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Segmented Three-dimensional Echo-Planar Flow Imaging of the
Cervical Carotid Arteries

Jean A. Tkach, Xiaoping Ding, Paul M. Ruggieri, Nancy A. Obuchowski, Michael Lieber, and Thomas J. Masaryk

PURPOSE: To implement and assess the application of segmented three-dimensional echo-planar
MR imaging time-of-flight flow sequences for studying the anatomy of the cervical carotid arteries
at 1.5 T. METHODS: The 3-D echo-planar sequences were segmented along the in-plane phase-
encoding direction. Echo train lengths (ETLs) of 3 and 5 and signal bandwidths of 625, 633, and
650 KHz were tested along with a conventional (ETL 5 1) 3-D MR flow study in six healthy
volunteers and in five patients with known arteriosclerotic disease involving the carotid bifurcation
as confirmed by conventional angiography. The volunteer data were used to rank the techniques
with respect to vessel dimension, vessel/background contrast, and quality by four trained neuro-
radiologists. For the patient studies, the percentage of stenoses was measured for all MR studies
and compared against the conventional angiographic data using the criteria of the North American
Symptomatic Carotid Endarterectomy Trial. RESULTS: Using Wilcoxon’s test statistic and a
significance level of .05, we found that the conventional MR flow examination was better than the
segmented techniques and that the segmented techniques with ETL of 3 were superior to their
counterparts with ETL of 5. For the ETL of 3 techniques, the high-bandwidth studies were inferior
to their lower bandwidth counterparts; however, there was no significant difference between the
performance of the medium- and low-bandwidth sequences. The patient data revealed that the
segmented techniques consistently overestimated the severity of stenosis; however, in no instance
did any of the segmented examinations erroneously indicate the presence of disease. CONCLU-
SIONS: The reduction in acquisition time and the zero false-positive rate we obtained suggest that
segmented 3-D echo-planar MR flow techniques may be used as a screening/locating study for
cervical carotid artery disease.
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Segmented magnetic resonance (MR) acqui-
sition schemes have found application in multi-
ple areas of clinical MR imaging. The major
benefit of these techniques is the reduction of
examination time with minimal change in spa-
tial resolution and/or image contrast. Multiple
strategies, including echo-planar imaging and
spiral k-space coverage, have been applied to
MR angiography to reduce imaging time (1)(X.
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Ding, J. Tkach, T. J. Masaryk, “Fast 3-D Spiral
Scan and Its Application in MRA,” in: Proceed-
ings of the 3rd SMR/12th ESMRMB Joint Meet-
ing, 1995:422; and V. A. Magnotta, J. C.
Ehrardt, X. Hong, et al, “Twenty-three Second
3-D Echo-Planer Time-of-Flight MRA of the Ca-
rotid Bifurcation,” in: Proceedings of the 3rd
SMR/12th ESMRMB Joint Meeting, 1995:570).
However, both techniques are extremely sensi-
tive to local static field inhomogeneities such
that image quality is compromised (2, 3).
These techniques are also more demanding in
terms of imaging hardware and reconstruction
algorithms (3–6). Alternatively, segmented ac-
quisitions are relatively easy to implement, can
be done with standard Fourier reconstruction,
and are not as sensitive to field inhomogene-
ities. Substantial hardware improvements in
gradient capabilities on the current generation
9



of MR imagers now permit relatively short gra-
dient durations, interecho spacing, and absolute
echo times to be realized for the segmented
gradient-echo studies. Recently, these tech-
niques have been incorporated into three-di-
mensional time-of-flight (TOF) acquisitions and
applied to MR angiography of the intracranial
vasculature (R. Gullapalli, M. Loncar, A. Api-
cella, P. Margosian, “2-D and 3-D Time of Flight
Angio Using Interleaved Echo Planar Imaging,”
in: Proceedings of the 3rd SMR/12th ESMRMB
Joint Meeting, 1995:584). Alternatively, analo-
gous studies investigating the efficacy of these
techniques in imaging the anatomy of the ca-
rotid arteries have been comparatively limited
(Magnotta et al, “Twenty-three Second...”; J. A.
Tkach, X. Ding, P. M. Ruggieri, J. P. Perl, R.
Wallace, T. J. Masaryk, “Segmented 3-D EPI for
the Evaluation of Cerebrovascular Disease”
(poster), in: Proceedings of the International So-
ciety for Magnetic Resonance in Medicine,
1996:1259; and J. A. Tkach, X. Ding, P. M.
Ruggieri, J. P. Perl, R. Wallace, T. J. Masaryk,
“Segmented 3-D EPI for the Evaluation of Ca-
rotid Disease,” presented at the annual meeting
of the American Society of Neuroradiology, Se-
attle, Wash, June 1996).

