approach will not be able to estimate the
correct density distribution. Alternatively, Zeng
and Constable [39] proposed a novel approach
for estimating the point spread function of each
voxel by using additional phase encoding tables in
all three directions. Subsequently, the estimated
point spread function can be used to correct for
geometric distortion and to estimate the correct
density of each voxel. Results obtained from



W. Lin et al | Magn Reson Imaging Clin N Am 11 (2003) 615-639 631

phantom and human studies demonstrate the
superiority of this approach when compared with
that obtained using the field maps. However, this
approach will substantially increase the total
data acquisition time and may not be suitable in
a clinical set up.

Iterative reconstruction methods can also be
used to correct for signal loss induced by the
presence of field inhomogeneity [40]. This method
uses the experimentally measured MR signal in x-
space and the field maps obtained from a separate
imaging scan to iteratively derive an image with-
out susceptibility effects. Specifically, an objective
function is generated based on the difference be-
tween the experimentally acquired k-space data
and the Fourier transform of the product of an
image function and exponential function based on
the By maps. A smoothness constraint is also in-
cluded to construct the objective function. The
minimization of this objective function will yield
an image function free from susceptibility effects.
Because this approach can potentially minimize
susceptibility effects, its major disadvantage is
time-consuming, making it more difficult for
routine clinical applications.

Finally, as mentioned in the previous section,
geometric distortion is more pronounced with EPI
sequences when compared with conventional
imaging sequences because small gradients are
used in the phase encoding direction. However,
sinusoidal gradients modulated with a linear in-
crease of gradients can be used to simultaneously
sample the frequency and phase encoding direc-
tions, a technique known as spiral EPI [41]. By
doing so, the presence of local magnetic field
variations will no longer cause geometric distor-
tion but rather result in blurring artifacts in the
images [42]. Although the spatial resolution will
suffer from the presence of local magnetic field,
spiral imaging approaches may better facilitate
imaging at the skull base or regions in close
proximity to the sinuses.

Functional MR imaging

Functional MR imaging is perhaps one of the
best examples of converting artifacts into useful
physiologic information. The probable underlying
biophysical mechanisms associated with blood
oxygen level dependent (BOLD) contrast have
been elucidated by many investigators [43—46].
Deoxyhemoglobin behaves as a paramagnetic
particle. Therefore, MR signal will be altered
when its concentration is changed. With the
presence of external sensory or cognitive stimuli,

regional increases of cerebral blood flow are
expected whereas the cerebral metabolic rate of
oxygen use remains stable, resulting in a reduction
of the concentration of deoxyhemoglobin. Con-
sequently, an increase in MR signal intensity is
expected in regions where brain activation occurs.
Therefore, to detect signal changes caused by
physiologic alterations during brain activation,
a T2*-weighted or T2-weighted sequence is
commonly used.

Because it is possible to localize brain func-
tional activation using either T2*- or T2-weighted
images, the underlying biophysical mechanisms
differ between the two approaches. Although it is
beyond the scope of this study to discuss the
underlying biophysical mechanisms, the authors
address briefly the pros and cons of each method.
The fundamental difference between the two
approaches is that T2-weighted images are more
sensitive to small vessel induced signal changes by
way of diffusion whereas the T2*-weighted images
are sensitive to deoxyhemoglobin-induced suscep-
tibility effects, which have been suggested to orig-
inate from vessels with a larger caliber [47-50].
Therefore, the major advantages associated with
the T2-weighted imaging approach are twofold.
First, it is less sensitive to susceptibility-induced
signal loss, and thus may be more suitable for
fMR imaging studies near the sinuses or even
brain stem. Second, it has been suggested that
regions of functional activation obtained from T2-
weighted images are more representative of the
true origin of neuronal activation [51-53]. How-
ever, the extent to which signal changes during
fMR imaging using T2-weighted images is much
less when compared with T2*-weighted imaging
approaches. In contrast, the T2*-weighted imag-
ing approach offers a larger percent signal change
during fMR imaging than that obtained in
T2-weigthed images [54] although it has been
suggested that regions of activation shown in T2*-
weighted images may be some distance from the
true neuronal activation. A comparison is shown
in Fig. 18 where a visual stimulus using a flashing
checkerboard (8Hz) pattern was used. Gradient
echo (Fig. 18A) and spin echo single shot EPI
(Fig. 18A) sequences were used on a 3T scanner to
obtain functional activation maps. The results are
superimposed onto the anatomical images. It is
evident that a higher percent signal change and
a larger number of activated pixels are observed in
gradient echo EPI images (Fig. 18A) when com-
pared with a spin echo EPI approach (Fig. 18B).
Nevertheless, a more severe signal loss near the



632 W. Lin et al | Magn Reson Imaging Clin N Am 11 (2003) 615-639

Fig. 18. Results of fMR imaging using a gradient echo EPI (4) and spin echo EPI (B) from one subject are shown. A
visual stimulus using flashing checkerboard (8Hz) was used to induce brain functional activation. The color bar indicates
the percent signal changes during functional activation with respect to the resting condition.

sinuses is seen in the gradient echo EPI images
than the spin echo EPI images. However, because
of the higher percent signal changes and the larger
number of activated pixels using gradient echo
EPI images, the main stream of fMR imaging
studies has embraced gradient echo EPI as the
method of choice to date. Therefore, the authors
focus on the use of gradient echo approaches for
fMR imaging.

MR signal during the resting condition can be
written as

S(TE) = ce” T5R" 13

where c¢ is a constant, including the effects of spin
density, T1, and system related scale factors.
During brain functional activation, the extent to
which signal changes can be written as

AS(TE) = ¢(~TE)e ™" AR2* [14]

where AS(TE) and AR2* correspond to MR
signal and R2* changes between the resting and
activation states. Therefore, the percent signal
changes are directly proportional to TE and AR2*
as shown in Eq 15.

AS(TE)

Furthermore, AR2* can be modeled as
AR & ByAyHctAY, [16]

where By is the static magnetic field, Ay is the
susceptibility difference between fully oxygenated
and deoxygenated blood (0.18 ppm/Hct [55]), Het

is the hematocrit, and AY is the changes of blood
oxygenation between resting and activation con-
ditions. Therefore, assuming the changes of the
concentration of deoxyhemoglobin remain identi-
cal, the percent signal changes are expected to
increase at 3T when compared with that obtained
from 1.5T. Extensive results have been reported in
the literature comparing fMR imaging between
the widely available 1.5T and that obtained from
a field strength higher than 1.5T. Nevertheless, the
extent to which the increase of field strengths
augment fMR imaging depends on the imaging
sequences and imaging parameters used. With
a conventional 2D EPI sequence, Turner et al [56]
reported a percent signal change of 15.1% and
4.7% for results obtained at 4T and 1.5T,
respectively at the visual cortex, indicating a 3.2-
fold increase in percent signal change at 4T when
compared with 1.5T. They also reported a signif-
icant increase in number of pixels of activation at
4T. However, Gati et al [57] reported smaller
percentage change (1.7-fold) during functional
activation as measured at the brain parenchyma
when compared with results obtained from 1.5T
and 4T. The observed discrepancies between the
two studies are likely because of the means by
which signal changes were measured. Gati et al
separately measured brain parenchyma and blood
vessels while a composite effect was obtained in
results reported by Turner et al. Nevertheless,
these findings underscore the complexity of com-
paring results from different field strengths and
the dependence of these results on the specific
image analysis procedures used.

While high field imaging seems to be advanta-
geous for fMR imaging, particularly in augment-
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ing the sensitivity to BOLD effects, several
confounding factors need be addressed. First, T1
will be increased for high field imaging, making
images more sensitive to inflow effects for fMR
imaging studies. In particularly, 2D acquisition
approaches are commonly used for fMR imaging
studies. Assuming a slice thickness of 3 mm and
a TR of 2 seconds are used for a typical functional
MRI study, flowing spins with a velocity greater
than 1.5 mm/second will be completely refreshed;
slower moving spins may experience more than one
rf pulse. In the event when fresh spins completely
refresh an imaging voxel during one TR, the effects
of inflow will not be an issue or otherwise inflow
effects may also contribute to signal changes be-
tween resting and activation states, because flow is
expected to increase during brain activation. This
problem is likely to be more substantial at high
fields since the T1 of blood will increase. Yang et al
[58] used a 3D spiral multi-shot EPI approach for
obtaining functional activation at 1.5T and 4T,
respectively. The use of a 3D approach should
greatly minimize the inflow effects during fMR
imaging. They reported a smaller percent change
during fMR imaging for 1.5T and 4T when
compared with results reported in the literature,
suggesting that inflow effects may cause an over-
estimate of the percent signal changes during fMR
imaging, and indicating that caution should be
taken in comparing percent signal changes of fMR
imaging at different field strengths. Nevertheless,
it has been consistently demonstrated that the
percent signal changes during fMR imaging are
higher as the field strength increases.

Second, as mentioned previously, the presence
of local magnetic field will cause signal loss and
geometric distortion, which will be more severe
for high field imaging. Consequently, the regions
where functional MR imaging can be confidently
obtained will be limited to the anatomical regions
where the magnetic field is sufficiently uniform.
Several different approaches to overcome geo-
metric distortion have been addressed previously
and are applicable for functional MR imaging
studies.

Finally, one of the questions remains to be
addressed is what the optimal field strength is for
fMR imaging if there is any. Definitive answers are
yet to be seen and are dependent on the ap-
plications. Nevertheless, it has been suggested
by Kruger et al [59] that the increase of physiologic
noise associated with high field imaging may offset
the potential advantages of conducting fMR
imaging at a field strength higher than 4T. Given

the fact that high field human scanners 7T and
9.4T will be available soon, it would be of interest
to make a direct comparison between the theoret-
ical prediction and experimental results.

High resolution blood oxygen level dependent
venography

To overcome the limitations of conventional
MR angiography (MRA), which relies on time-of-
flight (TOF) or phase contrast (PC) techniques
to reveal flowing spins, Richenbach et al [60]
proposed a new method that relies on BOLD
contrast. This new method, high resolution
BOLD venographic (HRBV) imaging [61], allows
the visualization of small veins in which the flow
velocity is so slow that TOF sequences would
suffer from spin saturation effects, while PC
images would exhibit only minimal phase shift.

The mechanisms underlying HRBV imaging
can be elucidated by considering one voxel
containing appreciable volumes of venous blood
and brain tissue. Assuming the two compart-
ments, namely venous blood vessel and brain
tissue, are independent and have the same T2%*,
the equation for the signal anticipated from such
a voxel can be written as:

S(TE) = So(hexp[—iAG(TE)] + (1 — 1))
x exp|—TE/T2*]
[17]

where Sy is the baseline MR signal intensity, A is
the fractional volume occupied by venous blood,
and A$(TE) is the phase shift of the intravascular
spins, which depends linearly on echo time (7E),
venous oxygenation, static field strength, and the
susceptibility difference between oxygenated and
deoxygenated blood. The phase shift is also de-
pendent on the angle, 0, between the vessel axis and
the main magnetic field by way of a (cos*6—1/3)
term. Without losing generality, a TE can be
chosen so that the phase difference (AP(TE))
between the two compartments is approximately
180 degrees. In this case, the signal of the voxel will
be equal to So(1—-24). If the authors further assume
that the blood volume fraction in this voxel is 50%,
the signal will be zero (Fig. 19). It is possible to
choose a TE so that voxels containing appreciable
volumes of venous blood and brain tissue will seem
hypointense relative to the surrounding tissue.

To obtain a HRBV, a 3D sequence with
velocity compensation along all three directions
was used to acquire images. Phase masks were



634 W. Lin et al | Magn Reson Imaging Clin N Am 11 (2003) 615639

OHOOD
VOO
W
HOHOO

Fig. 19. A pictorial representation of a two compart-
ment model for a voxel containing a vein (blue) and
brain tissue (gray). The circles indicate the spin
populations and the arrows indicate the phase angle of
each spin population with arrows pointing up corre-
sponding to 0 degree. Therefore, the overall signal of this
voxel will be the vector sum of all the spin populations,
which will be equal to zero in this case.

generated as proposed by Richenbach et al [60] to
further improve the visibility of small venous
vessels. This was done by setting all phase values
between 0 to 180 degree- (m) to unity and
normalizing the phase values from 0 to —180-
degree (—m) to values ranging linearly from 1 to
0 (Fig. 20). Subsequently, each magnitude image
was multiplied by the corresponding phase mask
four times to augment the visibility of small
vessels. Finally, a minimum intensity projection
(mIP) across N slices (normally 4 slices) was used
to create the venogram.

