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Clinical MRI depends on a symbiosis between MR physics
and clinical requirements. The imaging solutions are based
on a balance between the “palette” of available image con-
trasts derived from nuclear spin physics and tissue bio-
physics, and clinical determinants such as the anticipated
pathology and efficient use of imaging time. Imaging is
therefore optimized to maximize diagnostic sensitivity and
specificity through the development of protocols organized
along the lines of major disease categories. In the other part
of this two-part review, the primary determinants of image
contrast, including T1, T2, and T2*, were highlighted. The
development of pulse sequences designed to optimize each
of these image contrasts was discussed and the impact of
technological innovation (parallel imaging and high-field
systems) on the manner in which these sequences could be
modified to improve clinical efficacy was further empha-
sized. The scope of that discussion was broadened to in-
clude the application of: 1) water diffusion imaging used
primarily for detection of pathologies that restrict the free
movement of water in the tissues and for defining fiber
tracts in the brain; 2) the intravenous administration of
exogenous contrast agents (gadolinium-diethylene tri-
amine pentaacetic acid [GdDTPA]) for assessment of blood-
brain-barrier (BBB) defects and brain blood flow; and 3) MR
spectroscopy (MRS) for assessment of brain metabolites.
The goal of this part is to discuss how these acquisitions
are combined into specific protocols that can effectively
detect and characterize, or in keeping with our artistic
analogy, “paint” each of the major diseases affecting the
central nervous system (CNS). This work concludes with a
discussion of image artifacts and pitfalls in image interpre-
tation, which, in spite our best efforts to minimize or elim-
inate them, continue to occur. Much of the ensuing discus-
sion is based on our own institutional experience.
Protocols, therefore, do not necessarily match those from
other institutions due to variability in clinical emphasis,
MR instruments, and available software. An attempt was
made to focus on basic clinical sequences that are available

on most modern MR systems, with protocols employing
generally accepted clinical imaging philosophies.
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THE TWO PRIMARY GOALS of clinical imaging are
lesion detection and characterization. This is no dif-
ferent than any other clinical test in which sensitivity
and specificity are of primary importance. The strat-
egy is to optimize both, making the test as accurate as
possible. In general, an easy way to improve accuracy
is to image over longer periods of time, enabling an
increase in signal-to-noise ratio (SNR) and spatial
resolution. Patients, however, tend to move, espe-
cially when asked to remain in the MR system for
extended periods of time (!30 minutes). Therefore,
protocols are designed to be completed in 30- to 45-
minute time slots that include a combination of ac-
tual scanning time, sequence setup time, patient po-
sitioning, and management time.

The next clinical issue of importance is visualization
of brain lesions in more than one imaging plane. Mul-
tiplanar imaging enables more accurate definition of
the relationship between lesions and normal adjacent
structures. Since isotropic imaging has not yet proven
time efficient, protocols should include pulse se-
quences that provide at least two orthogonal imaging
planes for review.

Finally, since most lesions in the central nervous
system (CNS) have increased water content and there-
fore demonstrate longer T1 and T2 relaxation times
compared to normal tissue, T1-weighted and T2-
weighted spin-echo pulse sequences are usually in-
cluded in all brain protocols. From this point, the
disease category dictates adjustments to these general-
izations and governs the need for additional sequences,
in which T2* contrast, diffusion, perfusion, blood-
brain-barrier (BBB) breakdown, and metabolite infor-
mation is essential.

The next section outlines protocols for the major cat-
egories of disease affecting the CNS, emphasizing the
rationale behind the different “paints” used to charac-
terize the abnormalities (Fig. 1). Please note that when
specific sequence parameters are listed, they refer to
1.5T imaging.
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SCREENING BRAIN PROTOCOL