The purpose of this study was to implement
segmented echo-planar 3-D TOF flow se-
quences, making use of the enhanced gradient
capabilities available on current-generation MR
imagers, and to apply these techniques to im-
aging the cervical carotid arteries.

Materials and Methods
The duration of the sampling window, the interecho

spacing, and the echo train length (ETL) were systemati-
cally manipulated to assess their influence on image qual-
ity in healthy volunteers and in patients with known arte-
riosclerotic disease involving the carotid bifurcation as
confirmed by conventional angiography. The various seg-
mented echo-planar 3-D TOF sequences were compared
with one another was well as with the conventional (ETL 5
1) 3-D TOF technique acquired with similar parameters.
The specifics of technique development, image acquisi-
tion, and image analysis are described below.

Sequences

The segmented echo-planar imaging and conventional
3-D TOF sequences were implemented and tested on a
1.5-T whole-body MR imager; maximum gradient ampli-
tude was 25 mT/m with a 600-microsecond rise time to
maximum amplitude. All images were acquired with the
use of a body coil to transmit and a Helmholtz neck coil to
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receive. With the approval of the internal review board of
our institution, imaging examinations were performed in
six healthy volunteers (three women and three men, rang-
ing in age from 26 to 54 years) and in five patients (two
women and three men, 66 to 79 years of age) with known
arteriosclerotic disease involving the carotid bifurcation,
as confirmed by conventional angiography. Signed in-
formed consent was obtained from each participant before
the start of each examination.

The conventional (ETL 5 1) and segmented echo-pla-
nar TOF studies were based on a standard radio frequency
spoiled sequential 3-D gradient-echo sequence. A tilted
nonsaturating excitation pulse (TONE) was used in all
sequences. First-order gradient motion refocusing was
used in the section-select direction for both the conven-
tional and segmented sequences; the section-select field
echo time was 2.168 milliseconds. Acquisition parameters
that remained constant among all carotid artery studies
were as follows: flip angle of 20°, TONE of 1:2, field of view
of 145 mm; in-plane phase encoding was applied right/
left, frequency encoding was anteroposterior, three
40-mm axial slabs were collected sequentially against the
direction of arterial flow, section distance factor was
20.38, there were 32 section-select partitions; and a su-
perior saturation pulse was applied to eliminate venous
flow. For the conventional (ETL 5 1) 3-D TOF acquisition,
repetition time/echo time (TR/TE) was 48/6.78. The du-
ration of the analog ADC window was 5.12 milliseconds,
the echo was collected at 25% asymmetric, and the field
echo in the read direction was 4.2 milliseconds. The ab-
solute TE was prolonged to 6.72 milliseconds to achieve a
fat/water opposed echo time at 1.5 T to reduce the signal
from subcutaneous and intramuscular fat.

In the segmented echo-planar imaging sequences, the
in-plane phase-encoding gradient was incremented with
each echo within a given echo train. The polarity of the
frequency-encoding gradient alternated between succes-
sive echoes; the even echoes were time reversed prior to
image reconstruction. Centric phase encoding (effective
TE 5 first echo) was used for all of the segmented se-
quences in an effort to minimize spin dephasing; blipped
phase encoding was used to minimize interecho spacing.
Phase correction was incorporated into the segmented
image reconstruction, and all echoes were acquired sym-
metrically within the sampling window. Only odd ETLs
were implemented such that the associated T2* filter
would be symmetric. Data acquisition times of 2.56, 3.84,
and 5.12 milliseconds and ETLs of 3 and 5 were imple-
mented and tested on the healthy volunteers. The afore-
mentioned ADC times corresponded to signal bandwidths
of 650 KHz: 390 Hz/pixel, 633.3 KHz: 260 Hz/pixel, and
625 KHz: 195 Hz/pixel, respectively.

