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BACKGROUND AND PURPOSE: The purpose of this study was to determine the incidence of
susceptibility artifacts on functional MR imaging (fMRI) studies and their effect on fMRI
readings. We hypothesized that the availability of the signal intensity maps (SIMs) changes the
interpretation of fMRI studies in which susceptibility artifacts affected eloquent brain regions.

METHODS: We reviewed 152 consecutive clinical fMRI studies performed with a SIM. The
SIM consisted of the initial echo-planar images (EPI) in each section thresholded to eliminate
signal intensity from outside the brain and then overlaid on anatomic images. The cause of the
artifact was then determined by examining the images. Cases with a susceptibility artifact in
eloquent brain were included in a blinded study read by four readers, first without and then
with the SIM. For each reader, the number of times the interpretation changed on viewing the
SIM was counted.

RESULTS: Of 152 patients, 44% had signal intensity loss involving cerebral cortex and 18%
involving an eloquent brain region. Causes of the artifacts were: surgical site artifact, blood
products, dental devices, calcium, basal ganglia calcifications, ICP monitors, embolization
materials, and air. When provided with the SIM, readers changed interpretations in 8–38% of
patient cases, depending on reader experience and size and location of susceptibility artifact.

CONCLUSION: Patients referred for clinical fMRI have a high incidence of susceptibility
artifacts, whose presence and size can be determined by inspection of the SIM but not anatomic
images. The availability of the SIM may affect interpretation of the fMRI.

In fMRI, activation is detected because of the blood
oxygen level–dependent (BOLD) effect as deoxyhe-
moglobin concentration changes in regions of in-
creased neuronal activity. T2*-weighted images are
used to detect the BOLD effects in functional MR
imaging (fMRI) mapping. However, the same T2*
weighting, which forms the basis for signal intensity
on fMRI, is also the source of potential susceptibility
artifacts. The BOLD effect may not be detected in
regions of the brain with large susceptibility artifacts,
caused by internal static local field gradients that
distort the image or attenuate the signal intensity
(1–4). Susceptibility artifacts sufficient to reduce the

BOLD effect occur at tissue interfaces such as that
between air and brain, and affect the sensitivity of
fMRI in the inferior lateral temporal lobes (including
part of fusiform gyrus) and the inferior medial frontal
lobes (medial orbital gyri and gyrus rectus) (2, 4, 5).
In addition, susceptibility artifacts may occur second-
ary to clips or sutures placed on the calvaria during
surgery or due to tissues with paramagnetic effects
such as blood products in tumors or vascular malfor-
mations (5). Susceptibility artifacts become more se-
vere as higher field strengths are used (1–3).

How frequently magnetic susceptibility effects ob-
scure activation in patients referred for fMRI is not
generally known, although the possibility is recog-
nized (1, 2, 4–19). Magnetic susceptibility effects that
cause artifact and signal intensity loss on fMRI may
not be evident on the anatomic reference images on
which fMRI activation data are usually displayed,
because conventional spin-echo images are less sen-
sitive to susceptibility effects. Parrish et al (17)
showed with computer simulations that susceptibility
effects might reduce the BOLD signal intensity to
undetectable levels in typical fMRI experimental de-
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signs. They described a method based on signal in-
tensity-to-noise ratio to map regions with diminished
sensitivity to the BOLD effect and illustrated the use

of the map in one patient with a cerebral cavernous
vascular malformation causing a magnetic susceptibil-
ity artifact.

FIG 1. Illustration of SIM map process-
ing. Top row, three noncontiguous coronal
EPIs from an fMRI patient dataset show
diminished signal intensity from the medi-
al-inferior frontal lobes. Middle row, same
sections converted to semitransparent
colored masks, which can be superim-
posed on anatomic images. Bottom row,
spatially smoothed version of the masks
overlaid on coregistered high-resolution
anatomic T1-weighted images. Coloriza-
tion in the SIM demonstrates regions of
adequate EPI signal intensity for detection
of the BOLD effect.

FIG 2. Types of susceptibility artifact.
A, Type I signal intensity loss in the re-

gions of the sinuses or skull base.
B, Type II signal intensity loss due to

incomplete coverage of the brain with the
EPI.