The screening brain protocol is applied when patients
present with nonspecific symptoms and typically have
no localizing neurological signs, e.g., headache or dete-
riorating cognitive function. Basic multiplanar imaging
selecting T1 and T2 “paints” from the imaging palette
can effectively screen for the majority of brain lesions
and can be achieved with just three pulse sequences: 1)
sagittal T1 spin-echo; 2) axial T2 spin-echo; and 3) axial
fluid attenuated inversion recovery (FLAIR) sequences.
The FLAIR sequence, which nulls CSF (looks black),
replaces the previous proton density (PD) standard for
detecting long T2 lesions, especially those situated at
CSF–brain interfaces (difficult to see a T2 bright lesion
adjacent to bright CSF). FLAIR has also been deemed
superior to T2 and PD for detecting lesions with in-
creased T2 relaxation (1–3). We have chosen to add two
additional sequences, not only to this basic screening
protocol, but to all of our brain imaging protocols: T2*
and diffusion (note: these sequences are not always
mentioned separately in each of the protocols dis-
cussed). The T2* acquisition is a gradient echo se-
quence with TE " 30 msec, and an EPI diffusion se-
quence. The T2* sequence has a long TE, making it
sensitive to the presence of iron in the brain paren-
chyma; it is very useful for assessing old and new hem-
orrhages. The diffusion sequence is added primarily to
provide sensitivity to acute/subacute ischemia and re-
quires only 35 seconds for full brain coverage. The time
costs are minimal for the valuable information gained.
Figure 2 shows each of the acquisitions in a 29-year-old
patient presenting with headache, nausea, and vomit-
ing, showing no abnormality on these sequences. The

last image, labeled T1-Gd, is a gadolinium (Gd)-en-
hanced T1 sequence added only if there is a clinical
indication, as described below.

SCREENING BRAIN WITH CONTRAST

If there is a clinical suspicion that the pathological
process affecting the brain can disrupt the integrity of
the BBB, then intravenous Gd is administered followed
by T1-weighted spin-echo imaging. Common disorders
associated with breakdown of the BBB resulting in ex-
travasation of Gd and shortening of T1 include inflam-
mation (multiple sclerosis), tumors, and infections. Fig-
ure 2 shows that all of the images are normal except for
the Gd-enhanced T1 image. Without it, the extensive
enhancement of the brain surface (leptomeninges)
would have been missed. A diagnosis of herpes simplex
meningitis was later established.

MULTIPLE SCLEROSIS (MS) PROTOCOL

MS is an autoimmune inflammatory condition directed
against the myelin sheath of CNS axons. These lesions
follow the principle of increased water content showing
prolonged T1 and T2 relaxation, with the vast majority
localizing as expected in the hemispheric white matter.
Acute/subacute lesions are associated with BBB
breakdown. Many lesions are seen in the periventricu-
lar white matter and can therefore be difficult to sepa-
rate from CSF. It is therefore useful to apply either PD
or CSF nulling sequences to distinguish these lesions
from CSF spaces. For lesion visibility and detection, it is
clear that FLAIR is superior to PD in the supratentorial
white matter, but the opposite is true for posterior fossa
lesions, where PD holds a significant advantage (note:
on PD images, gray matter, white matter, and CSF all
have relatively similar signal, whereas lesions such as
MS plaques have higher signal. Similarly, lesions seen
on FLAIR images are brighter than CSF and normal
brain) (4). The reason for this is not entirely clear, al-

Figure 2. Screening brain protocol. This protocol employs T1,
T2, T2*, and water diffusion parameters. Only the T1-Gd im-
age is abnormal showing excessive nonvascular high signal
caused by Gd leaking into the inflamed meninges (arrows) in a
patient with herpes simplex meningitis.

Figure 1. Image palette displaying the “paints” used for devel-
oping disease specific protocols.
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though it has been suggested that the relatively long
echo time used in FLAIR might be responsible for loss of
contrast in lesions where T2 is not greatly elevated (4).
The palette of contrasts required for this protocol are
therefore modest, necessitating only T1 and T2 acqui-
sitions. Figure 3 demonstrates the efficacy of the PD
acquisition over FLAIR for detection of a posterior fossa
MS plaque, as this lesion, which is difficult to separate
from CSF on T2 since it merges with the bright CSF in
the fourth ventricle, stands out on the PD image. The
role of Gd-enhanced imaging in the diagnosis and man-
agement of patients with MS remains controversial. But
a recent consensus statement advocates its use:—“En-
hanced MRI is recommended for suspected MS for pur-
poses of diagnosis and initial diagnostic evaluation.” (5).