First-order gradient motion refocusing was applied for
the first echo in each segmented sequence and centric
in-plane phase encoding was used. Since the echoes were
acquired symmetrically within the data window, the fre-
quency-encoding field echo time for the first echo and
associated minimum absolute TEs were somewhat longer
for the segmented echo-planar imaging than for those
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reported for the conventional (ETL 5 1) flow sequence,
even for identical signal bandwidths. In addition, odd ech-
oes (echo . 1) benefited from first-order motion compen-
sation in the frequency-encode direction as a result of
inherent even echo refocusing of the symmetric gradient
waveforms. A representative segmented 3-D echo-planar
imaging sequence diagram is provided in Figure 1; the
frequency-encode field echo and absolute echo times for
the each of the sequences implemented in this study are
reported in Table 1. To reduce spatial misregistration of
moving tissue, the in-plane phase encoding was placed as
close to the start of the sampling window of the first echo
(and the only echo for conventional 3-D TOF sequences)
as possible. The acquisition parameters were identical to
those used for the conventional sequence with the excep-
tion of slight differences in TE and the TR, which varied
between 34 and 36 for the ETL 5 3 segmented echo-
planar sequence and between 41 and 58 for the ETL 5 5
sequence. The variation in TR and TE (Table 1) reflected
the difference in the signal bandwidths and ETLs of the
segmented echo-planar imaging sequences. Sagittal-to-
coronal maximum intensity projection (MIP) images were
generated at 30° increments for each of the MR flow study
acquisitions.

Patient examinations were limited to the conventional
and two ETL 5 3 (data acquisition times of 3.84 [medium
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bandwidth] and 5.12 [low bandwidth] milliseconds) seg-
mented echo-planar imaging sequences, reflecting the ex-
perience gleaned from the volunteer studies. The acquisi-
tion parameters for both the conventional and segmented
echo-planar imaging studies were identical to those re-
ported previously for the analogous volunteer investiga-
tions.

Image Evaluation

The base images of the volunteers produced by each of
the segmented and conventional sequences were evalu-
ated quantitatively and qualitatively. The quantitative
evaluation was performed assuming the conventional
(ETL 5 1) MR flow study to be the standard of reference.
The dimensions of the common carotid and right vertebral
arteries were determined from the original data by mea-
suring the full width half maximum (FWHM) along the
in-plane phase-encoding direction (Table 2). To get an
accurate measurement of vessel width, the FWHM mea-
surements were made at section locations at which the
vessels of interest coursed perpendicular to the through-
plane direction. Analogous vessel dimension measure-
ments were also obtained from the associated coronal MIP
images at corresponding spatial locations along the sec-
tion direction (Table 3). In the coronal MIP images, the
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TABLE 1: Frequency encode field echo and absolute echo times

ETL/ADC, ms FE1 TE1 FE2 TE2 FE3 TE3 FE4 TE4 FE5 TE5

a) 1/5.12 4.20 6.72
b) 3/5.12 7.05 7.82 13.62 14.39 21.04 21.81
c) 3/3.84 6.38 7.15 11.66 12.43 17.78 18.55
d) 3/2.56 5.91 6.68 9.91 10.68 14.75 15.52
e) 5/5.12 6.28 7.82 13.62 14.39 21.04 21.81 28.54 29.31 37.66 38.43
f) 5/3.84 6.38 7.15 11.66 12.43 17.78 18.55 24.74 25.51 32.54 33.31
g) 5/2.56 5.91 6.68 9.91 10.68 14.75 15.52 20.43 21.20 26.95 32.76