A magnitude image (Fig. 20A) and its corre-
sponding phase image (Fig. 20B) are shown in
Fig. 20. Four adjacent slices were used to create
mIP images as shown in Figs. 20C with and
Fig. 20D without the application of phase masks.
Although low intensity vascular-like structures
(which are most likely intracerebral veins) are seen
in Figs. 20C and D the application of the phase
masks substantially improves the visibility of
small venous vessels (arrow) when compared with
that obtained without the phase masks.

Recently, Tong et al [62] furthermore demon-
strate that HRBV also can be used to detect subtle
hemorrhage in children and adolescents with
diffuse axonal injury. However, in addition to

the anatomical maps of the cerebral veins that
have been demonstrated in Fig. 20, the inherent
sensitivity of HRBV images to blood oxygenation
suggests that changes of cerebral blood oxygen
saturation will likely affect the visibility of small
veins in HRBV images, particularly when TE is
kept as a constant. Because this hypothesis offers
much intuitive appeal, such in vivo measurements
are often complicated by the simultaneous change
of several physiologic parameters, and to our
knowledge, experimental proof of HRBV image
sensitivity to venous oxygenation has not yet been
presented. The authors therefore acquired HRBV
images before and during experimentally induced
hypercapnia in normal volunteers in an attempt to
demonstrate the effect of altered cerebral blood
oxygenation on HRBV images. Carbogen gas is
known to be a potent vasodilator that produces
significant increases in cerebral blood flow (CBF)
in healthy subjects [63,64]. One consequence of
the dramatic increase in CBF in the absence of
a comparable increase in tissue oxygen metabo-
lism is a decrease in the oxygen extraction fraction
(OEF), and, consequently, an increase in the
venous oxygenation. Thus, the authors used
a well-studied gas mixture to modulate the venous
oxygenation in healthy volunteers to show that
a change in oxygenation of venous blood can be
detected in HRBV images.

Results obtained from three subjects are shown
in Fig. 21 before (upper row) and after (lower
row) the onset of experimentally induced hyper-
capnia. The visibility of small venous vessels is
substantially diminished after the onset of hyper-
capnia (arrows) consistently across all three
subjects, suggesting that the HRBV may be useful
not only for its ability to reveal small intracerebral
veins, but also for its sensitivity to changes of
cerebral blood oxygenation. The latter property
may offer a new approach to non-invasively
monitor alterations of cerebral blood oxygena-
tion, however quantification using this approach
has proven to be rather challenging.

As mentioned previously, the increase in field
strength from 1.5T to 3T will improve the sen-
sitivity to susceptibility effects such as those
underlying HRBV image formation. In addition,
the improved SNR at 3T should further improve
the quality of HRBYV images. A direct comparison
of HRBV images from one subject imaged at 1.5T
(Fig. 22A, B) and 3T (Fig. 22C, D) is shown in
Fig. 22. Clearly, while images obtained from both
field strengths exhibit small intracerebral veins,
the visibility of smaller veins is greatly improved
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Fig. 20. A typical magnitude (4) and phase (B) images obtained using a high-resolution 3D gradient echo sequence are
shown. In addition, the mIP HRBYV across 4 adjacent slices with (C) and without (D) the application of the phase masks
are also shown, demonstrating the improved vascular visibility with the application of phase masks. Finally, how phase

masks are generated based on the phase shifts is also given.

in images obtained at 3T (arrows) compared
with 1.5T.

Specific absorption rate

To excite magnetization from its equilibrium
orientation (parallel to the static magnetic field) to
the direction orthogonal to the direction of the
static magnetic field so that MR signal can be
obtained, on-resonance radiofrequency (rf) pulses
will be required. The rf pulses provide the energy
needed for the magnetization to change from its
equilibrium state to the excited state. Consequently,

rf energy, will be deposited in the body, resulting
potentially in an increase of body temperature or
other harmful effects. The rate at which energy is
deposited into body tissue by rf pulses during an
imaging sequence is referred to as the SAR,
typically specified in units of watts/kg of tissue.
Obviously, it is of critical importance for the
design of imaging sequences and imaging proto-
cols to fulfill the FDA guidelines regarding SAR.
Generally speaking, the energy of the radio waves
increases linearly with increasing field strength
(resonant frequency). At 1.5T the possibility of
heating tissues is small, but one must be careful to
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Fig. 21. A comparison of the visibility of small intracranial veins during breathing room air (upper row) and carbogen
(lower row) is shown for three different subjects (4—C). Small intracranial veins are clearly visible (arrows) when subjects
were breathing room air while the visibility is substantially diminished after changing the gas mixture to carbogen. This
results are not surprising given the fact that carbogen will induce hypercapnia, leading to an increase of blood
oxygenation in the venous vessels and thus reducing the induced-phase shifts of the venous vessels.

avoid the possibility of thermal damage to tissue
at higher field. Assuming a circularly polarized
coil is used for an imaging experiment, the energy
deposited per unit time for a sphere with a radius
of R can be rewritten as [1]

B 2now?6’ RS

_ 18
P = 5yTR [18]

where o, o, 0, and 7, TR are the conductivity,
resonance frequency, flip angle, the duration of
the rf pulse, and the repetition time. It is perhaps
not surprising that the energy deposit per unit

time will increase as the conductivity, resonance
frequency, and flip angle increase, while an
increase of TR will decrease energy deposit. In
addition, note that the energy deposit is quadrat-
ically dependent on the field strength. Therefore,
when the field strength increases from 1.5T to 3T,
the amount of energy deposited into the body
will be increased by a factor of 4, assuming an
identical experimental condition.

The expected increases in SAR, imposes
limitations on the number of slices that can be
acquired in a given TR. In particular, fast spin-
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Fig. 22. A comparison of venograms obtained from the same subject at 1.5T (4) and 3T (B) is shown. It is evident that
more small intracranial veins are visible (arrows) in results obtained from 3T when compared with that at 1.5T thanks to

the increased sensitivity to BOLD effects at 3T.

echo sequences where multiple 180-degree pulses
are applied within one TR are most likely to be
affected by the increase of SAR, and thus the
number of slices can be acquired may be reduced
when compared with that obtained at 1.5T.
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MR imaging of formalin-fixed specimens of
the brain and spinal cord at 9.4 Tesla now
provides images with an in-plane resolution of
40 x 40 to 70 x 70 microns and a slice thickness
of 300 to 500 microns. Such images mimic the
appearance of neural tissue on light microscopy,
and may properly be designated MR microscopy
(MRM) [1-4]. This article reviews MRM of
selected portions of the normal adult brain
including: cerebral cortex (motor, sensory and
association isocortex; allocortex; and juxta-allo-
cortex), basal ganglia (caudate, putamen, and
globus pallidus externa and interna), thalamus,
subthalamus, metathalamus, cerebellar cortex,
and roof nuclei of the fourth ventricle.

Portions of this material were presented at the 87th
Scientific Assembly and Annual Meeting of the Radio-
logical Society of North America (2001), at the 39th
(2001) and 40th (2002) Annual Meetings and Scientific
Assemblies of the American Society of Neuroradiology,
and in the American Journal of Neuroradiology 2002;
23:1313-21.
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In each case, the anatomic material was
obtained from cadavers of adult humans who
died of unrelated causes. The imaging studies were
performed on formalin-fixed samples of that
material, using a Briiker 9.4T superconducting
magnet with microimaging (Briiker Analytik,
Rheinstetten, Germany), an 89 mm bore, a 25
mm bird cage coil, and intermediate-weighted
pulse sequences (repetition time [TR] = 2400
milliseconds, echo time [TE] = 45 milliseconds,
Nex = 100, section thickness 500 microns, field
of view 20 x 20 mm, data matrix 256 x 256, and
antialiasing factor 1). Following scanning, each
specimen was processed for light microscopy with
Nissl and Luxol Fast Blue stains to display the
neurons and myelin, respectively. The histologic
images were then correlated with the MRM
obtained at the same level to determine the
histopathologic bases for the magnetic resonance
appearance.

Cerebral cortex

The human cerebral cortex is divided into
three major cytoarchitectural types: the six-
layered neocortex, the cytoarchitecturally-distinct
allocortex, and the intervening transitional peri-
allocortex (juxta-allocortex). The neocortex (syn-
onym: isocortex) forms most of the cerebral

1064-9689/03/$ - see front matter © 2003 Elsevier Inc. All rights reserved.
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cortex. The allocortex forms the olfactory cortex
and hippocampal formation. The periallocortex
forms the retrosplenial region, the anterior cin-
gulate cortex, and the ectosplenial cortex [5-24].

The neocortex

The neocortex displays a characteristic hori-
zontal lamination. This lamination is conceptual-
ized as having six basic layers, with variable
degrees of specialization for motor and sensory
function (Fig. 1). Intermediate-weighted MR
microscopy displays the laminar pattern as corre-
sponding layers of differing signal intensities. In
these images, regions with greater cell density or of
more prominent myelination display lower signal
intensity.

From the pial surface to the underlying white
matter, the six layers of the human neocortex
(Fig. 2) can be identified as:

14 Bk
Il

4

.':-".: .".'- L
Golgi Nissl
Fig. 1. Human cerebral isocortex. Diagrammatic repre-
sentation of cortical lamination. Column (A4, left). Golgi
silver stain displays the full extent of the axons,
dendrites, and cell bodies of the individual neurons;
Column (B) Middle. Nissl stain displays the granular
endoplasmic reticulum within the cell bodies of neurons;
Column (C, Right). Weigert stain displays myelin. (From

Carpenter MB, Sutin J, editors. Human neuroanatomy.
Baltimore: Williams & Wilkins; 1983, with permission.)

Weigert

///// >

[ LIV Va VbV

Fig. 2. Homotypical isocortex (frontal pole). The frontal
polar cortex displays the characteristic six-layers of the
isocortex. The signal intensity varies directly in pro-
portion to the cell concentration and myelin distribution.

Layer I, the molecular layer (plexiform layer),
is a cell-sparse layer that appears bright on
IW-MRM.

Layer II, the external granular cell layer,
consists primarily of closely packed granule
cells, and is shown as a band of intermediate
gray signal on IW-MRM.

Layer III, the external pyramidal cell layer, is
composed predominantly of pyramidal cells
with scattered non-pyramidal cells. Layer I11
is divided into sublayers Illa (superficial),
IIIb (intermediate) and Illc (deep). On ITW-
MRM, layer III appears as a homogenous
layer brighter than the superjacent layer II.

Layer IV, the internal granular cell layer, is the
narrowest of the cellular laminae, and is
composed of stellate cells and granule cells.
It is subdivided into a superficial sublayer
(IVa), and a deep sublayer (IVb). Layer IVb
is permeated by a dense plexus of myelinated
fibers designated the external band of
Baillarger. The dense myelination causes
Layer 1Vb to appear dark on MRM.
Because the whole layer has a narrow
caliber, however, it is difficult to differentiate
IVa from IVb on IW-MRM, so layer IV
appears as a sharply defined, dark gray to
black band. The primary visual (calcarine)
cortex contains the thickest external band of
Baillarger of any cortex in the cerebrum. For
that reason layer IVb of the calcarine cortex
is written with a capital letter B as layer IVB.
Layer IVB forms the prominent line of
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Gennari, which gives the calcarine cortex its
alternate name: striate cortex (Fig. 3).

Layer V, the internal pyramidal cell layer,
contains both large pyramidal cells and
scattered non-pyramidal cells. Like Layer
IV, it is subdivided into superficial (Va) and
deep portions (Vb). Layer Vb also is per-
meated by a plexus of myelinated fibers
designated the internal band of Baillarger.
However, the internal band of Baillarger
(Layer Vb) is much thinner and forms a less
densely interwoven plexus of myelinated
fibers than does layer IVb. On MRM, layer
Va can be distinguished as a bright band just
deep to layer IV. Layer Vb appears dark,
because of the presence of the myelinated
internal band of Baillarger, and merges into
the dark band formed by the subjacent layer
VI

Layer VI, the multiform layer (fusiform or
pleomorphic layer) is composed predomi-
nantly of spindle-shaped cells with inter-
spersed fiber bundles. On IW-MRM, it is
seen as a dark gray zone that blends with the

Fig. 3. Heterotypical sensory isocortex (calcarine cor-
tex). Layer IVB contains the dense heavily myelinated
plexus (external band of Baillarger) and appears as
a prominent, dark gray band (curved arrow) on IW-
MRM. Note that the cortex is normally thickest at the
crown of the gyrus and thinnest at the depth of the
sulcus. As judged from the position of layer IVB, this
variation in cortical thickness can be seen to be because
of changes in the thickness of layers V and VI, deep to
the external band of Baillarger, rather than to variation
in the thickness of the superficial layers I, IT and III.

still-darker underlying white matter at the
subcortical arcuate “U” fibers.