TUMOR PROTOCOL

The goal of using MRI as a surrogate for tumor histo-
pathology, which originated with quantitative relax-
ation measurements, has never been realized. This has
not, however, dampened efforts to improve tumor char-
acterization (tumor type and tumor grade) through ap-
plication of the full range of available morphological
and functional tools. As always, the first step is to
acquire T1- and T2-weighted images to establish the
location and extent of the neoplasm. It is important to
ascertain whether the tumor is arising from the brain
substance itself (intraaxial), or from the meninges (ex-
traaxial) since primary brain tumors as a family tend to
be malignant. This can be difficult if only one imaging
plane is obtained. Current protocols typically include
multiplanar acquisitions to improve the accuracy of
this determination. Assessment of the BBB through Gd
administration is useful for grading primary tumors.
Contrast enhancement indicates the presence of BBB
leaks correlating with vascular proliferation and degree
of malignancy; however, this correlation is not reliable.
In a recent series of 21 glioblastomas, four showed no or
minimal enhancement (6). Since these conventional ap-
proaches have failed to provide the desired diagnostic
specificity, an array of functional/physiological ap-
proaches have been applied, using all of the remaining
“paints on the palette” including T2*, diffusion, and MR
spectroscopy (MRS). These can provide information on
perfusion, vascular permeability, hydrogen metabo-
lites, and neuronal fiber networks (Fig. 4). Each has
shown varying degrees of correlation with tumor grade.

Increases in cerebral blood volume (CBV) derived from
perfusion data, increases in vascular permeability de-
rived from dynamic bolus T1 measurements, decreases
in apparent diffusion coefficients (ADCs), and increases
in choline metabolites derived from MRS data have all
been correlated with increasing tumor grade (7–11). No
single method has shown accuracy, however, for deter-
mining tumor behavior or tumor type, e.g., discriminat-
ing astrocytoma from mixed oligoastrocytoma from oli-
godendroglioma. Building spatial multiparametric
correlations from these variables in an attempt to iden-
tify tumor “hot spots” predictive of aggressive behavior
prior to observable changes on conventional images is
the focus of current research (Fig. 5). If successful,
functional imaging could play a significant role in tu-
mor surveillance and therapeutic monitoring. From a
treatment planning perspective, the ability to identify
the relationship between tumor tissue and nearby elo-
quent gray matter (e.g., language and motor cortex) and
important white matter fiber tracts (corticospinal tract)
is made possible through functional MRI (fMRI) and
diffusion tensor tractography (DTI), which take advan-
tage of T2* and directional water diffusion properties of
the tissues (Fig. 6). These methods promise to improve
the safety and efficacy of tumor resection through mod-
ifications in surgical planning and approach but out-
comes research is currently lacking (12–14). The clini-
cal challenge is to create a protocol that can maximize
diagnostic sensitivity and specificity, provide prognos-
tic information, and assist in treatment planning in a
time-efficient manner. The major tradeoffs are time ef-
ficiency and image data postprocessing requirements.

Figure 4. Physiological tumor imaging. FLAIR image shows a
left occipital glioma containing focal areas of Gd enhancement
on the T1-Gd image, one of which is outlined in a red box from
which MRS data (shown below) were obtained. The choline
peak is sharply elevated, indicating membrane proliferation;
NAA, a marker of healthy neurons, is decreased; and lactic
acid is present, indicating metabolic stress frequently associ-
ated with high-grade gliomas. The permeability image provides
quantitative information concerning the rate of Gd leakage out
of the tumor vessels. In this case, there is a central zone of high
permeability (red) a feature that the conventional post-Gd T1
image does not show.

Figure 3. MS protocol. The PD sequence shows a plaque (ar-
row) in the dentate nucleus of a patient with multiple sclerosis,
which could easily have been missed on FLAIR and T2.
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Current state-of-the-art MRI systems are capable of
providing considerable anatomic and functional infor-
mation about brain tumors; however, scan times can be
lengthy even with parallel imaging–enabled systems.
The design of a tumor protocol should ultimately be
based on proof of impact on reducing morbidity and
mortality and increasing the cost effectiveness of care.
This type of information is currently limited (case re-
ports or small series) or completely lacking. For exam-
ple, can DTI be used to reduce the morbidity of surgery
by identifying the relationship between tumor tissue
and important white matter tracts? Each institution
must therefore decide on protocol design based on the
perceived importance of physiological information and
the available resources, including patient volumes,
scanner time, postprocessing expertise, etc. A state-of-
the-art protocol would build on the foundation of the
previously described screening brain protocol that in-
cludes post-Gd T1 images. The following functional/
physiological sequences could then be added: 2D MRS,
DTI, fMRI, permeability imaging, and dynamic-suscep-
tibility contrast-enhanced MRI (DSCE-MRI) for mea-
suring tumor blood volume. As more information con-
cerning the relative clinical value of each of the
physiological parameters becomes available, it may be
possible to eliminate certain acquisitions to optimize
efficiency.