Note.—Frequency encode field echo (FE) and absolute echo (TE) times (in milliseconds) for the echo train lengths (ETLs) of 3 and 5
segmented echo-planar and conventional flow sequences implemented in this study. The number of in-plane phase-encoding lines/repeat time,
and acquisition time (min:sec) for each of the MR flow examinations are as follows: a) 265/34, 13:55; b) 252/36, 4:50; c) 252/34, 4:34; d)
252/34, 4:34; e) 250/58, 4:44, f) 250/47, 3:50; g) 250/41, 3:20. ADC indicates duration (in milliseconds) of data sampling window.
Fig 1. Representative diagram for a segmented 3-D echo-
planar flow sequence with ETL of 5 implemented for this study. RF
indicates radio frequency; Gslice, section select; Gphase, in-plane
phase encode; and Gread, frequency encode. The application of
the superior saturation pulse is not included in the diagram.
TABLE 2: Base image vessel normalized FWHM measurements
and corresponding sequence ranking

ETL/ADC, ms

Common Carotid Artery Vertebral Artery

FWHM
Sequence

Rank
FWHM

Sequence
Rank

1/5.12 1.00 1 1.00 1
3/5.12 0.96 6 0.08 4 0.93 6 0.26 2
3/3.84 0.93 6 0.09 2 0.94 6 0.15 4
3/2.56 0.95 6 0.05 3 0.97 6 0.26 3
5/5.12 0.88 6 0.12 7 0.91 6 0.15 5
5/3.84 0.93 6 0.07 6 1.24 6 0.27 7
5/2.56 0.91 6 0.06 5 0.87 6 0.22 6

Note.—In the Results section of the manuscript, the normalized full
width half maximum (FWHM) measurement and corresponding se-
quence ranking are referred to as M3 and M4, respectively. ETL
indicates echo train length; ADC, duration of data sampling.



dimension was measured left to right, corresponding to the
in-plane phase-encoding direction in the original acquisi-
tion. Vessel/muscle and vessel/background contrast mea-
surements were also obtained at analogous locations in
both the original and coronal MIP images, respectively, by
placing regions of interest in the common carotid and
vertebral arteries, muscle, and background.

Prior to final analysis, the contrast and dimensional
values were normalized by the analogous measurement in
the conventional examination (Tables 4 and 5). The se-
quences were then ranked on a scale of 1 (best) to 7
(worst) with respect to each of the normalized quantitative
measurements. For the dimensional measurements, nor-
malized values not equal to 1 indicated inferior perfor-
mance. Alternatively, normalized contrast values greater
than 1 were considered to indicate superior performance
and those less than 1 to indicate inferior performance
relative to the conventional examination. For both cases,
normalized values equal to 1 inferred equivalent perfor-
mance.

The relative sensitivity of each of the MR flow studies to
motion was determined qualitatively. Corresponding base

TABLE 4: Base image vessel/muscle normalized contrast mea-
surements and corresponding sequence ranking

ETL/ADC, ms

Common Carotid Artery Vertebral Artery

Contrast with
Muscle

Contrast
Ranking

Contrast with
Muscle

Contrast
Ranking

1/5.12 1.00 3 1.00 1
3/5.12 1.06 6 0.13 1 0.97 6 0.09 2
3/3.84 1.07 6 0.16 2 0.94 6 0.15 3
3/2.56 0.98 6 0.12 5 0.91 6 0.04 4
5/5.12 0.94 6 0.06 6 0.88 6 0.13 7
5/3.84 0.92 6 0.08 4 0.87 6 0.08 6
5/2.56 0.95 6 0.08 7 0.91 6 0.06 5

Note.—In the Results section of the manuscript, these measure-
ments are referred to as M1 and M2, respectively. ETL indicates echo
train length; ADC, duration of data sampling window.

TABLE 3: Maximum intensity projection image vessel normalized
FWHM measurements and corresponding sequence ranking

ETL/ADC, ms

Common Carotid Artery Vertebral Artery

FWHM
Sequence

Rank
FWHM

Sequence
Rank

1/5.12 1.00 1 1.00 1
3/5.12 0.89 6 0.06 2 0.94 6 0.11 2
3/3.84 0.91 6 0.05 3 0.93 6 0.09 3
3/2.56 0.89 6 0.09 4 0.97 6 0.11 4
5/5.12 0.79 6 0.14 7 0.78 6 0.17 6
5/3.84 0.78 6 0.11 6 0.85 6 0.15 7
5/2.56 0.84 6 0.07 5 0.82 6 0.17 5

Note.—In the Results section of the manuscript, these measure-
ments are referred to as M7 and M8, respectively. ETL indicates echo
train length; ADC, duration of data sampling window; and FWHM, full
width half maximum.
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images acquired with each of the MR flow techniques were
evaluated for motion on a scale of 0 to 3, where 0 5 no,
1 5 slight, 2 5 moderate, and 3 5 severe artifacts. On the
basis of the results of this assessment of the severity of
motion artifacts in the base images, the sequences were
ranked on a scale of 1 (least severe) to 7 (most severe)
(Table 6).