C, Type III signal intensity absence in a
region of brain distant from the sinuses or
skull base. In this case, a cavernous hem-
angioma with blood products produces
the susceptibility effect.
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The use of signal intensity maps (SIM) to identify
regions of signal intensity loss and image distortion on
the echo-planar images (EPIs) may aid in the inter-
pretation of fMRIs. For this study, a map of voxels
with a signal intensity exceeding the selected thresh-
old was superimposed on an anatomic image in a
manner similar to the way activations in fMRI are
superimposed on an anatomic image. This SIM was
then included as part of the fMRI file, which was
reviewed by the neuroradiologists preparing the offi-
cial report.

The purpose of this study was to review our expe-
rience with the SIM map. One goal of the study was
to determine the incidence of regions with clinically
significant susceptibility artifact in patients referred
for fMRI. A second goal was to determine the effect
of susceptibility artifacts on readings of fMRI by neu-
roradiologists. We hypothesized that the availability
of the SIM to the readers would change the interpre-
tation of some fMRI studies in which susceptibility
artifacts affected eloquent brain regions.

Methods

Patients
The 152 studies performed and archived since the introduc-

tion of the SIM in June 2000 were reviewed. Medical records
on these patients were also reviewed and final diagnoses de-
termined by follow-up or from the results of surgical interven-
tion. Patients were classified, on the basis of their final diag-
nosis, as having a tumor (primary or metastatic, n � 95), a
vascular lesion (arteriovenous malformation, cavernous mal-
formation, infarct, or hemorrhage; n � 42), trauma (n � 2), or

other findings (nonlesional epilepsy, visual disturbance, or cog-
nitive decline; n � 13). All patients provided written informed
consent allowing us to use their image data for research
purposes.

Functional MR Imaging
Imaging was performed using 1.5T commercial scanners

(GE Medical Systems, Milwaukee WI) equipped with high-
speed gradients. Single-shot EPIs were acquired in the coronal
plane at 20–24 section locations. Technical parameters for
these images included the following: 64 � 64 matrix, 85° flip
angle, TR/TE of 2000/40, 24-cm FOV, 6-mm section thickness,
1-mm gap, and bandwidth of �62.5 kHz. The number of im-
ages and length of imaging varied depending on the paradigm
used. Imaging duration ranged from 3 to 5 minutes. Among
other diagnostic MR imaging sequences performed in each
patient was a high-resolution 3D gradient-echo sequence, a
T1-weighted contrast sequences to obtain a whole-brain ana-
tomic dataset (TR/TE of 21/6, 20° flip angle, 23-cm FOV,
256 � 256 matrix, and 1.5-mm section thickness), which was
subsequently used for fMRI and SIM coregistration.

During postprocessing of the fMRI results, EPI raw data
were low-pass filtered in the spatial frequency domain by using
a Hamming filter (20) then reconstructed into individual sec-
tion-location time-courses. These reconstructed time-course
files were checked for patient head motion, and then re-aligned
by using the 3Dvolreg spatial registration algorithm of the
AFNI software fMRI analysis package (21). A minimum signal
intensity threshold was applied to exclude extracranial voxels
from further analysis. The time course plots from each un-
masked EPI voxel was compared with reference functions with

TABLE 1: Questions and answers for the reviewers in the blinded study

Category and Question Answer

Language
Frontal hemispheric dominance for language? L, R, mixed, indeterminate
Posterior hemispheric dominance for language? L, R, mixed, indeterminate

Sensorimotor
R sensory cortex location? Normal, abnormal, indeterminate
L sensory cortex location? Normal, abnormal, indeterminate
L motor cortex location? Normal, abnormal, indeterminate
L sensorimotor cortex location? Normal, abnormal, indeterminate
R sensorimotor cortex location? Normal, abnormal, indeterminate
R sensorimotor cortex location (L foot)? Normal, abnormal, indeterminate
L sensorimotor cortex location (R foot)? Normal, abnormal, indeterminate
R sensorimotor cortex location (L hand)? Normal, abnormal, indeterminate
L motor cortex location (R foot)? Normal, abnormal, indeterminate

Auditory
R auditory cortex intact? Yes, no, indeterminate
L auditory cortex intact? Yes, no, indeterminate

TABLE 2: Presence of type III (susceptibility) artifacts by primary
diagnosis

Primary Diagnosis Artifacts

Tumor (n � 95) 38 (40)
Vascular (n � 42) 27 (64)
Trauma (n � 2) 2 (100)
Other (n � 13) 0 (0)

Note.—Data in parentheses are percentages.