Variations in the neuronal distribution and
myelin connections within the cortex are used to
define the cytoarchitecture of each cortical region
[5,11]. Neocortex in which all six layers are
distinct and well defined is designated homotyp-
ical cortex. Neocortex in which one or more of
the layers show specialized modifications is desig-
nated heterotypical cortex. Von Economo [25]
classified the cerebral neocortex into five different
Types designated: (1) Agranular, (2) Frontal, (3)
Parietal, (4) Polar, and (5) Granular. Neocortical
types 2, 3, and 4 are homotypical; Neocortical
types 1 and 5 are heterotypical. Type 1 agranular
cortex is specialized as a motor cortex with
markedly diminished granular laminae (II and
IV) and marked expansion of pyramidal neurons
in layers III and V. In agranular neocortex,
therefore, MRM shows poor definition of the
individual cell layers and dense confluence of
layers IIT and V. The precentral gyrus is the classic
example of type 1 agranular neocortex (Fig. 4)
[26]. Type 2 frontal type neocortex is thick and
shows all the six layers well. Type 3 parietal
neocortex also shows all six layers but is even
more distinctive, because the two-granule cell
layers II and IV have greater thickness and cell
density. Type 4 polar neocortex still exhibits the
six basic layers, but is thinner overall, and has
a wealth of granule cells. Type 5 granular cortex is
specialized as sensory cortex with maximally
developed granular layers II and IV and poorly
developed pyramidal layers III and V. Examples
of granular cortex include the primary visual
(calcarine) cortex (see Fig. 3), the primary
somatosensory cortex of the postcentral gyrus
(see Fig. 4), and the primary auditory cortex of
Heschl’s gyrus (Fig. 5).

Brodmann recognized specific patterns of
variation in the cortical cytoarchitecture, parcel-
lated the cortex into cytoarchitectonic areas,
numbered them, and tried to correlate their
cortical architecture with function [24]. These
regions are now designated as Brodmann areas
(BA). Later investigators have redefined these
initial divisions [25-40].

The allocortex

The allocortex includes the hippocampus pro-
per, the dentate gyrus, and the olfactory cortex [8].
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Fig. 4. Heterotypical sensorimotor isocortex cortex.
(M1) Agranular (Motor) Cortex (Precentral gyrus).
The agranular cortex is characterized by thick pyramidal
cell layers III and V and very thin granular cell Layers 11
and IV. Layer IV is not easily appreciated, because it so
thin. (S1) Granular Isocortex Cortex (Postcentral gyrus).
The granular cortex is characterized by thick granular
layers II and IV and thin pyramidal layers III and V.
Note that the overall thickness of the gyrus, of the white
matter, and of the cortex is greater in the precentral
gyrus than in the postcentral gyrus. The curved arrow
indicates the central sulcus.

Hippocampus proper (cornu ammonis CAl
to CA4)

From the ventricular cavity to the hippocam-
pal suclus, the cornu ammonis may be divided
into six layers: the alveus, stratum oriens, stratum
pyramidale, stratum radiatum, stratum lacuno-
sum, and stratum moleculare (Fig. 6).

The alveus is a thin subependymal layer of
white matter that is seen as a sharply marginated
band of low signal on IW-MRM.

The stratum oriens is composed of scattered
neurons (basket cells) crossed by axons from the
adjacent stratum pyramidale. On IW-MRM, the
stratum oriens is seen as a bright band that
is difficult to differentiate from the underlying
stratum pyramidale.

The stratum pyramidale is composed of
prominent pyramidal cells and is organized into
four cell fields, designated CA1l to CA4. On IW-

Fig. 5. Heterotypical sensory isocortex (Primary audi-
tory cortex—Heschl’s gyrus). This cortex is characterized
by extreme prominence of the granular cell layers II
and IV. These form two broad gray bands that give
the cortex a speckled “dust-like” appearance that is
designated koniocortex.

MRM, the stratum pyramidale is seen as a curvi-
linear bright band coursing lateral to the un-
derlying gray stratum radiatum.

The stratum radiatum contains apical den-
drites that arise from the pyramidal neurons of
the stratum pyramidale. These dendrites display
a parallel configuration that gives the layer its
name. On MRM, the stratum radiatum appears as
a nearly homogenous gray band.

The stratum lacunosum contains numerous fas-
cicles of axons from the perforating fibers and the
Schaffer collaterals. These course parallel to the
surface of the cornu ammonis. On IW-MRM,
the stratum lacunosum is seen as a thin dark gray
band interposed between the stratum radiatum
and stratum moleculare.

The stratum moleculare lies just lateral to the
hippocampal sulcus. It contains only a few
neurons and dendritic connections to the adjacent
layers. On IW-MRM, the stratum moleculare is
seen as a grayish heterogenous band interposed
between the dark stratum lacunosum and dark
hippocampal sulcus.

The cornu ammonis (CA) demonstrates
a smoothly varying signal intensity because of
regional differences in the size and density
distribution of its pyramidal neurons [29,30].
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Fig. 6. Hippocampal formation—transverse section (4) diagram and (B) MRM. From lateral to medial, IW-MRM
displays the layers of the hippocampal formation. 1. alveus, 2. stratum oriens—not distinctly seen on MRM, 3. stratum
pyramidale —organized into four fields (CA1 to CA4) whose signal intensity varies in proportion to their cell densities,
4. stratum radiatum (inhomogeneously gray) 5. stratum lacunosum (thin dark gray layer) 6. stratum moleculare (bright
gray) 7. hippocampal sulcus (dark gray) 8. stratum moleculare (bright) 9. stratum granulosum (dark gray) 10.
polymorphic layer (thin bright layer) interposed between the dark stratum granulosum and the gray band of CA4. CN,
caudate nucleus; subic, subiculum. Diagram (A4) (From Duvernoy HM. The human hippocampus: an atlas of applied
anatomy. Munich: J. F. Bergmann Verlag; 1988, with permission).

CA1 consists of scattered pyramidal cells and is
seen as a bright band continuous with the
subiculum. CA2 consists of a narrow band of
densely packed pyramidal cells and is seen as
a narrow darker gray band, distinct from the
broader, brighter band of CA1. CA3 corresponds
to the curve or the genu of the cornu ammonis as

it enters the concavity of the dentate gyrus. The
bodies of the pyramidal cells of CA3 are more
loosely packed than the bodies of the pyramidal
cells of CA2 (ie, has lower cell density), so CA3
appears as a curvilinear gray band that is brighter
than CA2. CA4 lies within the concavity of the
dentate gyrus and contains scattered large ovoid
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pyramidal cells and myelinated fibers, On IW-
MRM, the more loosely packed cells of CA4
make CA4 appear a brighter gray than CA3.

Dentate gyrus

From the hippocampal sulcus to the Cornu
Ammonis, the three strata of the dentate gyrus are
designated the stratum moleculare, the stratum
granulosum, and the polymorphic layer.

The stratum moleculare is thick, contains few
granule cells, lies just deep to the hippocampal
sulcus, and appears as a bright layer on IW-MRM.

The stratum granulosum (dentate granule cell
basket) is a thin, sharply defined layer of densely
packed, small, round, granule cells nearly devoid
of myelin. On MRM, this appears as a thin, finely
delineated, characteristically curvilinear dark gray
band.

The polymorphic layer is the thinnest of the
three dentate layers. It contains the axons that
cross from the granule cell neurons of the dentate
gyrus to the hippocampus proper. On IW-MRM,
the polymorphic layer is seen as a thin bright band
situated between the dark stratum granulosum
and the Cornu Ammonis (CA4).

The transitional cortex

Transitional cortex (periallocortex, juxta-allo-
cortex) is found in the retrosplenial region (BA 29
and 30), the anterior cingulate cortex (BA 23, 24a-
¢, and 25), and the ectosplenial cortex of area 26
(Fig. 7) [19,34,39,40]. This cortex shows features
intermediate between allocortex and neocortex.
In this region, the overall thickness of the cortex
increases and the cortical layers begin to show
individual definition.

Cerebellar cortex

The cerebellar cortex has three main strata, the
molecular layer, the Purkinje cell layer, and the
granular cell layer (Fig. 8) [11].

Molecular layer

The molecular layer is almost featureless,
contains a sparse population of neurons and their
fiber connections, and appears homogeneously
bright on IW-MRM.

Purkinje cell layer

The Purkinje layer contains the large pear-
shaped perikarya of the Purkinje cells, and

Fig. 7. Transitional cortex. IW-MRM demonstrates
progressive thickening and increasing definition of the
individual cortical layers as one proceeds from the
periallortical regions (BA 29, 30) into the adjacent
isocortex (BA 23). BA 29 (a—c) is characterized by a thin
cortex with prominent myelination (asterisk) in layer 1.
BA 30 shows emergence of a well-defined layer 11, seen as
a gray band, but no layer IV. In BA 23, layer IV also
becomes definite and may be appreciated as a band of
gray signal interposed between the bright layers Il and V.

epithelial (Bergmann) glial cells. It appears as
a band of intermediate gray signal on IW-MRM.

Granular cell layer

The granular layer contains a wealth of granular
neurons and their fiber connections. On IW-MRM,
it appears as a band of intermediate gray signal
indistinguishable from the Purkinje layer.

Cerebellar nuclei

Four deep cerebellar nuclei are arrayed around
the roof of the 4th ventricle on each side (Fig. 9).
Closest to the midline dorsally are the paired
fastigial nuclei. Next-most laterally and ventrally
are the “interposed nuclei”’, composed of the
paired globose nuclei (more medially) and the
paired emboliform nuclei (more laterally). Fur-
thest laterally and ventrally are the largest pair of
cerebellar nuclei designated the dentate nuclei.
The dentate nuclei take the form of irregularly
folded sheets of neurons, which encompass a mass
of white fibers designated the “‘hilum”. The hilar
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Fig. 8. Cerebellar cortex. From superficial to deep, IW-
MRM displays the Molecular layer I: (bright) the Purkinje
layer II: (intermediate gray) and the Granular cell layer
111 (intermediate gray) indistinguishable from the super-
jacent layer II. The arbor vitae (central white matter) of
the cerebellum branches extensively within the folia.

fibers extend cephalically to form a major portion
of the superior cerebellar peduncles.

Basal ganglia

The basal ganglia constitute most of the
subcortical gray matter and include the corpus
striatum, the pallidum, the claustrum, and the
amygdaloid complex [11]. The corpus striatum is
divided into a larger dorsal division composed of
the caudate nucleus and the putamen (Fig. 10)
and a smaller ventral division composed of the
nucleus accumbens septi and the olfactory tuber-
cle (Fig. 11). The internal capsule extends through
the basal ganglia as groups of fibers (fascicles)
that partially subdivide the caudate from the
putamen. Between the fascicles of the internal
capsule, strands of gray matter (designated
caudato-lenticular bridges of gray) still connect
the caudate nucleus with the putamen ‘‘across”
the internal capsule. The alternating layers of
white fasicles and gray bridges form the stripes
that give the caudate plus putamen the name:
corpus striatum.

The globus pallidus forms the smaller inner
portion of the lentiform nucleus. It is part of the
basal ganglia, but not part of the corpus striatum.

Fig. 9. Cerebellar nuclei. IW-MRM displays the cere-
bellar nuclei and key tracts arising from them: nd, nucleus
dentatus; ne, nucleus emboliformis; nf, nucleus fastigii;
ng, and nucleus globosus, The truncus uncinatus (between
arrowheads) is composed primarily of the outflow tracts
from the fastigial nuclei. The truncus uncinatus encircles
the superior cerebellar peduncle (SCP, poorly identified)
and projects to the reticular formation and the magno-
cellular vestibular nuclei. cp, choroids plexus; H, “hilus”;
v, vermis; within the fourth ventricle.

The globus pallidus is subdivided into the globus
pallidus externa and the globus pallidus interna.
The external medullary lamina of the lentiform
nucleus separates the globus pallidus externa from
the putamen. The internal medullary lamina of
the lentiform nucleus separates the globus pallidus
externa from the globus pallidus interna.

The fiber connections arising from the basal
ganglia arise as the thin radial fascicles of the
caudate nuclei, the radial fascicles of the lenticular
nuclei, and the radial fascicles of the globi pallidi
and contribute to form the large fascicular
outflow tracts designated the ansa lenticularis
(AL), the fasciculus lenticularis (FL), and the
fasciculus subthalamicus (FS) (Figs. 10, 12).