EPILEPSY PROTOCOL

Epilepsy imaging, in addition to general screening of the
brain for lesions with a propensity to cause seizures
(primary brain tumors and vascular malformations),
requires detailed assessment of cortical structures for
neuronal migrational anomalies and low-grade cortical
neoplasms (e.g., dysembryoplastic neuroepithelial tu-
mor). Sequences focusing on the hippocampus and me-
sial temporal lobes must be applied in those patients
with a history of partial complex seizures (Fig. 7). Fast
3D T1-weighted gradient echo acquisitions provide high

spatial resolution with good gray/white discrimination
for assessment of gray matter. Coronal (perpendicular
to the axis of the hippocampus) short TI (to null lipid)
inversion-recovery (IR) sequences with long TE render
the hippocampus and mesial temporal lobes in excep-
tional detail, enabling the diagnosis of mesial temporal
sclerosis. Occasionally, conventional MRI in patients
with temporal lobe epilepsy is unrevealing. Additional
imaging techniques have been applied in this setting in
an attempt to isolate the abnormal hippocampus, in-
cluding volumetric imaging of the hippocampal forma-
tions, high-resolution imaging of hippocampal anatomy
at high field (3T), MRS, and DTI (Fig. 8). Reduction in
hippocampal volumes correlate with electroencephalo-
graph (EEG) findings but require edge detection algo-
rithms and are not in routine clinical use due to lengthy
times required for analysis (15). MRS can aid in identi-
fying the abnormal hippocampus if reductions in N-
acetyl aspartic acid (NAA), a marker of healthy neurons,
is present (16,17). fMRI techniques have been applied
to assess working memory as an adjunct to Wada test-
ing (selective intraarterial injection of an anesthetic) to
determine the functional status of the hippocampus
prior to temporal lobe resection for medically intracta-
ble epilepsy (Fig. 7).

CEREBROVASCULAR IMAGING PROTOCOL

The two most important methods for imaging blood
vessels depend either on T1 relaxation or flow-induced
changes in spin phase. The latter, called phase contrast
MR angiography (MRA), is not commonly used clinically
and will not be discussed further. Two methods using
T1 relaxation effects are available, i.e., non-contrast-
and contrast-enhanced methods. The non-contrast-en-
hanced method depends on the inflow of unsaturated
blood protons entering the imaging slice where the lon-
gitudinal magnetization of stationary protons is satu-
rated via short TR. This results in high signal contrast

Figure 6. Using diffusion effects to generate maps of white
matter tracts. Axial FLAIR image shows a low-grade glioma.
Tractography map generated from diffusion tensor source im-
ages shows expansion of the corticospinal tract running
through the tumor (arrows) compared to the normal compact
tract on the opposite side. This method may become useful as
a preoperative tool to determine the relationship between tu-
mors and important white matter tracts.

Figure 5. “Mixing the paints.” T1 and T1-Gd images show an
enhancing glioma. Correlational analysis using information
from such parameters as T1, T2, DWI, blood volume, perfu-
sion, permeability, and MRS data may eventually reveal dis-
tinctive regions within tumors that predict behavior. The mul-
tiparametric image on the right is an image derived from a
statistical cluster analysis revealing areas within the tumor
(yellow arrows pointing out green regions), where the cluster of
parameters is significantly different from the rest of the tumor.
Future work is needed to determine the clinical implications of
these findings.
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between the vascular and stationary protons. The second
method does not depend on saturation or inflow to pro-
duce this contrast, but on increased T1 relaxation of
blood signal produced by a bolus of intravenous Gd. The
latter technique is constrained by the need to image a Gd
bolus passing through the vessels of interest. The se-
quence must be fast but with high spatial resolution. This
is achieved by using a fast 3D gradient echo sequence
with centric ordering of k-space (18). A coronal acquisition
can yield high quality cervicocerebral vascular anatomy
from the aortic arch (Arch) to the circle of Willis (COW) if a
neurovascular head coil with full head and neck coverage
is available (Fig. 9). A higher resolution version can be
used for detailed imaging of the intracranial vasculature.
These sequences are effective for assessing atheromatous
disease, vascular dissections, cerebral aneurysms, etc.,
with the added benefit of reduced sensitivity to magnetic
susceptibility effects caused by vascular appliances (echo
times # 1 msec with these sequences). The ability to “see
through” metal clip and coil artifacts for assessing efficacy
of aneurysm occlusion has reduced the need for invasive
conventional angiography surveillance in these patients
(Fig. 10) (19). If the scan is triggered at the time of maximal
venous contrast concentration following passage of the
Gd bolus through the arterial circulation, then highly
detailed MR venograms can be obtained (Fig. 11).