TABLE 3: Causes of type III magnetic susceptibility artifacts in 67
patients

Cause Cases

Blood products 38 (25)
Surgical site 30 (20)
Calcium 12 (8)
Embolization materials 2 (1)
Dental devices 2 (1)
Air 2 (1)
Basal ganglia mineralization 1 (1)
Intracranial pressure monitor 1 (1)

Note.—Data in parentheses are the percentage based on 152
patients.
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a generalized least-squares fitting algorithm, fitting the ob-
served data voxel-by-voxel to sets of user-defined functions.
The fitted functions included a constant (baseline signal inten-
sity level), a ramp (to allow for possible linear signal intensity
drift), a temporal smoothing filter (to compensate for the
differences in image acquisition times within each 2000-ms
TR), and a smoothed boxcar reference function modeling the
presumed stimulus responses.

Generation of the EPI SIM
The initial EPIs from each section in the fMRI dataset were

thresholded to eliminate signal intensity from regions outside
the brain. These images were overlaid on the patient’s ana-
tomic image dataset to create the SIM (Fig 1). Discrepancies
due to head motion or misalignment in the SIM were corrected
by means of the same linear 6-axis rigid-body translation pro-
gram used to optimize the coregistration of fMRI maps to the
anatomic images.

Analysis of the SIM
The SIMs were reviewed for evidence of regional signal

intensity loss and any regions of signal intensity loss were then
classified into one of three types: type I indicated signal inten-
sity absence in the region of the sinuses or skull base; type II,
signal intensity absence due to incomplete coverage of the
brain with EPIs; and type III, signal intensity absence second-
ary to susceptibility artifact in regions distant from the sinuses
and skull base (Fig 2).

In the cases with type II artifact, the relative amount of
section cutoff was calculated as a percentage of the longitudinal
dimension of the head that was not covered by the SIM on the
axial image on which the cutoff was largest. In the cases with
type III artifacts, the size and the location of the signal intensity

dropout were tabulated. The cause of the artifact was then
determined by examination of pertinent clinical images and
reference to the patient’s clinical records. Artifacts caused by
surgical clips, metal sutures, burr holes, and other postopera-
tive features were grouped into a category termed surgical site
artifact.

The subset of patients with type III artifacts occurring in
eloquent brain regions was selected for additional blinded
readings. For this purpose, the list of eloquent brain regions
included the central sulcus, supplementary motor area, primary
auditory cortex, Broca area, and Wernicke area, as anatomi-
cally determined by using standard parcellation methods (22).
Cases were excluded from the blinded reading if a less-than-
10% signal intensity void in the SIM coincided with a region of
presumptive eloquent cortex or if no fMRI paradigm to acti-
vate the specified eloquent region had been performed. For
each patient selected for the blinded study, a list of questions
and possible answers was created to test the reader’s ability to
recognize the activation with confidence. The questions ad-
dressed frontal (Broca area) and posterior (Wernicki area)
language dominance, activation of the auditory cortex, and
location of the sensorimotor cortex and the supplementary
motor area. Questions and answers used in the study are listed
in Table 1. Forty questions were posed for the 26 patients that
were selected to be included in the blinded readings.

Four readers participated in this study. Readers 1 and 2
were staff neuroradiologists (A.F., H.R.). For these readers,
each case was reviewed without the SIM and the questions
answered and then reviewed immediately afterward with the
SIM and the questions answered again. Readers 1 and 2, who
had discussed the study design, had knowledge of the goals of
the study but were unfamiliar with the cases chosen. Readers 3
and 4 (D.W., M.H.) were second year neuroradiology fellows.
To minimize bias for these readers, the entire set of images
minus the SIM was submitted for review before they reviewed

TABLE 4: Change in fMRI interpretation with SIM by neuroradiology fellows

Fellow and Question Initial Answer Answer with SIM

Fellow 3
Frontal hemispheric dominance for language? L Indeterminate

L Indeterminate
L Indeterminate

Posterior hemispheric dominance for language? R Indeterminate
R auditory cortex intact? No Indeterminate