The volunteer MR flow data were also evaluated quali-
tatively. Specifically, the MIP images generated from each
of the MR flow acquisitions (both segmented echo-planar
and conventional imaging) for each of the volunteers were
ranked by four trained neuroradiologists on a scale of 1
(best) to 7 (worst) (Table 7). The interpreters based their
qualitative ranking primarily on signal-to-noise, vessel/
background contrast, and artifacts.

The analysis of the patient data was strictly quantitative
and performed by two of the four neuroradiologists who
evaluated the volunteer data. The segmented echo-planar
flow studies were judged for their ability to accurately
depict the severity of disease on the MIP images as defined
by the percentage of stenosis measured in accordance
with criteria developed by the North American Symptom-

TABLE 6: MR flow sequence motion rating and corresponding se-
quence ranking

ETL/ADC, ms Motion Rating Sequence Ranking

1/5.12 0.6 4
3/5.12 0.4 3
3/3.84 0.2 2
3/2.56 0.0 1
5/5.12 1.8 7
5/3.84 1.4 6
5/2.56 0.8 5

Note.—The motion rating values reported above were determined
by qualitative evaluation of base image data for motion artifacts on a
discrete scale of 0 to 3, where 0 5 no, 1 5 slight, 2 5 moderate, and
3 5 severe artifacts. ETL indicates echo train length; ADC, duration of
data sampling window.

TABLE 5: Maximum intensity projection image vessel/background
normalized contrast measurements and associated sequence
ranking

ETL/ADC, ms

Common Carotid Artery Vertebral Artery

Contrast with
Background

Contrast
Ranking

Contrast with
Background

Contrast
Ranking

1/5.12 1.00 3 1.00 2
3/5.12 1.10 6 0.11 1 1.16 6 0.10 1
3/3.84 1.05 6 0.08 2 0.99 6 0.12 3
3/2.56 0.95 6 0.05 5 0.98 6 0.03 5
5/5.12 1.00 6 0.11 4 0.91 6 0.15 4
5/3.84 0.95 6 0.10 6 0.92 6 0.07 6
5/2.56 0.89 6 0.08 7 0.98 6 0.08 7

Note.—In the Results section of the manuscript, these measure-
ments are referred to as M5 and M6, respectively. ETL indicates echo
train length; ADC, duration of data sampling window.
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atic Carotid Endarterectomy Trial (NASCET) (7). For this
evaluation, the percentage of stenosis measured on the
conventional angiogram served as the standard of refer-
ence. In anticipation of the potential for flow void to occur
at and distal to stenoses that impeded NASCET measure-
ments, such MR angiographic cases were assigned a 99%
stenosis value when the distal internal carotid artery was
clearly patent.

Statistical Analysis of Quantitative and Qualitative
Measurements

Volunteer Data.—The rankings obtained from the quan-
titative and qualitative measurements were analyzed by
means of the Friedman test statistic to determine whether
there were any differences in the measurements of the
seven MR flow imaging techniques. If the Friedman test
was significant at the .05 level, then the following hypoth-
eses were assessed by the Wilcoxon signed rank test: 1)
there is no difference in the performance of conventional
and segmented echo-planar flow sequences, 2) there is no
difference between the performance of ETL 5 5 and ETL 5
3 segmented echo-planar flow sequences, and 3) there is
no difference in the performance of the various-bandwidth
ETL 5 3 segmented flow sequences. A significance level
of .05 was used for all comparisons.

Patient Data.—Independently, for each reader and for
each of the MR techniques, using the analysis of variance
(ANOVA) procedure, an F test was used to assess the
hypothesis that there was no statistically significant differ-
ence between the mean percentage of stenosis as obtained
by angiography and by each of the MR techniques. Simi-
larly, ANOVA was performed for each reader indepen-
dently to test the hypothesis that there was no statistically
significant difference in performance among the three MR
techniques. A significance level of less than .05 was applied.