ISCHEMIC STROKE IMAGING PROTOCOL

The majority of ischemic strokes are caused by clots
that occlude cervical or cerebral arteries. Rapid resto-

ration of blood flow through clot dissolution (thrombol-
ysis) is therefore the primary treatment goal. This has
been made possible by administration of tissue throm-
boplastin activator (tPA), an endogenous thrombolytic
agent that is administered at high concentration. Al-
though effective, tPA carries with it the risk of produc-
ing hemorrhage within the ischemic tissue, thus in-
creasing morbidity and mortality. In fact, the rate of
hemorrhagic transformation (HT) may increase by 10-
fold when tPA is used (20). This study indicated that the
risk was unacceptably high unless tPA was restricted to
within three hours of symptoms for intravenous admin-
istration. The PROACT study (21) defined a six-hour
guideline for intraarterial administration. These issues
impose important requirements on the imaging workup
of these patients, including the need for functional/
physiological information. Both computed tomography
(CT) and MRI have been advocated, and there are com-
pelling reasons for each, with strong advocates in both
camps (it is beyond the scope of this review to address
this debate in detail).

Regardless of imaging modality, fundamental princi-
ples apply. These include:

! Diagnosis
! Detection of hemorrhage
! Arch to COW angiography
! Penumbra imaging
! Speed

The first goal is to establish the diagnosis of arterial
ischemic stroke (AIS) and exclude other causes of acute
neurological deficit such as primary brain hemorrhage.
It is also necessary to look for evidence of bleeding into
the infarct since this would be a contraindication to
thrombolysis. The presence and location of thrombus
in the arterial tree must be determined, especially if

Figure 7. Epilepsy protocol. Top row of images show the coro-
nal sequences applied for assessment of patients with tempo-
ral lobe epilepsy. The FLAIR and T2 images are obtained to
determine if gliosis, which typically produces increased T2
signal, is present. The short TI IR image with long TE provides
more detailed anatomy for determining the presence of hip-
pocampal atrophy. Together, the findings of gliosis and atro-
phy indicate the presence of mesial temporal sclerosis. Arrows
point to the hippocampus, showing bilateral mesial temporal
sclerosis in this patient. The bottom row of images is from an
fMRI experiment performed to assess working memory in a
different patient with temporal lobe epilepsy. Considerable
bilateral hippocampal activation during this memory task is
present.

Figure 8. High-resolution anatomical imaging using IR
prepped T2 imaging. Short TI IR image with long TR and TE
performed at 3T showing improvement in the anatomical ren-
dition of the hippocampus in a patient with left temporal lobe
epilepsy. The left hippocampus shows atrophy (arrow) corre-
lating with the reported EEG abnormalities.
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intraarterial thrombolysis is being considered. The role
of penumbra imaging continues to be controversial, but
most consider evidence of penumbra necessary for ini-
tiation or continuation of thrombolytic therapy. Pen-
umbra refers to that tissue which can be rescued if
perfusion is reestablished. It represents underperfused
but viable tissue surrounding the core of the infarct.
Finally, time is of the essence. It has been reported that
1.9 million neurons per minute are irreversibly lost in
the initial phases of AIS (22). Protocols should therefore
be as short as possible without compromising the in-
formation needed for patient management. How can
this be achieved? No universally accepted MRI protocol
exists for AIS imaging. We have implemented a protocol
at our institution that follows the previously described
guidelines. The key to the protocol has been to utilize
the time efficiency of EPI with the functional informa-
tion available with EPI to generate an EPI dominated
protocol. We have chosen from the imaging palette se-
quences that depend primarily on T1, diffusion-
weighted imaging (DWI), and T2* relaxation to fulfill
these needs (Fig. 12). The protocol is as follows:

1. Localizer (multiplanar): 11 seconds
2. Axial T1 FSE: 42 seconds
3. Axial EPI-diffusion: 40 seconds
4. Axial EPI-FLAIR: 40 seconds
5. Axial EPI-gradient echo (iron sequence): 18 sec-

onds
6. Axial EPI-gradient echo (perfusion): 45 seconds

7. Coronal autotriggering and elliptic centric order-
ing (ATECO) MRA (Arch to COW): 150 seconds

8. Axial T1 FSE: 116 seconds

The axial T1 sequence is an anatomical sequence that
is also useful to exclude the presence of laminar necro-
sis (band of increased signal within the gray matter) in
order to screen for previous subacute or chronic infarc-
tion. The diffusion sequence, from which a calculated
ADC image is obtained, is used to identify acutely in-
farcted tissue that characteristically shows reduced or
restricted water diffusion. The EPI FLAIR sequence is
used to rapidly screen for brain lesions that have a long
T2 relaxation. The EPI gradient echo sequence is sen-
sitive to all types of hemorrhage from hyperacute
through chronic stages. Next, a perfusion sequence is
obtained, requiring a rapidly administered bolus of Gd
(5 cc/second for a total of 15 cc). producing a transient
signal loss due to T2* effects as the bolus passes
through the microcirculation, thus enabling calcula-
tion of perfusion images. The diffusion images are then
compared with the perfusion images to determine if
salvageable tissue is present. Penumbra is identified as
that tissue outside the zone of restricted diffusion that
shows reduced perfusion on a calculated image, which
is usually based on mean transit time. A second Gd
bolus is then administered with a 3D gradient echo in
the coronal plane using ATECO of k-space (18). This
sequence is fast and provides detailed information
about the vasculature from the aortic arch through the
COW. It is also insensitive to previous administration of

Figure 9. Effective use of T1 “paint” from the palette for vas-
cular imaging. ATECO MRA shows detailed anatomy of the
cervicocerebral vasculature obtained in 2.5 minutes of imag-
ing time including information from the aortic arch to the
circle of Willis. Arrows on the lower right image point to nar-
rowing of the lumen of the right vertebral artery (a location
where dissections (tears) in the vessel wall) commonly occur.
Confirmation is obtained by adding T1 sequences with fat
saturation where arrows point to blood in the form of methe-
moglobin (paramagnetic and therefore bright on T1 image)
present in the wall of the vertebral artery. The arrow in the
T1-Gd image shows enhancement typical of a cerebellar in-
farct caused by occlusion of a branch of the right vertebral
artery (the posterior inferior cerebellar artery).

Figure 10. Contrast-enhanced MRA. The conventional angio-
gram shows an anterior communicating artery aneurysm (ar-
row) that was treated via deposition of platinum coils using
catheter techniques. Noninvasive follow-up imaging presents a
problem for CT and MR due to coil artifacts (see arrows on CT
and gradient recalled echo [GRE] sequence). ATECO MRA
solves the problem, as the exceptionally short TEs employed
sharply reduce signal loss caused by magnetic susceptibility
effects arising from the coils. The MRA used to follow this
patient shows that the aneurysm remains fully occluded.
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Gd (personal experience). The final axial T1 sequence is
obtained to look for evidence of contrast enhancement
within the infarct. It has been shown that Gd enhance-
ment in a hyperacute infarct is positively correlated
with HT of the infarct (23). As an outgrowth of this we
are now actively assessing the integrity of the BBB
using a third bolus (given as the next sequence after
number five above) to assess the magnitude of the per-
meability defect since there is evidence of a correlation
between the degree of permeability increase and HT
(24). It may be possible to quantify the risk of HT at the
time of presentation. This information might prove es-
pecially useful in patients in whom the onset of stroke is
unknown and who are therefore excluded from poten-
tially beneficial tPA treatment.

SPINE IMAGING PROTOCOL

Spinal imaging presents a more significant anatomical
challenge than brain imaging. The spine is a long curv-
ing target containing the spinal cord, which is com-
pletely surrounded by a magnetically inhospitable bony
vertebral column. Linear arrays of “receive only” sur-
face coils are needed to enable both large and small
FOVs to screen multiple segments and to more closely
examine individual segments in detail. Body coil radio
frequency (RF) transmission is required, with the draw-
back of increasing energy deposition into the tissues.
Although the spinal cord is an integral part of the CNS
and suffers from many of the same diseases, functional
imaging tools commonly applied to brain imaging, such

as fMRI, DTI, and MRS, are very difficult to implement
due to the magnetic field distortions caused by the
vertebral column. Spinal imaging becomes an even
greater challenge at filed strengths above 1.5T due to
greater RF demands (increased specific absorption rate
[SAR]) and increased bone-related susceptibility effects.
Fortunately, the majority of spinal imaging is performed
to assess the clinical consequences of degenerative disc
disease and conventional T1, T2, and gradient echo

Figure 11. Contrast-enhanced MRA. ATECO MR venography
(MRV) acquisitions are obtained by delayed triggering of the
sequence, to capture maximal venous filling during passage of
the rapidly injected Gd.