No Indeterminate
L auditory cortex intact? No Indeterminate

No Indeterminate
R foot sensorimotor cortex location? Abnormal Indeterminate
R sensorimotor cortex location? Abnormal Indeterminate
L motor cortex location? Abnormal Indeterminate
L foot motor cortex location? Abnormal Indeterminate

Fellow 4
Frontal hemispheric dominance for language? R Indeterminate

R Indeterminate
L Mixed
L Mixed
L Mixed

Posterior hemispheric dominance for language? L Indeterminate
L Mixed
L Mixed
Mixed Indeterminate

R auditory cortex intact? No Indeterminate
L auditory cortex intact? No Indeterminate

No Indeterminate
R hand sensorimotor cortex location? Abnormal Indeterminate
R sensorimotor cortex location? Abnormal Indeterminate
L motor cortex location? Abnormal Indeterminate
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the images with the SIM. Readers were told that they were
participating in a study to evaluate the effect of disease on
fMRI activation. All readers were provided with the patient’s
age, sex, reason for the fMRI, a list of the paradigms performed
for the fMRI study, a list of questions with answer choices, and
a file with all the fMRIs obtained in the patient.

For each reader, the number of times an answer was
changed after viewing the SIM was tallied. The type of change
was also noted (from specific hemispheric dominance to inde-
terminate, etc.). Comparisons were made between the more
experienced readers (staff) and the less experienced readers
(fellows).

Results

All of the 152 consecutive fMRI studies performed
since June 30, 2000 were included in the review. All
had fMRIs and SIMs of adequate quality for
interpretation.

The SIM showed a variable degree of signal inten-
sity loss classified as type I artifact in the region of the
mesial temporal lobes in all patients. Of the 152
patients, 80 patients (53%) had type II artifact due to
incomplete fMRI section coverage. Sixty-seven pa-
tients (44%) had type III signal intensity loss, which
indicated signal intensity dropout with atypical loca-
tion or severity. In the patients with type II artifacts,
the percentage of brain not covered in the sections

averaged 12%. In seven cases, it was greater than
20%. Type III artifacts varied with the type of disease.
Of the cases with tumor, 40% had type III artifacts; of
those with vascular malformation, 64% had type III
artifacts; and of the trauma cases, two of two patients
had type III artifacts (Table 2). In the diagnostic
“other” category including 13 patients without focal
lesions, artifacts were not encountered. Of the 67
patients with type III artifacts, 21 patients had more
than one area of signal intensity loss, and eight had
more than two areas of signal intensity loss (the max-
imum was six). Causes were most commonly from the
surgical site or blood products, and less commonly
from dental devices, calcifications, intracranial pres-
sure monitors, embolization materials, basal ganglia
mineralization, and air (Table 3). The amount of
artifact appeared to depend on the amount and the
age of prior hemorrhage, and was not easily or con-
sistently predicted from an inspection of the routine
anatomic images.

Of the 67 cases with type III artifacts, 28 patients
with an artifact affecting a portion or all of an elo-
quent region were selected for the blinded study. One
of these was excluded because the artifact did not
exceed 10% of the eloquent cortex and one was ex-
cluded because a paradigm to activate the appropri-

FIG 3. fMRIs in which three readers changed their answer when the SIM was available. (Paradigm was listening to narrated text.)
A, Readers were asked if the left auditory cortex was intact. Three responded “no,” and one responded “indeterminate.”
B, On viewing the SIM, which shows a large area of signal loss in the left temporal lobe, all four readers answered “indeterminate.”

Signal intensity dropout was due to hemosiderin from an AVM.
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ate eloquent cortex had not been performed, leaving
26 for blinded analysis.