Thalamus

The thalamus is composed of masses of gray
matter that are partitioned into separate groups of
nuclei by thin sheets of white matter (the medullary
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Fig. 10. Dorsal striatum. (4) Coronal IW-MRM demonstrates the caudate nucleus (CN) and the lentiform nucleus
(LN) separated by the internal capsule (IC). The caudatolenticular bridges (curved arrow), seen better in (B) appear as
short gray bands that connect the caudate and the putamen between individual fascicles of the internal capsule. The
thin fasciculi radialis nuclei caudati (single small arrows), the fasciculi radialis nuclei lenticularis (small double arrows),
and the fasciculi radialis pallidi (long white arrows) form part of the fascicular outflow tracts. Cl, claustrum; El, external
capsule; Ex, extreme capsule; FH, frontal horn G Pe; globus pallidus externa; G Pi, globus pallidus interna; I, insula;

P, putamen.

laminae of the thalamus) (Fig. 13). The lateral
surface of the thalamus is covered by the external
medullary lamina. The interior of the thalamus is
subdivided into major (and additional minor)
nuclear groups by a vertically-oriented, Y-shaped
internal medullary lamina. The thalamic nuclei
may be grouped in diverse ways. In this report,
they are considered to form three major groups of
nuclei: the medial, the anterior, and the ventrolat-
eral nuclear groups. The medial group lies medial
to the internal medullary lamina and consists
predominantly of the medial nucleus (dorsomedial
nucleus). The anterior group lies within the
opening arms of the Y-shaped internal medullary
lamina, and consists predominantly of the large

anteroventral nucleus. The ventrolateral group
forms the bulk of the lateral thalamus between the
external medullary lamina and the internal med-
ullary lamina. This group is further subdivided
into lateral and ventral nuclear groups. The lateral
group contains the lateral dorsal nucleus, the
lateral posterior nucleus, and the pulvinar. The
ventral nuclear group contains the ventral anterior
nucleus, the ventral lateral nuclear complex and
the ventral posterior nuclear complex.

Within the external medullary lamina there is
an additional small group of reticular thalamic
nuclei. Within the internal medullary lamina are
a number of intralaminar nuclei, including the cen-
tromedian nucleus and small groups of anterior
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Fig. 11. Ventral striatum. (4) coronal myelin stain. (B) IW-MRM. Coronal IW-MRM demonstrates the nucleus
accumbens (N Acs) as a bright structure situated just lateral to the “darkish gray” radiations of the corpus callosum (RA
CCL). The olfactory tubercle (arrow) appears as a gray zone interposed between the gyrus rectus (GR) medially and the
bright anterior perforated substance (APS) laterally. GCI, cingulate gyrus; CAROL, Carrefour olfactif, the junction of
the gyrus rectus with the cingulate gyrus FH, frontal horn. (4) (From Riley HA. An atlas of basal ganglia, brainstem and
spinal cord. Connecticut: Williams and Wilkinson, 1943, with permission.)

and posterior intralaminar nuclei. Far medially,
a group of midline thalamic nuclei lie along the
wall of the third ventricle and within the massa
intermedia. The superior surface of the thalamus
is covered by a thin sheet of white matter
designated the striatum zonale.

The thalami are crossed superiorly by the
paired striae medullares thalami that course
anteroposteriorly to interconnect the septal region
with the habenular nuclei. The thalami are pierced
by the mammillothalamic tracts that ascend from
the mammillary bodies to the anterior nuclei.

The major nuclear groups of the thalamus are
successfully displayed by IW-MRM (Fig. 14).

Medial thalamic nuclei

On IW-MRM, the medial nucleus is seen
as a large indistinct bright structure delimited
laterally by the internal medullary lamina and
medially by the midline thalamic nuclei.

Anterior thalamic nuclei

IW-MRM clearly displays the anteroventral
nucleus as a large bright ovoid structure delimited
laterally by the curvilinear gray mamillothalamic
fasciculus and delimited superomedially by the
stria medullaris thalami.
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Fig. 12. Pallidum and ansa lenticularis. From lateral to
medial, IW-MRM displays the inhomogenously gray
putamen (P), dark external medullary lamina (short
single arrows), gray globus pallidus externa (GPe), dark
internal medullary lamina (short double arrows), and the
gray globus pallidus interna (Gpi) of the lenticular
nucleus. The ansa lenticularis (AL) (arrowheads) appears
as a thin curvilinear gray band just inferior to the globus
pallidus and superior to the optic tract (OT). FH:
Frontal horn, IC: Internal capsule, Cl: Claustrum, and
EL: External capsule.

Lateral thalamic nuclei

The lateral thalamic nuclei lie directly on the
lateral surface of the internal medullary lamina
behind the union of its open arms. The small
lateral dorsal nucleus lies at and behind the open
arms of the internal medullary lamina. The small

Fig. 13. Relationships of the thalamic nuclei to the
internal medullary Lamina. Diagrammatic display. See
text. Dorsomedial is a synonym for the medial nucleus.
LD, lateral dorsal nucleus; LP, lateral posterior nucleus;
VA, ventral anterior nucleus; VL, ventral lateral nucleus
(subdivided into oral (o) and caudal (c) portions); VP,
ventral posterior nucleus (subdivided into lateral (L) an
medial (M) portions). LGB and MGB represent the
lateral and medial geniculate bodies of the metathalamus.
(Modified from Carpenter MB, Sutin J, editors. Human
neuroanatomy. Williams & Wilkins, Baltimore, 1983,
with permission).

Fig. 14. Coronal MRM scan through the mamillo-
thalamic fasciculus. The medial thalamic nucleus
(arrowhead) appears as a bright structure indistinctly
separated from the midline thalamic nuclei (MiTh)
further medial. The medial thalamic nucleus is bordered
laterally by the darkish gray internal medullary lamina
(IML). The anteroventral thalamic nucleus (AV) forms
a well-defined bright structure anterosuperior to the
medial thalamic nuclei and lateral to the curvilinear
gray stria medullaris thalami (smth). The internal
medullary lamina (IML) splits to include an indistinct
light gray zone representing the intralaminar nuclei (i).
The lateral groups of thalamic nuclei (LTh) are
interposed between the darkish gray internal medullary
lamina (medially) and the relatively ill-defined inho-
mogenous gray external medullary lamina (EML) of
the thalamus laterally. The reticular nucleus (RN), not
clearly identified lies within the external medullary
lamina. The numerous fiber tracts of the thalamocort-
ical connections permeate the reticular nucleus. The
internal capsule lies lateral to the reticular nucleus.
Ventrally, the reticular nucleus continues into the zona
incerta of the subthalamic region. H1, H2, fields of
Forel; SN, substantia nigra; STN, subthalamic nucleus;
ZI, zona incerta.

lateral posterior nucleus lies just behind that.
The pulvinar expands markedly behind the
lateral posterior nucleus to constitute the poste-
rior pole of the thalamus. IW-MRM displays the
lateral thalamic nuclei as an inhomogenously
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bright structure adjoining the internal medullary
lamina.

Ventral thalamic nuclei

The ventral nuclei form most of the thalamus
lateral to the internal medullary lamina and
anterior to the pulvinar. On IW-MRM, the ven-
tral anterior group is seen as a bright structure
delimited anteriorly by the internal capsule,
posteriorly by the ventral lateral nucleus, medially
by the internal medullary lamina, and laterally by
the external medullary lamina. The ventral lateral
and ventral posterior nuclei lie posterolateral
to the ventral anterior group, and anterior to
the pulvinar. They are less well delimited on
IW-MRM.

Intralaminar nuclei

On IW-MRM, the intralaminar nuclei are seen
as ill-defined bright areas embedded within the
split fibers of the internal medullary lamina. The
centromedian nucleus may be distinguished, but
the other nuclei are not yet resolved individually.

Midline thalamic nuclei

IW-MRM displays the midline thalamic
nuclei as bright structures arrayed along the-
lateral wall of the third ventricle and in the massa
intermedia.

Subthalamus

The subthalamic nucleus, zona incerta, fields
of Forel and a portion of the substantia nigra lie
ventral to the thalamus. On IW-MRM, the
subthalamic nucleus (STN) appears as a biconvex
mass of gray matter situated ventral to the
thalamus and medial to the internal capsule
(Fig. 15). The zona incerta and the fields of Forel
lie superior to the STN. The cerebral peduncle
and substantia nigra lie inferolateral to the STN.
The substantia nigra, a crescentic lamina of
pigmented multipolar neurons forms an elongated
slightly gray nucleus just inferomedial to the
subthalamic nucleus (see Fig. 15). The substantia
nigra is divisible into the dorsal pars compacta,
which is intermingled with the fibers of the crus
cerebri, and the ventral pars reticularis that is
partially continuous with the globus pallidus.

Metathalamus

The metathalamus comprises the medial ge-
niculate complex and the lateral geniculate body
(Fig. 16).

Fig. 15. Subthalamic nucleus. Coronal IW-MRM dem-
onstrates the subthalamic nucleus as a lens-shaped gray
mass that lies medial to the internal capsule, lateral to
the thalamus, dorsolateral to the substantia nigra, and
inferior to the zona incerta and fields of Forel. The
prominent “staghorn” formed by the mammillothalamic
tract (MT) serves as a landmark for the anterior portion
of the subthalamic nucleus (STN). CP, cerebral pedun-
cle; Hl & H2, fields of Forel; IC, internal capsule; SN,
Substantia nigra; ZI, zona incerta.

Medial geniculate complex

The medial geniculate complex (MGC) forms
a rounded elevation at the posterolateral aspect of
the midbrain and cerebral peduncle, along the
ventrolateral surface of the pulvinar. It contains
three major medial geniculate nuclei: the medial,
ventral, and dorsal nuclei. The brachium of the
inferior colliculus separates the sparsely cellular
medial nucleus from the densely cellular ventral
nucleus. The dorsal nucleus overlies the ventral
nucleus and expands posteriorly. For that reason,
it may also be designated the posterior nucleus.
The ventral nucleus is part of the classic tonotopic
auditory relay. Within it, low-pitched sounds are
represented laterally, and high-pitched sounds
medially. The dorsal and medial nuclei receive
both tonotopic and non-tonotopic input, and
participate in non-classic polysensory pathways,
including auditory spatial representation. IW-
MRM displays the entire medial geniculate
complex as a semilunar gray structure separated
from the laminated lateral geniculate body by
the dark geniculotemporal radiation. At present
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Fig. 16. Metathalamus. Coronal IM-MRM demon-
strates the rounded configuration and near homogeneity
of the medial geniculate body (MGB), and the Napo-
leon’s hat configuration and laminated retinotopic
organization of the lateral geniculate body (LGB). The
geniculocalcarine radiation passes superolaterally from
the lateral geniculate body (arrow).

IW-MRM resolves the individual nuclei of the
MGC inconclusively.

Lateral geniculate body

The lateral geniculate body (LGB) is an
elongated spatulate structure that projects ven-
trolaterally from the undersurface of the pulvinar.
It is separated from the lateral aspect of the
crus cerebri by the fibers of the optic tract. The
brachium of the superior colliculus enters the
posterior medial portion of the lateral geniculate
dorsally, between the medial geniculate nucleus
and the pulvinar. IW-MRM displays the LGB as
a small structure, which takes a shape designated
“Napolean’s hat”, and which displays character-
istic retinotopic layering.