Figure 12. Acute stroke protocol. This patient was studied 18
hours after onset of symptoms (not a tPA candidate). No ab-
normality is visible on T1 but the FLAIR image shows edema in
this late acute infarct. There is no hemorrhage based on the
gradient recalled echo [GRE]. MRA shows fully patent vessels.
DWI and the associated ADC map indicate the extent of the
infarcted tissue. The perfusion map, which displays the arrival
time of the Gd bolus, shows no abnormality, which is in keep-
ing with open vessels. The permeability map shows consider-
able leak in the blood brain barrier, which was confirmed on
the T1-Gd image. A small hemorrhage developed in the area of
the permeability defect on the 48-hour follow-up (not shown).

Figure 13. Utility of T1-Gd imaging in the postoperative spine.
This patient was referred for assessment of recurrence of
symptoms one year following disc removal. The most common
causes for “failed back syndrome” are scar tissue vs. disc
herniation. The T1 image shows soft tissue in the epidural
space. Scar tissue will enhance almost indefinitely after sur-
gery. Disc material, which is avascular, does not typically
enhance. The T1-Gd image shows edge enhancement from a
small amount of scar (arrows) surrounding a large recurrent
nonenhancing disc herniation.
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imaging sequences are applicable. Sagittal T1 and T2
sequences provide an excellent screen for all types of
spinal cord, bone, and disc pathology, and are the foun-
dation for all spinal MRI. Sequence modifications that
eliminate fat signal either using short TI IR or frequency-
selective fat saturation, are very useful for assessing the
presence of diseases infiltrating bone marrow (metasta-
ses) or for assessing posttraumatic soft tissue injury.
When applying axial sequences for evaluating individual
segments or discs, the acquisitions must be adjusted to
properly examine the exiting foramina (neural foramina)
of the spinal nerve roots. This is especially challenging in
the cervical spine, where the neural foramina are less
than 1 cm in size, compared to 2 cm in the lumbar spine.
It has been our philosophy to limit axial slice thicknesses
in the cervical spine to a maximum of 2.5 mm in order to
more accurately gauge the narrowing effect of herniated
discs and osteophytes (bone spurs) arising for the unco-
vertebral and facet joints. This can be achieved with 3D
methods, usually consisting of T2-weighted gradient echo
or spin-echo techniques. T2 weighting results in high CSF
signal juxtaposed to the lower signal of herniated discs,
osteophytes, and spinal cord, enabling accurate assess-
ment of the compressive effect of degenerating discs on
the neural elements. Axial T2 sequences are also used
for thoracic and lumbar imaging, although 2D meth-
ods are more commonly applied since coverage can be
extended for screening the longer spinal segments.
The most common application of Gd in spinal imaging
is for assessing the presence of recurrent disc herni-
ation vs. postoperative scar tissue (Fig. 13). It is also
applied for any condition in which disruption of the
blood brain (spine) barrier is suspected, and can be
exceptionally useful when used as a bolus in 3D MRA
methods for defining the presence of abnormal ves-
sels in the subarachnoid space secondary to the pres-
ence of arteriovenous malformations (AVMs). Not only

can the presence of AVMs be confirmed, but the level
of the feeding artery can be ascertained with high
confidence (18). This has had a major impact on plan-
ning and guiding conventional and therapeutic an-
giography.