Results for the two more experienced readers
(readers 1 and 2) and two less experienced readers
(readers 3 and 4) were different. Reader 1 changed
two answers affecting two patients (8%), and reader 2
changed three answers affecting three patients (12%)
when the reading was made with the SIM in the 26
patients reviewed. Without the SIM, reader 1 had
judged that the auditory cortex lacked activation in
two cases and that language had left hemispheric
dominance in one case. For reader 1, all three of
these answers changed to indeterminate on viewing
the SIM. Without the SIM, reader 2 had judged
that the auditory cortex lacked activation in two
cases. Both these answers changed to indetermi-
nate upon viewing the SIM. Regarding less-experi-
enced readers 3 and 4, reader 3 changed 12 answers
affecting nine patients (35%), and reader 4
changed 15 answers affecting 10 patients (38%)
when the reading was made with the SIM in the 26
patients reviewed. The questions and answers
changed by the readers 3 and 4 (fellows) when
provided with the SIM are detailed in Table 4.
Example cases are shown in Figures 3 and 4.

Discussion
In this study, a susceptibility artifact distant from

the skull base and not related to simple section cov-

erage issues was present in 44% of the patients ex-
amined. The cause of the artifact was most commonly
blood products, with the second most common cause
being surgical site artifact. Cases with tumors and
vascular malformations had a high incidence of arti-
facts and those cases without overt lesions had a low
incidence. The artifact affected signal intensity from
regions of eloquent brain in 18% of the fMRI studies
performed. In 8–38% of patients, clinical interpreta-
tions changed with the availability of an SIM.
Whether regions of activation were necessary or spe-
cific for the tasks was not tested in this study.

Case mix and reader biases may have affected the
results of this study. The types of cases referred for
fMRI may vary between institutions. In a series of pa-
tients with nonlesional epilepsy, fMRI artifacts are un-
likely. In series of patients with tumors or vascular le-
sions, however, a high incidence of artifacts is likely. Our
incidence of artifacts may differ from that in other ex-
periences. In addition, areas of potential false activation
secondary to susceptibility artifact caused by motion are
not identified by the SIM. The blinded-reader study was
designed to minimize the effect of reader bias. For
readers who anticipated knowing that they would review
cases with the SIM, the effect of the bias may have been
to increase the proportion of cases that they interpreted
overcautiously in the first review. As they reviewed cases
with the SIM, all readers may have become more con-
servative in their readings as a result of seeing the extent

FIG 4. fMRI study of language. (Paradigm was antonym word
generation from visual cues).

A and B, Patient had a large susceptibility artifact, as evident
on the SIM in B, due to dental braces. On the basis of the images
in A, three readers considered frontal language dominance inde-
terminate and one fellow reader considered it right. Two staff
readers considered posterior language dominance indetermi-
nate, one fellow reader considered it right, and one fellow con-
sidered it mixed. After viewing the mask SIM, all four readers
considered both frontal and posterior language dominance
indeterminate.

C, Prior fMRIs obtained before the placement of dental braces
clearly demonstrate left dominance for language.
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of the artifacts. Additional studies of the effect of SIM
on fMRI interpretation may be warranted to minimize
biases in this study.

To our knowledge, the incidence of susceptibility
artifacts in fMRI and their effect on readings has not
been reported. The effect of susceptibility on BOLD
effect has been measured (4, 18) and quantified for
susceptibility effects related to anatomic tissue varia-
tion present in all patients (air filled sinuses, bone,
etc.). A mask, based on the signal intensity-to-noise
ratio rather than the signal intensity, has been de-
scribed in the past and its use illustrated with one
clinical case (17). In our experience, the anatomic
susceptibility artifact compares well with that Oje-
mann et al (4) described.

The importance of this study is that patients with
focal cerebral lesions have a high incidence of suscep-
tibility artifacts, the presence and size of which cannot
be determined solely by inspecting the anatomic im-
ages. These artifacts can be detected by means of the
SIM. The availability of the SIM may affect interpre-
tation of the fMRI in as many as 12% of cases with
experienced readers and as many as 38% of cases for
less experienced readers.

Conclusion
Although raw EPIs acquired for fMRI provide some

estimate of the extent of susceptibility artifacts, the SIM
facilitates the estimation and improves its accuracy be-
cause the SIM is precisely co-registered to anatomic
images. This study demonstrates a high incidence of
susceptibility artifact in patients referred for clinical
fMRI. The SIM reveals the area and extent of artifact,
helping us to avoid misinterpretation caused by attrib-
uting lack of signal intensity to cortical dysfunction in-
stead of underlying susceptibility artifact.
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