Summary

MR microscopy at 9.4T depicts the architec-
ture of the brain in exquisite detail, including the
individual laminae of the cortex, the individual
nuclei of the basal ganglia, the thalami, subtha-
lami and metathalami, and the orientations and
relationship among the dominant nuclei and white
matter tracts of the brain. The authors believe that
these anatomic relations will ultimately be dis-
played in vivo as clinical MR scanners begin to
operate at field strengths of 4.7T, 7T, and 8T.
Then, those familiar with this anatomy will be
able to interpret patient images with far greater
sophistication.
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A

Abscess(es), on pons, diffusion-weighted MR
imaging of, 385, 387
pyogenic, MR spectroscopy of, 422

N-Acetylaspartate, in evaluation of brain tumors,
419, 421

Achilles tendon, injuries of, in athletic activities,
296

Achilles tendonitis, 296-297

Adductor insertion avulsion syndrome, 273
Adductor muscle, strain of, 344, 346
Alanine, in evaluation of brain tumors, 421
Allocortex, MR microscopy of, 644-646

Aneurysms, contrast-enhanced MR angiography
in, 607-608

Angiography, computed tomography, of carotid
arteries, 589-591
of plaque evaluation of carotid arteries,
591-592
contrast-enhanced, of thoracic aorta, 136-137
magnetic resonance, coronary. See Coronary
magnetic resonance angiography.
MR. See Magnetic resonance angiography.
Angioma, frontal cavernous, functional MR
imaging in, 534
Angiosarcoma, cardiac, 179
Ankle, accessory muscles of, 202-203
accessory ossicles and sesamoid bones of, 203
foot and, bony injury of, 295, 296
force on, during athletic activities, 295

sports injuries of, imaging of, 295-310
sports protocols, for direct MR
arthrography, 296
“high sprain” of, 300, 302
imaging of, after physical activity, 202
injuries of, in alpine skiing, 313, 314
lateral, ligamentous injury of, 299
ligaments and tendons of, asymptomatic
findings about, 202
normal fluid collections in, 201

Anterior cruciate ligament, ganglion cyst of, 290,

292

in meniscal and cruciate ligament injuries,
283-293

normal fibrous bundles of, 287, 291

rupture of, 289, 291

sprains of, 289

tears of, 291-293
in alpine skiing, 312-313
MR imaging to diagnose, 291

Aorta, coarctation of, MR imaging in, 31, 36,
37, 38
thoracic aortic stenosis caused by, 142, 144
thoracic. See Thoracic aorta.

Aortic dissection, 140-142
type B, 138
with intramural hemorrhage, 139, 142

Aortic flow, regurgitant, quantification of, by
velocity-encoded cine MR imaging, 118-120,
121

Aortic plaques, MR imaging of, 102-104

Aortic regurgitation, and aortic stenosis,
combined, 129
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Aortic regurgitation (continued)
assessment of ventricular dysfunction in, 116
causes of, 116-117
cine gradient echo images in, 117

Aortic stenosis, and aortic regurgitation,

combined, 129

causes of, 126

evaluation of, MR imaging in, 126

spin echo imaging in, 126

thoracic, caused by coarctation of aorta, 142,
144
postcoarctation repair in, 143, 144

Aortic valve, abnormal motion of, evaluation of,
126-127
MR imaging of, 30, 34, 35

Apophyseal avulsion injuries, 343, 344
clinical features of, 267
MR imaging of, 267
treatment of, 267

Arachnoid cyst(s), in cerebellopontine angle
cistern, diffusion-weighted MR imaging of, 386
versus epidermoid tumor, diffusion-weighted

MR imaging of, 383, 384

Arrhythmogenic right ventricular dysplasia, MR
imaging of, 10-12, 13, 163-171

Arterial dissection, MR angiography of neck for,
593-594

Arteriovenous fistula, dural, MR angiography of,
569-573, 574

Arteriovenous malformation, epidural, MR
angiography of, 576-577
intramedullary, MR angiography of, 573-575

Artery(ies), atherothrombosis as systemic and
diffuse disease of, 101
carotid. See Carotid artery(ies).
coronary, anomalies of, evaluation of,

coronary MR angiography in, 89

great, transposition of, 9, 10
popliteal, high-resolution MR imaging of, 104
pulmonary, MR imaging of, 33-34, 39, 44

Arthritis, septic, of hip, 264

Astrocytoma(s), high-grade, two-dimensional MR
spectroscopy plot, 426428
low-grade, blood volume in, 407
perfusion MR imaging in, 407
MR spectroscopy of, 421
surgical resection of, intraoperative MR
imaging in, 437, 438

Atherosclerotic disease, of carotid arteries, MR
angiography in, 585

Atherosclerotic ulcer, intramural hematoma in,
144
penetrating, 140, 144

Atherothrombosis, as systemic and diffuse disease
of arterial system, 101

Atherothrombotic plaques, MR imaging analysis
of, 109
MR imaging and molecular imaging in,
107-109
noninvasive assessment of, MR imaging for,
101-113
future improvements in, 109-110
progression and regression of, monitoring with
MR imaging, 109

Athletes, stress fractures in, imaging of, 323-339

Athletic pubalgia, 271-272
MR imaging in, 272

Atrial morphology, MR imaging of, 27-28

Atrial septal defect, MR imaging of, 36-37, 40, 41,
42, 44

Atrial situs, MR imaging in, 27-28, 29, 30

Atrioventricular and ventriculoarterial
connection, 29-30, 31, 32, 33

B
Bankart lesions, 227, 229

Basal ganglia, functional MR imaging in, 530, 531
MR microscopy of, 648-649, 651, 652

Baseball pitch, basic positions of, 226-227
Bennett lesion, 230-231

Biceps tendon, 250
distal, rupture of, 250-251

Biopsy, MR image-guided, in neurosurgery,
440-441

Blood brain barrier, permeability of, perfusion
weighted MR imaging in, 508-511

Blood flow, cerebral, perfusion weighted MR
imaging of, 503-508, 509, 510-511

Blood oxygen level, high resolution venography
dependent on, 633-636

Blood vessels, intradural, abnormal, MR
angiography of, 568, 569
normal, MR angiography of, 567-568
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malformations of, MR angiography of,
568-569

Blood volume, cerebral, perfusion weighted MR
imaging of, 503-508, 509, 510-511

Bobsledding, injuries associated with, 316, 317,
318

Bone scintigraphy, in myositis ossificans, 356
in stress fractures, 332-334

Brachial plexus, MR imaging of, 552, 553
neurofibroma of, MR imaging in, 554, 555

Brain, hemodynamics of, prediction of, with
conventional and perfusion MR imaging,
592-593
magnetoencephalography to assess, 529
normal human, MR microscopy of, 641-657
positron emission tomography to assess, 529
traumatic injury to, diffusion tensor MR

imaging in, 501-502, 505

Brain tumor(s), detection of, diffusion-weighted

MR imaging and, 383

diffusion-weighted and diffusion tensor MR
imaging of, 379-401

evaluation of, 382
applications of neuroimaging to, 382-397

functional MR imaging in, 439

in pediatric patients, diffusion-weighted MR
imaging of, 391-392

in posterior fossa, diffusion-weighted MR
imaging of, 391-392

metabolites in evaluation of, 417421

metastases of, MR spectroscopy of, 423, 424

MR spectroscopy of, 415429

preoperative MR spectroscopy in, 439

primary, MR spectroscopy for evaluation of,
421-422
treatment planning in, 423-424
ultrasmall superparamagnetic iron oxide

contrast agent for evaluation of,
455-456

resection of, intraoperative MR imaging in,
437439

solid, grading of, diffusion-weighted MR
imaging and, 387-390

Brainstem, lesions of, MR spectroscopy of, 422
Bypass grafts, patency of, assessment of, coronary

MR angiography in, §9-92

C
Calf, hematoma of, imaging of, 342

Capitellum, pseudodefect of, elbow and, 196, 197

Cardiac and pericardial malignancy, MR
evaluation of, 173-186
techniques of, 173-174

Cardiac fibromas, 177, 178

Cardiac gating, and physiologic monitoring, 1-2
for electrocardiogram lead placement, 2

Cardiac looping, 29

Cardiac magnetic resonance imaging, coronal and
sagittal planes in, 34, 5
expanding role of, 15
horizontal long axis plane in, 5, 6
imaging planes, 3
in adult congenital heart disease, 7-8
long axis view through aortic and mitral
valves, 6, 7
performance of, overview of, 1-18
pulse sequences, 2-3
routine clinical studies with, 6-7
scout planes in, 3, 4
short axis plane in, 5, 7
techniques of, principles of, 1
vertical long axis plane in, 5, 6

Cardiac magnetic resonance imaging report, used
in clinical cardiac MR program, 25

Cardiac myxoma, 175-177

Cardiac neoplasms, benign, evaluation of,
175-178
evaluation of, 175

Cardiac pseudotumors, evaluation of, 174-175,
176

Cardiac tumors, malignant, 178-181

Cardiomyopathy, restrictive, constrictive
pericarditis versus, 12-13
MR imaging sequences in, 13-14

Cardiovascular magnetic resonance imaging, of
myocardial perfusion. See Myocardial
perfusion, cardiovascular MR imaging of.

Carotid artery(ies), atherosclerotic disease of, MR

angiography in, 585

computed tomography angiography of,
589-591

evaluation of, MR angiography in, 585-589

extracranial, MR angiography evaluation of,
585-589

plaque circulation of, computed tomographic
angiography of, 591-592
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Carotid plaques, MR imaging of, 102, 103

Cell therapies, and drug delivery, MR
image-guided, to central nervous
system, 443

Central nervous system, MR image-guided
delivery of drug and cell therapies to, 443

Cerebellar cortex, MR microscopy of, 647—648,
649

Cerebellar nuclei, MR microscopy of, 648, 650

Cerebellopontine angle cistern, arachnoid cyst in,
diffusion-weighted MR imaging of, 386

Cerebral cortex, MR microscopy of, 642
types of, 641-642

Cerebral hematoma, temporal, HASTE image of,
478, 479

Cervical ligament injury, 303, 304
Cervical spine, HASTA image of, 479, 480
Children. See Pediatric patient(s).

Choline, as marker for proton MR spectroscopy,
458-460
in evaluation of brain tumors, 417, 419

Cine gradient echo imaging, 116
signal void on, evaluation of, 126

Circulation, extracranial, MR angiography of,
585-597
intracranial, contrast-enhanced MR
angiography of, 599-613

Clinical cardiac MR imaging program. See
Magnetic resonance imaging program, clinical
cardiac.

Coarctation of aorta, MR imaging in, 31, 36,
37, 38
thoracic aortic stenosis caused by, 142, 144

Combidex, for imaging of head and neck,
453-455

Compartment syndrome, 358-361
acute, 359
chronic, 359
diagnostic examinations of, 359-360
MR imaging of, 360-361
pathogenesis of, 359
symptoms and signs of, 359
treatment of, 361

Computed tomography, in pericardial disease,
150-151

in sports-related muscle injuries, 355-356
in stress fractures, 330, 331, 334

Computed tomography angiography, of carotid
arteries, 589-591

Connective tissue disorders, systemic, parotid
gland in, mapping using apparent diffusion
coefficients, 461-463

Contrast agent(s), for perfusion MR imaging,
404
ultrasmall superparamagnetic iron oxide, 449,
452-458
for evaluation of metastatic lymph nodes,
457-458
for evaluation of primary brain tumors,
455456

Contrast-enhanced angiography, of thoracic
aorta, 136137

Contrast-enhanced magnetic resonance
angiography. See Magnetic resonance
angiography, contrast-enhanced.

Contrast-enhanced magnetic resonance imaging,
8-9

Coracoid impingement syndrome, 230

Coronary artery, anomalies of, evaluation of,
coronary MR angiography in, 89

Coronary magnetic resonance angiography, 3D
segmented K-space echoplanar, 87-89
3D segmented K-space gradient echo, 87
cardiac motion suppression in, 82
clinical applications of, 15, 89-94
and imaging of coronary artery disease,
81-99
contrast-to-noise ratio considerations in,
85-86
future developments in, 94-95
respiratory motion suppression in, 82-85
signal-to-noise ratio considerations in, 85
technical considerations in, 8§1-86
techniques for clinical imaging in, 86-89

Coronary plaques, high-resolution MR imaging
of, 104-105

Coronary stenosis, native vessel, identification of,
coronary MR angiography in, 92-93
Cortex, cerebellar, MR microscopy of, 647-648,
649
cerebral, MR microscopy of, 642
types of, 641-642
transitional, MR microscopy of, 646, 648



Cumulative Index | Magn Reson Imaging Clin N Am 11 (2003) 655-671 659

Cortical dysplasia, focal, FLAIR in, 483, 484

Coxa saltans, 270-271
MR imaging in, 271

Creatine, as marker for proton MR spectroscopy,
458-460
in evaluation of brain tumors, 418-421

Cruciate ligament, anterior. See Anterior cruciate
ligament.
injuries of, and meniscal injuries, MR imaging
of, 283-293
posterior, injuries of, 291, 292, 293

Cystic masses, intraaxial, characterization of,
diffusion-weighted MR imaging in, 385-387

Cyst(s), pericardial, 158, 159, 181

D

Delayed onset muscle soreness, 302

Deltoid ligament, tears of, 298
Dentate gyrus, MR microscopy of, 646
Deuterium oxide, for perfusion MR imaging, 404

Diffusion tensor MR imaging, 381-382, 622624
diffusion tensor ellipsoid, 382
high angular resolution, 503, 506
in pediatric patients, 499—-503
of brain tumors, 379-401
tractology in neonate using, 502-503, 506