ARTIFACTS AND PITFALLS

Image artifacts can be divided into three broad catego-
ries: 1) those that are caused by faulty elements in
components of the MR system and site; 2) those that are
the result of imperfections in the imaging sequences
and their anatomical targets; and 3) those that are
produced by the anatomy and physiology of the target.
Since this is a large topic beyond the scope of this work
(25), only the more commonly encountered artifacts will
be discussed. Common category one artifacts are
streaking and banding. The streaking artifact has the
appearance of thin line, a few pixels wide, with random
intensity projected along the phase encoding direction.
It is caused by extraneous RF brought into the scanner
room by an electronic device, defect in the RF shield, or
incomplete closure of the scanner room door. The band
or stripe artifact is seen as parallel bands of decreased
signal spread across the image caused by a single cor-
rupt point in k-space. The frequency and orientation of
the bands are dependent on the location of the point in

Figure 14. Gibbs artifact. T1 images with increasing phase
encoding from 128 to 256 show reduction of the dark curvi-
linear signal in the spinal cord (red arrows) representing Gibbs
artifact. This can be confused with the presence of a syrinx
cavity since it can also appear as a bright line on T2 images.
Chemical shift artifact is visible along the inferior surface of
each vertebral body (blue arrows) due to displacement of the
marrow fat superiorly (the frequency encoding direction). The
superior endplates (yellow arrows) are seen less well due to the
high signal from the displaced fat.

Figure 15. Off-resonance artifacts. The upper left image is a
sagittal T2 image of the cervical spine acquired with fat satu-
ration. Magnetic field inhomogeneities shift the water reso-
nance into the fat frequency. Signal from water protons in the
brain, spinal cord, and CSF are thereby extinguished (green
arrows). Note that the fat protons in the scalp fat are preserved
(yellow arrows). Off-resonance artifacts can also lead to signal
increases. When FLAIR sequences are applied in regions of
field inhomogeneity (caused in this example by surgical scalp
clips—red arrows on lower images), the off-resonance water
protons in the vicinity of the clips are only partially inverted by
the 180° inversion pulse. The subsequent 90° RF pulse finds
nonzero magnetization producing high signal in the CSF (red
arrows upper left image). This can easily be misinterpreted as
subarachnoid hemorrhage.
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k-space. Common category 2 artifacts include trunca-
tion, chemical shift, and unintentional water satura-
tion. Truncation, also called Gibbs artifact, is a ringing
artifact of the Fourier transform producing alternating
bands in the proximity of a sharp interface between
high and low signal. They can occur in either the phase
or readout directions and are minimized by increasing
the spatial resolution in the direction of the artifact (Fig.
14). There are variety of chemical shift artifacts that
occur as a result of the 3.5 ppm difference in resonant
frequency between water and fat. Since proton location
in an image is based on a smooth linear change in
precessional frequencies during application of readout
gradient, fat protons resonating at a different frequency
from water protons are displaced away from their true
positions in the frequency encode direction. This effect
can be seen in almost every sagittal T1 sequence of the
spine (Fig. 14). Other chemical shift related artifacts,
perhaps more accurately termed “off resonance” effects,
are the inadvertent saturation of water protons when
frequency-selective fat saturation is applied. If the res-
onant frequency of water protons in some part of the
FOV is shifted into the fat frequency, then the water
signal will be lost (Fig. 15). This is usually caused by
regional magnetic field inhomogeneities in tissues.
Shimming can help to alleviate the artifacts. Another
example of this is the shift in resonant frequency of
nearby water protons caused by local metallic implants.
In this case, increased as opposed to absent water sig-
nal was seen in the vicinity of the clips on FLAIR se-
quences due to incomplete inversion of the off-reso-
nance water protons by the 180° inversion pulse (Fig.
15). The most common example of category 3 artifact is
phase artifact produced by movement of protons during
application of the phase encoding gradient. It is seen as
a repeating image of the structure displaced on a line
including the original structure in the phase encoding
direction. Occasionally, these artifacts can produce
“pseudolesions” (see Fig. 16). The key to avoiding mis-
interpretation is to try to identify the abnormality on

another sequence and in another imaging plane. If the
abnormality persists, it is likely real.

SUMMARY

The protocols discussed here illustrate general prin-
ciples that are universally applicable. Each user,
however, has specific needs, preferences, and catego-
ries of patient pathology, and may be constrained by
available hardware and software. Each imaging pro-
tocol should be the right mix of speed, resolution, and
image quality, but because of user specific variables,
it is difficult to recommend a standard set of proto-
cols. A solution that has worked effectively at our
institution is the establishment of a monthly protocol
meeting composed of radiology staff, including MRI
technologists, vendor representatives, and MR phys-
icists. Modified and new protocols are reviewed, dis-
cussed, and implemented. This forum has been very
effective for standardizing protocols across the insti-
tution, and for keeping pace with hardware and soft-
ware changes, thus maximizing the return on capital
invested in these imaging systems.
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