Diffusion-weighted MR imaging, and apparent
diffusion coefficient maps, 381
basic concepts and techniques of, 379-382
for posttreatment assessment, 395-397
in pediatric patients, 493-499
of brain tumors, 379-401
physical basis of diffusion and, 379
process of, 380-381
rising interest in diffusion and, 379-380
to assess effectiveness of therapy, 395-397
to assess extent of residual epidermoid tumor,
395, 396-397
to diagnose posttreatment complications, 397
to predict patterns of tumor spread, 397

Dobutamine, MR imaging using, 73-77
stress echocardiography using, 75

Drugs, delivery of, and cell therapies, MR
image-guided, to central nervous system, 443

Dynamic contrast-enhanced MR imaging,
449452
clinical utility of, 450451

in cancers of head and neck, 451, 452-453,
454-455
limitations of, 452

of cervical lymph nodes, in squamous cell
carcinoma, 451

technical background of, 450

Dysplasia, of hip, osteoarthritis and, 257-258

E
Echo planar imaging, 69

Echocardiography, in constrictive pericarditis,
158
in pericardial disease, 149-150
stress, using dobutamine, 75

Elbow, capsule anatomy and pathology of,

241-242

common extensor tendon, and lateral muscles,
248

dislocation of, posterolateral rotary instability
and, 245-247

epicondylitis and overuse syndromes of,
248-250

flexor tendon of, and medial muscles, 248

fracture dislocations of, 246-247, 248

imaging of, normal variants and pitfalls of,
196-197

instability at, 243-244

lateral muscles of, common extensor tendon
and, 248

ligamentous anatomy and pathology of,
242-247

medial muscles of, flexor tendon and, 248

osseous anatomy and pathology of, 239-241

osteochondral lesions of, 240-241

posterolateral rotary instability of, and
dislocation, 245-247

pseudodefect of capitellum and, 196, 197

sports injuries of, 239-253

subluxation or dislocation of, 246-247, 248

tendons of, anatomy and pathology of,
247-252

valgus stress at, 240, 242

varus stress at, 245, 246

Electrocardiogram, lead placement for, cardiac
gating as, 2

Empyema, subdural, and frontal sinusitis,
diffusion tensor MR imaging in,
497498, 503

Encephalomyelitis, acute disseminated, diffusion
tensor MR imaging in, 497, 500
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Endocarditis, and valvular morphology, MR
imaging of, 130-131

Epicondylitis, and overuse syndromes of elbow,
248-250

Epidermoid tumor(s), diffusion-weighted MR
imaging of, 392-394
residual, diffusion-weighted MR imaging to
assess, 395, 396-397
versus arachnoid cysts, diffusion-weighted MR
imaging of, 383, 384

Epilepsy, neurosurgery in, MR imaging guidance
in, 443

Exercise, for enhancement of MR imaging, 343

Extraaxial masses, characterization of,
diffusion-weighted MR imaging in, 383-385

Extracranial circulation, MR angiography of,
585-597

F

Femoral neck, stress fractures of, 336-337

Femoroacetabular impingement, in osteoarthritis
of hip, 263

Ferumoxides, for imaging of head and neck, 455

Ferumoxtran-10, for imaging of head and neck,
453-455

Fibrocartilage, asymtomatic triangular, 197-198
Fibroelastoma, papillary, 177

Fibromas, cardiac, 177, 178

Fibrosarcoma, cardiac, 180-181

Fistula, dural arteriovenous, MR angiography of,
569-573, 574

Fluid-attenuated inversion recovery (FLAIR),
basic principles of, 480
clinical applications of, 482-487
disadvantage of, 481
in cerebral embolic infarcts, 482, 483
in focal cortical dysplasia, 483, 484
in glioblastoma multiforme, 486
in head trauma, 484
in inflammation of maxillary sinus, 487
in multiple sclerosis, 482, 483
in orbital pseudotumor, 485-486
in subarachnoid hemorrhage, 485, 486
magnetization transfer, and HASTE, 471492

Foot, and ankle, bony injury of, 295, 296
force on, during athletic activities, 295

sports injuries of, imaging of, 295-310
sports protocols, for direct MR
arthrography, 296
injuries of, associated with snowboarding, 315
in alpine skiing, 313, 314
normal fluid collections in, 201

Foramen sublabrum, 224
Forefoot, asymptomatic findings in, 203

Fourier transformation, proton MR spectroscopy
after, 415, 417

Frame-based and frameless navigational systems,
disadvantage of, 431

Free induction decay signal, 415, 416

Functional magnetic resonance imaging,

631-633

auditory stimulation paradigms, 532, 533

clinical application of, 529

clinical preoperative, 530

cognitive paradigms and, 536-538

cortical motor control for, 530-531

image-guided, in neurosurgery, 441-443

in basal ganglia, 530, 531

in brain tumors, 439

in children, 515-517

in frontal cavernous angioma, 534

in parietal low grade glioma, 530, 531

interpretation of, 538-540

language paradigms and, 533-536

memory function and, 537-538

paradigms for clinical preoperative mapping,
529-542

routine session of, 530

tactile stimulation paradigms, 531-532

visual stimulation paradigm, 533, 534

whole-brain volumetric, capability of,
529-530

G
Gadolinium, signal intensity and, 417

Gadolinium contrast-enhanced cardiovascular
magnetic resonance imaging, of myocardial
perfusion, 55-61

Gadolinium enhancement, of magnetic resonance
imaging, 342-343

Gadopentetate dimeglumine, in perfusion MR
imaging, 404, 405, 406

Ganglion cyst, of anterior cruciate ligament, 290,
292
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Gastrocnemius muscle, residual hematoma in,
347, 350
strain injury of, 352-353

Geniculate body, lateral, 654
Geniculate complex, medial, 652—653

Glenohumeral instability, atraumatic, 228
classification of, 227
traumatic, 227-228

Glenohumeral joint, microinstability of, 228
posterosuperior instability of, 234-235

Glenohumeral ligament(s), 222
humeral avulsion of, 227, 229
inferior, 224
middle, 223-224
superior, 223

Glial tumor, malignant, perfusion weighted MR
imaging in, 509, 513

Glioblastoma(s), blood volume in, 407, 408

Glioblastoma multiforme, diffusion-weighted MR
imaging of, 397, 398
FLAIR in, 486

Glioma(s), differentiation of, diffusion-weighted

MR imaging of, 387-390

high-grade, debulking of, intraoperative MR
imaging in, 439

low-grade, intraoperative MR imaging in,
438

parietal low grade, functional MR imaging in,
530, 531

perfusion MR imaging, 407-409

pontine, MR spectroscopy of, 421

representative myo-inositol spectra for,
419-420, 421

surgical resection of, intraoperative MR
imaging in, 437

treatment planning in, 423, 424

Glutamate, in evaluation of brain tumors,
421

Glutamine, in evaluation of brain tumors, 421

Gradient echo imaging, in magnetic resonance
imaging, 342

Gradient recalled echo sequences, 3

Groin pain, acute, in athletes, 271-272

H
Haglund’s deformity, 297, 298

Half-Fourier acquisition single-shot turbo spin
echo (HASTE), for brain imaging, 478
for fetal neuroimaging, 479, 481
magnetization transfer, and FLAIR imaging,

471-492

of cervical spine, 479, 480
of temporal cerebral hematoma, 478-479
technique of, 477-478

Hamstring muscles, strain injury of, 349-352

Hand, imaging of, normal variants and pitfalls of,
197-198

Head and neck, cancers of, dynamic
contrast-enhanced MR imaging in, 451,
452-453, 454-455
MR angiography of, for arterial dissection,

593-594
MR imaging techniques for, newer, 449-469
tumors of, monitoring of, and recurrence
detection, proton MR spectroscopy for,
461

Head trauma, FLAIR in, 484

Headache, mapping of parotid gland in, spinal
cord values for, 462, 463

Heart, function of, assessment of, with MR
imaging, 67-80
metastatic disease of. See also Pericardium, and
heart, metastatic disease of.
and cardiac tumors, 14
MR sequences in, 1415
size and function of, acquisition techniques for
quantifying, 67
gradient echo of, 67
spin echo imaging of, 67
tissue tagging to assess, 67—68
tumors of, and metastatic disease, 14
MR sequences in, 14-15
univentricular, MR imaging of, 45-46, 47

Heart disease, congenital, adult, cardiac MR
imaging in, 7-8
general MR imaging in, 8
MR imaging of, 27-48

Hematoma, and pseudotumor appearance,
347-348, 349, 350
intramural, in atherosclerotic ulcer, 144
of calf, imaging of, 342
residual, in gastrocnemius muscle, 347, 350
temporal cerebral, HASTE image of,
478, 479

Hemorrhage, subarachnoid, FLAIR in, 485, 486
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High resolution blood oxygen level dependent
venography, 633-636

Hip, arthroscopy of, indications for, and
contraindications to, 255-256
technique of, and complications of, 256
bursae of, and bursitis of, 267-270
disorders of, sports-related, MR imaging of,
255-281
dysplasia of, osteoarthritis and, 257-258
extra-articular derangement of, protocol for,
257
extrinsic ligaments of, anatomy and function
of, 261
MR imaging of, 261
instability of, clinical manifestations of, 261
internal derangement of, imaging protocol for,
256-257
joint effusion of, 261-262
ligaments of, and ligament injuries,
260-261
MR imaging of, 198
technical considerations for, 256-257
musculotendinous injuries of, 270-273
osseous injuries of, 265-267
osteoarthritis of. See Osteoarthritis, of
hip.
osteochondral injury of, 262
septic arthritis of, 264
stress fracture of, 265-266

Hippocampus, MR microscopy of,
644-646, 647

Histiocytoma, malignant fibrous, 179-180

Hydrogen protons, in MR spectroscopy,
415, 416

I

Ice hockey, injuries associated with, 319

Iliopsoas bursa, and bursitis, 268

[liotibial band friction syndrome, joint effusion in
knee versus, 201, 202

Interosseous ligament, lesions of, 197-198
Intersesamoid ligament, rupture of, 306, 307
Intracardiac shunts, MR imaging of, 36

Intracoronary stents, coronary MR angiography
in, 93-94

Intracranial circulation, contrast-enhanced MR
angiography of, 599-613

Intracranial neoplasm(s), MR imaging in, 407

perfusion MR imaging in, 406407
tumor angiogenesis in, 406
Intradural vessels, abnormal, MR angiography

of, 568, 569
normal, MR angiography of, 567-568
Intramedullary arteriovenous malformation, MR
angiography of, 573-575
Ischemic stroke, contrast-enhanced MR
angiography in, 605-606

Isocortex, heterotypical sensory, MR microscopy
of, 644

human cerebral, MR microscopy of, 641-642,
643

J

Joints, injuries of, related to sports, MR imaging
in. See specific joints.

Jumper’s knee, high signal in patellar tendon
versus, 201

Juxta-allocortex, MR microscopy of, 646, 648

K

Kawasaki disease, assessment of, coronary MR
angiography in, 89

Kearns-Sayre syndrome, diffusion tensor MR
imaging in, 497, 501

Knee, chondrocalcinosis of, versus meniscal tear

of, 199, 200

joint effusion in, versus iliotibial band friction
syndrome, 201, 202

meniscal tear of, versus chondrocalcinosis of,
199, 200

MR imaging of, normal variants and pitfalls
in, 199-201

transverse ligament of, 199, 200

L
Labrum, acetabular, variability of, 198, 199
anatomic variations in, 260
anatomy and function of, 257
glenoid, 222-223
MR imaging of, 260
posterior tear of, 227-228, 230
superior, lesions of, 231-234
rotator cuff tears in, 231
tear(s) of, classification of, 258-259
clinical features of, 257
diagnostic criteria for, 258
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secondary findings in, 259-260
treatment of, and prognosis in, 260

Lactate, in evaluation of brain tumors,
419, 421

Leiomyosarcoma, cardiac, 180

Ligamentum teres, anatomy and function of, 260
arthroscopy of, 261
derangements of, 260
MR imaging of, 261

Lipids, in evaluation of brain tumors, 419, 421

Lisfranc ligament, anatomy of, 304
injury of, 304-305

Luge, injuries associated with, 316-317

Lymph nodes, metastatic, ultrasmall
superparamagnetic iron oxide contrast agent
for evaluation of, 457458

Lymphoma(s), MR spectroscopy of, 422, 423
non-Hodgkin’s, MR imaging in, 554, 556
of central nervous system, diffusion-weighted
MR imaging of, 390, 391, 392
primary cerebral, 409410
prefusion MR imaging in, 410

M

Macroadenoma, of pituitary gland,
transsphenoidal resection of, MR imaging for,
439-440

Magnetic resonance angiography,
contrast-enhanced, applications of, 599-600
as invasive class of MR angiography,

601-602
clinical applications of, 605-610
dynamic, 603-604
in aneurysms, 607-608
in ischemic stroke, 605-606
in moyamoya disease, 610
in vascular malformations, 608-610
of intracranial circulation, 599-613
post-contrast, 602—-603
time-resolved approaches to, 604-605
when to use, 600-601
coronary. See Coronary magnetic resonance
angiography.
3D contrast-enhanced, 559
postprocessing, 564-567
fast 3D contrast-enhanced, 563-564
for evaluation of carotid arteries, 585-589
for evaluation of extracranial carotid arteries,
585-589

history of, 599

non-contrast-enhanced, advantages of,
600-601
disadvantages of, 601

of carotid artery atherosclerotic disease,
585

of extracranial circulation, 585-597

of neck, for arterial dissection, 593-594

of spine, 559-584

spinal intradural vessels on, 567-581

standard 3D contrast-enhanced, 559-563

techniques of, 599

using 3T scanner, 618-620

Magnetic resonance arthrography, direct, foot
and ankle sports protocols for, 296
of rotator cuff tears, 212

Magnetic resonance imaging, assessment of

cardiac function with, 67-80

cardiac. See Cardiac magnetic resonance
imaging.

cardiovascular, of myocardial perfusion. See
Myocardial perfusion, cardiovascular MR
imaging of.

contrast-enhanced, 8-9

conventional and perfusion, prediction of
brain hemodynamics with, 592-593

diffusion tensor, 622-624. See Diffusion tensor
MR imaging.

diffusion-weighted. See Diffusion-weighted MR
imaging.

dynamic contrast-enhanced, 449452

exercise enhancement of, 343

for noninvasive of atherothrombotic plaques,
101-113

for transsphenoidal tumor resections, 439-440

functional. See Functional magnetic resonance
imaging.

gadolinium enhancement of, 342-343

general, in congenital heart disease, 8

gradiant echo imaging in, 342

high field, and phased array surface coils,
517-518

intraoperative, 431-447
applications of, 437-443
biplanar magnet design, 434-435
cylindrical superconducting systems for,

433-434

devices for, 432437
double-donut configuration, 433, 434
for brain tumor resection, 437-439

new developments in, 435

new techniques in, application in pediatric
patients, 493-522
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Magnetic (continued)
of arrhythmogenic right ventricular dysplasia,
10-12, 13, 163-171
of cardiac and pericardial malignancy, 173-186
of congenital heart disease, 27-48
of head and neck, newer techniques for,
449-469
of instability injuries of shoulder, 221-238
of joint, artifacts in, 193-194
magic angle phenomenon in, 194
truncation artifacts in, 193-194
variants in, related to sports injury, 193-205
of meniscal and cruciate ligament injuries,
283-293
of myocardial perfusion and viability, 49-66
of peripheral nerves, 550-557
and MR myelography of spine, 543-558
of sports injuries to rotator cuff, 207-219
of sports-related hip disorders, 255-281
of stress fractures, 326-331
of thoracic aorta, 135-148
percutaneous interventional, 436
perfusion. See Perfusion magnetic resonance
imaging.
perfusion weighted. See Perfusion weighted
MR imaging.
phase contrast, 68
practical techniques for, 341-343
real-time, 69
report, used in clinical cardiac MR
program, 25
routine protocol for, 341-342
sequences in, in cardiac tumors and metastatic
disease, 1415
in restrictive cardiomyopathy, 13-14
spinal intradural vessels on, 567-581
supplemental scans, 342-343
supplemental technical developments in,
435-437
3T, applications of, 618
improving spatial resolution, 617-618
of healthy neonates, 620-622
practical considerations for, 615-639
shortening data acquisition times and,
616-617
signal-to-noise ratio and, 615, 616-626
specific absorption rate and, 636-638
susceptibility and, basic physics of, 626—627
correction of effects of, 630631
effects on MR images, 627-629
geometric distortion and, 628629
phase dispersion and, 627-628
to classify osseous stress injury, 327

to guide biopsy in neurosurgery, 440441
using dobutamine, 73-77

Magnetic resonance imaging program, clinical
cardiac, billers in, 22

cardiac MR imaging report used in, 25
current trends in, 24-26
financial issues and ‘“‘turf battles” in, 24-26
hospital-based versus private practice, 24
nurses in, 22
personnel for, 19-22
physicians in, 19-21

credentialing criteria for, 19, 20
reimbursement (in US) of, 22

codes for, 23
schedulers in, 22
setting up of, 19-26
space and equipment for, 23-24
technologists in, 21

core competencies for, 21

Magnetic resonance imaging proton spectroscopy,
458-461

Magnetic resonance microscopy, of cerebral
cortex, 642
of normal human brain, 641-657

Magnetic resonance myelography, of spine,
543-550, 551, 552
and MR peripheral nerve imaging, 543-558

Magnetic resonance plaque imaging,
multicontrast, 101-102, 105-107

Magnetic resonance spectroscopy. See
Spectroscopy, MR.

Magnetization transfer, HASTE, and FLAIR

imaging, 471-492

qualitative applications of, 473-475

quantitative applications of, 475-477
Magnetoencephalography, to assess brain, 529
Malleolus, medial, stress fractures of, 333
Maxillary sinus, inflammation of, FLAIR in, 487
MCA dissection(s), diffusion-weighted MR

imaging in, 494, 495

perfusion weighted MR imaging in, 508
Medulloblastoma, diffusion tensor MR imaging

in, 497-498, 502

diffusion-weighted MR imaging of, 391
Meningioma(s), diffusion-weighted MR imaging

in, 384-385

dynamic perfusion MR imaging of, 406, 410

MR spectroscopy of, 422
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Meniscocapsular separation, 200
Meniscofemoral ligaments, 199, 200

Meniscus, injuries of, and cruciate ligament
injuries, MR imaging of, 283-293
ossifications of, 200-201
postoperative, 200
tear(s) of, 284-291

asymptomatic, 199
mimics of, 199

Metastases, diffusion-weighted MR imaging of,
390-391

Metastatic tumors, perfusion MR imaging of, 409
Metatarsal stress fracture, 306, 308
Metathalamus, MR microscopy of, 652-654, 655

Microscopy, MR, of cerebral cortex, 642
of normal human brain, 641-657

Mitral regurgitation, causes of, 120
measurements of, imaging modalities in,
120-123

Mitral stenosis, causes of, 129
cine gradient echo imaging in, 129, 130

Molecular imaging, and MR imaging, in
atherothrombotic plaques, 107-109

Motor seizures, focal right, high field imaging
with phased array surface coils showing, 517,
518

Moyamoya disease, contrast-enhanced MR
angiography in, 610
perfusion weighted MR imaging in, 508, 512

Multicontrast MR imaging, 101-102, 105-107
Multiple sclerosis, FLAIR in, 482, 483

Multivalvular regurgitation, definition of, 126
imaging in, 125-126

Muscle(s), and tendons, of elbow, 248
denervation of, 362-363
herniation of, 356-358
imaging in, 358
location of, 357
symptoms and signs of, 357-358
treatment of, 358
injuries of, sports-related, apophyseal avulsion,
343, 344
delayed-onset muscle soreness in, 353
differential diagnosis of, 362, 363
first-degree strain, 344-345, 346
hematoma and pseudotumor

appearance, 347348, 349, 350
injuries of, 341-371
muscle contusion in, 353-354
myositis ossificans, 354-355
myotendinous strain injury, 344-345,
346
radiography and computed tomography
in, 355-356
second-degree strain, 345-347
specific, 348353
third-degree strain, 347, 348
lacerations of, 356, 357

Musculotendinous injuries, of hip, 270-273

Myelography, MR, of spine, 543-550, 551, 552
of spine and MR peripheral nerve imaging,
543-558

Myelopathy, MR imaging in, 545, 551

Myo-Inositol, in evaluation of brain tumors, 417,
419

Myocardial perfusion, and viability, MR imaging

of, 16-17, 49-66

cardiovascular MR imaging of, 49
analysis of studies, 51-52
clinical implications of, 52
contrast media for, 50
for assessment of myocardial viability,

52-62

gadolinium contrast-enhanced, 55-61
pharmacologic vasodilation for, 51
technical requirements for, 4950

Myocardium, ischemia of, detection of, 7375
dobutamine MR imaging in, 73-75
viability of, and myocardial perfusion,
MR imaging of, 49-66
definitions of, 54
detection of, dobutamine MR imaging in,
76-77

Myositis ossificans, 354-356
bone scintigraphy in, 356
MR imaging in, 356, 357
treatment of, 356

Myotendinous strain injury, 344-345, 346
Myxoma, cardiac, 14, 175-177

N

Nasopharynx, squamous cell carcinoma of,
proton MR spectroscopy in, 458, 459

Navicular stress fracture(s), 306, 308, 335
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Neck. See Head and neck.
Neocortex, lamination of, MR microscopy of, 642
Neonates, healthy, 3T MR imaging of, 620-622

Neoplasms, benign and malignant, differentiation
of, proton MR spectroscopy for, 460461
cardiac, benign, evaluation of, 175-178

evaluation of, 175
intracranial. See Intracranial neoplasm(s).
of brain. See Brain tumor(s).

Nerve(s). See also specific nerves.
compression of, MR imaging in, 554-557
peripheral, injuries of, two groups of, 554
MR imaging of, 550-557
and MR myelography of spine, 543-558
sciatic, MR imaging of, 552, 553
tibial, neurofibroma of, MR imaging in, 554,
556

Neurofibroma, of brachial plexus, MR imaging
in, 554, 555
of tibial nerve, MR imaging in, 554, 556
Neurosurgery, in epilepsy, MR imaging guidance
in, 443
MR image-guided, history of, 431
MR image-guided biopsy in, 440441
MR image-guided functional imaging in,
441-443
NF1, perfusion weighted MR imaging in, 508, 512

Non-Hodgkin’s lymphoma, MR imaging in, 554,
556

0]

Obsessive-compulsive disorder, psychosurgery in,
442

Oligoastrocytoma, MR spectroscopy of, 421-422
Oligoendroglioma, MR spectroscopy of, 421422
Orbital pseudotumor, FLAIR in, 485486
Osteitis pubis, 273

Osteoarthritis, of hip, clinical features of, 262-263
differential diagnosis of, 264
dysplasia and, 257-258
femoroacetabular impingement in, 263
MR imaging of, 263-264
treatment of, 264

Overuse syndromes, of elbow, epicondylitis and,
248-250

P
Papillary fibroelastoma, 177

Parotid gland, mapping of, in diffuse systemic
connective tissue disorders, 461-463

Patellar tendon, high signal in, versus jumper’s
knee, 201

Patent ductus arteriosus, 145, 146
MR imaging in, 10, 11, 32-33, 39
vascular shunts in, 145, 146

Pectoralis major muscle, strain injury of, 348-349,
351

Pediatric patient(s), application of new MR
techniques in, 493-522
diffusion tensor MR imaging in, 499-503
diffusion-weighted MR imaging in, 493-499
functional MR imaging in, 515-517
perfusion weighted MR imaging in, 503-515

Perfusion magnetic resonance imaging, basic
principles and clinical applications of,
403-413
clinical applications of, 406411
contrast agents for, 404
dynamic contrast-enhanced, advantages of,

403
applications of, 403
image processing in, 405
in gliomas, 407409
in intracranial neoplasms, 406407
in meningiomas, 406, 410
in metastatic tumors, 409
in primary cerebral lymphomas, 409—410
in tumefactive demyelinating lesions, 410, 411
in tumor-mimicking lesions, 410411
sequence consideration and imaging protocol
in, 404-405
susceptibility contrast and radiotracer kinetic
theory of, 403—404
technical considerations in, 403-406
technical pitfalls and limitations of, 405-406

Perfusion weighted MR imaging, 503-515
arterial spin labeling and, 511-515
blood brain barrier permeability and, 508-511
cerebral hemodynamics and, 503-508
intravenous paramagnetic contrast techniques
in, 503-511

Periallocortex, MR microscopy of, 646, 648
Pericardial cyst(s), 158, 159, 181
Pericardial effusion(s), 153-154, 155, 156, 184
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Pericarditis, constrictive, clinical presentation of,
155-156, 157
echocardiography in, 158
imaging in, 156, 159
versus restrictive cardiomyopathy, 12-13
MR imaging findings in, 154, 156

Pericardium, adhesions of, imaging in, 158
anatomy of, 149, 150
and heart, metastatic disease of, 181
direct invasion of, 183
hematogenous spread of, 182, 183
MR imaging in, 181-182
retrograde lymphatic extension of, 182
transvenous extension of, 182-183
congenital absence of, 159-161
disease of, computed tomography in, 150-151
echocardiography in, 149-150
imaging of, 149-162
MR imaging technique in, 151-153
hematoma of, imaging in, 154, 155
malignancies of, 159, 160, 161
normal, 150, 153
thickened, imaging of, 156

Peripheral nerve(s), injuries of, two groups of, 554
MR imaging of, 550-557
and MR myelography of spine,
543-558

Peroneus brevis splits syndrome, 300, 303
Phase contrast magnetic resonance imaging, 68

Phased array surface coils, high field MR imaging
and, 517-518

Pigmented villonodular synovitis, 265

Pituitary gland, macroadenoma of,
transsphenoidal resection of, MR imaging for,
439-440

Plantar fasciitis, 300-301, 303

Plantar nerve, impingement of,
301-302, 303

Plantaris tendon, rupture of, with muscle strain,
352, 353

Plaque, characterization of, using contrast agents,
105-106

Positron emission tomography, to assess brain,
529

Posterior cruciate ligament, injuries of, 291, 292,
293

Posterosuperior impingement syndrome, 234

Prosthetic valves, cine gradient echo imaging in,
132

Proton, path length of, 379, 380

Proton magnetic resonance spectroscopy. See
Spectroscopy, proton MR.

Pseudo dorsal intercalated segment instability,
197, 198

Pseudotumors, cardiac, evaluation of, 174175,
176

Psychosurgery, in obsessive-compulsive disorder,
442

Pulmonary regurgitation, causes of, 124
MR imaging modalities in, 124—-125

Pulmonary stenosis, cine gradient echo imaging
in, 129-130, 131
congenital, MR imaging of, 34-36, 40

Pulmonary veins, anomalous, MR imaging of,
10, 11

R
Radial collateral ligament complex, 244-245, 247

Radiation necrosis, delayed, perfusion MR
imaging in, 408-409

Radiculopathy, bilateral, MR imaging in, 545,
549-550

Radiography, in sports-related muscle injuries,
355-356
in stress fractures, 324-326

Radionuclide imaging, of tibial stress fracture,
337-338

Rapid gradient-echo pulse sequences, 436
Real-time magnetic resonance imaging, 69

Respiratory arrest, perfusion weighted MR
imaging in, 507-508, 510-511

Restrictive cardiomyopathy, constrictive
pericarditis versus, 12-13
MR imaging sequences in, 13-14

Rhabdoid tumor, atypical teratoid, diffusion
tensor MR imaging in, 497498, 502

Rhabdomyomas, 177
Rhabdomyosarcoma, 180

Rotator cuff, contusion of, 214
injuries of, MR imaging of, 213-218
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Rotator (continued)

instability of, secondary impingement and,
208-209

macrotrauma of, from contact sports, 209, 211

normal interval, 225

normal MR imaging appearance of, 211,
212-213

posterior impingement of, 209

primary impingement of, 207-208

secondary impingement of, and instability,
208-209

sports injuries to, categories of, 207
MR imaging of, 207-219

strain of, 214

tear(s) of, 214
conventional MR imaging technique in,

210, 211-212

in older athlete, 211
in SLAP lesion, 231
MR arthrography of, 212
posterosuperior impingement, 215-218
rim-rent, 213, 214-215
standard, 214

tensile overload of, 211

S
Scanner, 3T, MR angiography using, 618-620

Sciatic nerve, MR imaging of, 552, 553
Sensitivity encoding scheme, 69

Septic arthritis, of hip, 264

Shin splints, 328-329

Shoulder, acute traumatic instability of, 234
Buford complex versus labral tear of, 195
injuries of, in alpine skiing, 313-314
instability injuries of, MR imaging of, 221-238
labral variability in, MR imaging of, 194
MR imaging of, in normal anatomy and

biomechanics, 222-227
pathophysiology and, 227
strategies for, 221-222
muscles around, 225
os acromiale versus acromial fracture, 195-196
pain in, causes of, 207
postoperative, imaging of, 196
primary disease of, 230-231
sublabral hole versus labral tear of, 194-195
sublabral recess versus superior labrum
anteroposterior lesion, 195, 196

Sickle cell disease, diffusion-weighted MR
imaging in, 494-495, 496

perfusion weighted MR imaging in, 507, 509

Signal-to-noise ratio, 3T MR imaging and, 615,
616-626

Sinerem, for imaging of head and neck, 455
Sinus tarsi syndrome, posttraumatic, 303, 304

Sinusitis, frontal, and subdural empyema,
diffusion tensor MR imaging in, 497498, 503

Skiing, alpine (downhill), events grouped as,
311-312
knee injuries associated with, 312-313
mechanisms of injury in, 312
risk of injury from, 312
nordic (cross-country), risk of injury in, 314

Snapping hip syndrome, 270-271
MR imaging in, 271

Snowboarding, foot injuries associated with, 315
risk of injury in, 314-315
spinal injuries associated with, 315-316
upper extremity injuries in, 315, 317

Spectroscopy, MR, chemical shift imaging, for
treatment monitoring, 425, 427
for treatment monitoring, 424425, 426
of brain tumors, 415-429
two-dimensional, to improved specificity,
426428
MR preoperative, in brain tumors, 439
proton MR, 458-461
after Fourier transformation, 415, 417
clinical utility of, 460461
for differentiation of benign from malignant
neoplasms, 460—461
for tumor monitoring and recurrence
detection, 461
technical background of, 458-460
technical challenges in, 460

Speedskating, injuries associated with, 318,
319-320

Spinal vascular imaging, noninvasive, new
developments in, 559

Spine, intradural vessels of, MR angiography of,
567-581
MR imaging of, 567-581
MR angiography of, 559-584
MR myelography of, 543-550, 551, 552
and MR peripheral nerve imaging,
543-558

Sports injuries, hip disorders related to,
MR imaging of, 255-281
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in winter sports, 2002 Winter Olympics
experience, 311-321

of elbow, 239-253

of foot and ankle, imaging of, 295-310

of muscle, imaging of, 341-371

related to joint, MR imaging of, variants in,
193-205

to rotator cuff, MR imaging of, 207-219

Squamous cell carcinoma, nasopharyngeal,
proton MR spectroscopy in, 458, 459
of head and neck, dynamic contrast-enhanced
MR imaging in, 451, 452-453, 455-456

Status epilepticus, diffusion-weighted MR
imaging in, 496, 499

Stents, intracoronary, coronary MR angiography
in, 93-94

Stress echocardiography, using dobutamine, 75

Stress fracture(s), bone scintigraphy in, 332-334
clinical features of, 324
computed tomography in, 330, 331, 334
in athlete, imaging of, 323-339
mechanism of injury in, 323-324
MR imaging of, 326-331
navicular, 306, 308, 335
of femoral neck, 336-337
of hip, 265-266
of medial malleolus, 333
pathogenesis of, 323-324
radiography in, 324-326
sites of, 335-338
tibial, 328, 329, 330, 331, 337-338
ulnar, 332

Stress injury, osseous, MR imaging classification
of, 327

Stroke, ischemic, contrast-enhanced MR
angiography in, 605-606
neonatal, diffusion tensor MR imaging in, 501,
504
perfusion weighted MR imaging in, 507

Stroke-like episodes, diffusion-weighted MR
imaging in, 495, 498

Sublabral recess, 224
Subthalamus, MR microscopy of, 652, 655

Synovial (osteo)chondromatosis, idiopathic,
264-265

Synovial plicae, 197

Synovitis, pigmented villonodular, 265

Syringomyelia, MR myelography in, 548, 552

Systemic lupus erythematosus, mapping of
parotid gland in, 462, 463

T
Tachycardia, ventricular outflow tract, evaluation
of, MR imaging of, 166-167
technique of, 167-170

Talar dome, osteochondral defect of, 308, 309
pseudodefect of, 203

Tarsal tunnel syndrome, 302-303
Tendonitis, Achilles, 296-297
Tendonosis, 214

Tendons, of elbow, anatomy and pathology of,
247-252

Tennis leg, 352

Tetralogy of Fallot, MR imaging of, 9—10, 38—44,
45, 46

Thalamus, MR microscopy of, 649-651, 653, 654

Thoracic aorta, abnormalities of, 138, 139, 140-146
aneurysms of, 141, 144
MR imaging of, 135-148
black blood techniques in, 136
contrast-enhanced angiography in,
136-137
conventional CE-MRA in, 137
phased contrast MRA in, 137
sensitivity encoding in, 137-138
simultaneous acquisition of spatial
harmonics in, 137-138
T1-weighted gradient echo fat-saturated
imaging in, 136
techniques of, 135-139
temporally resolved subsecond CE-MRA
in, 136-137
time-resolved imaging of contrast kinetics
in, 138
TrueFISP technique in, 135-136
pseudocoarctation of, 144-146
stenosis of, 142, 143, 144

Thrombus, characterization of, using contrast
agents, 106107

Tibia, stress fractures of, 328, 329, 330, 331
longitudinal, 337-339

Tibial nerve, neurofibroma of, MR imaging in,
554, 556

Tibiofibular syndesmotic injury, 300, 302
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Tissue segmentation, using 3T MR imaging,
624-626

Tractography, white matter, diffusion-weighted
MR imaging and, 394, 395

Transitional cortex, MR microscopy of, 646, 648

Transsphenoidal tumors, resection of, MR
imaging for, 439-440

Transverse acetabular ligament, 261

Trauma X, diffusion-weighted MR imaging in,
495, 497

Triceps tendon, rupture of, 251-252
Tricuspid atresia, MR imaging of, 45, 46

Tricuspid regurgitation, evaluation of, imaging
modalities in, 123-124

Trochanteric bursae, and lateral hip pain, 268-270
Trochlear groove, variations of, 197

True fast imaging with steady-state precession,
68-69
sequences in, 3, 15-16

Tumefactive demyelinating lesions, perfusion MR
imaging in, 410, 411

Turf toe injury, 305, 306

U
Ulcer, atherosclerotic, 140, 144

Ulna, stress fractures of, 332

Ulnar collateral ligament, tears of, in alpine
skiing, 314

Ulnar collateral ligament complex, 242

Ultrasmall superparamagnetic iron oxide contrast
agent, 449, 452458
for evaluation of metastatic lymph nodes,
457-458
for evaluation of primary tumors, 455-456

A\
Valve disease, assessment of, cine MR imaging in,
116
flow-sensitive imaging technique for, 116
imaging techniques for, 115-116
qualitative and quantitative, 115-134
spin echo and fast echo techniques for,
115-116
MR imaging in, 15, 16

Valvular regurgitation, cine gradient echo imaging
in, 117-118

Vascular malformations, contrast-enhanced MR
angiography in, 608-610
MR angiography of, 568-569
posttreatment, MR angiography of, 575-576,
577-582

Vascular occlusive disease, MR angiography of,
577-579

Vascular tumors, MR angiography of,
577-579

Veins, pulmonary, anomalous, MR imaging of,
10, 11

Velocity-encoded magnetic resonance imaging,
115
quantification of transvalvular pressure
gradient by, 127-129

Venography, high resolution blood oxygen level
dependent, 633-636

Ventricles, left, function of, assessment of, 15-16
dynamic measures of, 73-77
strain of, 72-73
volume and ejection fraction of,
69-70, 71
wall motion abnormalities of, evaluation
of, 16
wall thickening of, 70-72
left and right, function at rest, measurement of,
69-73
morphology of, 29, 31
right, arrhythmogenic dysplasia of,
MR imaging of, 10-12, 13, 163-171
function of, 73

Ventricular dysplasia, arrhythmogenic right,
MR imaging of, 163-171
for evaluation, 163-166
in diagnosis, 163, 164, 165, 168
technique of, 167-170

Ventricular outflow tract tachycardia, evaluation
of, MR imaging of, 166-167
technique of, 167-170

Ventricular septal defect, MR imaging of, 10, 37,
43-44

Ventricular volumes, regurgitant fraction
calculations of, fast cine gradient echo in,
118

Volkmann’s ischemic contracture,
358-359
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\%% nordic (cross-country) skiing and, 314
White matter tractography, diffusion-weighted skeletal, 317
MR imaging and, 394, 395 snowboarding and, 311-314

speedskating and, 318, 319-320

Winter sports, injuries associated with, alpine study population for, 311

skiing and, 31 1-314 2002 Winter Olympics experience, 311-321
bobsledding and, 316
ice hockey and, 319 Wrist, imaging of, normal variants and pitfalls of,

luge and, 316-317 197-198
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