Results

Volunteer Data

The quantitative vessel dimension analysis
performed on the volunteer data indicated that

TABLE 7: Qualitative sequence ranking

ETL/ADC, ms Qualitative Sequence Ranking

1/5.12 1.0
3/5.12 2.6
3/3.84 2.85
3/2.56 3.7
5/5.12 6.25
5/3.84 5.8
5/2.56 5.9

Note.—Results of independent qualitative ranking of maximum
intensity projection images generated from MR flow examinations in
six healthy volunteers. The rating was performed by four trained neu-
roradiologists on a scale of 1 (best) to 7 (worst) and the results were
averaged to produce the reported ranking values. ETL indicates echo
train length; ADC, duration of data sampling.
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the segmented echo-planar flow studies consis-
tently underestimated the dimension of both
large (common carotid) and small (vertebral)
arteries on both the original and MIP images
(Tables 2 and 3). Exceptions occurred in those
studies exhibiting significant (ranking of 2 to 3)
motion artifacts caused by swallowing and pul-
satile flow. In such instances, vessel dimensions
were artifactually increased as compared with
the values from the analogous conventional
(ETL 5 1) examination. Significant motion ar-
tifacts were almost exclusively restricted to the
ETL 5 5 segmented echo-planar studies, in-
creasing in severity with decreasing signal
bandwidth. This observation was supported by
the qualitatively determined motion rating (Ta-
ble 6). Another interesting result of the motion
analysis was the observation that the ETL 5 3
segmented echo-planar sequences exhibited
fewer gross motion artifacts than the conven-
tional MR flow examination. This finding prob-
ably reflects the increased likelihood of gross
patient motion during the relatively long acqui-
sition time required to complete the latter. The
uniformity of the signal intensity of the blood
was also diminished in the segmented echo-
planar images as compared with the conven-
tional study. The nonuniformity was greatest for
the ETL 5 5 sequences, increasing with de-
creasing bandwidth. Overall, the subjective im-
pression of the quantitative data was that the
ETL 5 3 segmented sequences generated su-
perior MR flow images relative to their ETL 5 5
counterparts.

As compared with the conventional MR flow
images, the ETL 5 3 segmented echo-planar
sequences exhibited a reduction in vessel di-
mension (Tables 2 and 3), contrast (Tables 4
and 5), and blood signal uniformity on both the
original and MIP images. With respect to signal-
to-noise considerations among the various
ETL 5 3 segmented echo-planar flow tech-
niques, the 650 KHz sequences were deemed
to be inferior to their lower bandwidth counter-
parts. However, the same data were unable to
show a definitive difference or superiority in the
performance of the 633.3-KHz versus the 625-
KHz ETL 5 3 segmented sequences.

Statistical analysis of the same quantitative
data produced the following results. For five of
the quantitative measurements (M3–M5, M7,
M8), the performance of the conventional tech-
nique was superior to that of the segmented
echo-planar flow sequences (P 5 .031), with a
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sixth measurement (M6) showing borderline
significance (P 5 .063). For seven of the mea-
surements (M1–M5, M7, M8), there was a sta-
tistically significant improvement in the perfor-
mance of ETL 5 3 as compared with ETL 5 5
segmented echo-planar sequences (P 5 .031),
with the eighth measurement (M6) showing
borderline significance (P 5 .063). Considering
the performance of the ETL 5 3 segmented
echo-planar sequences, for three (M4–M6) of
the quantitative measurements, the low-band-
width (625 KHz) sequences were statistically
significantly better than their high-bandwidth
(650 KHz) counterparts (P 5 .031).

The qualitative ranking by the radiologists
(Table 7) was in agreement with the subjective
impression and statistical analysis of the quan-
titative data. Statistically, all four readers
judged the performance of the conventional MR
flow technique as superior to that of the seg-
mented echo-planar techniques (P 5 .031).
Similarly, for all four readers, there was a sta-
tistically significant improvement in the perfor-
mance of the ETL 5 3 as compared with the
ETL 5 5 segmented echo-planar sequences
(P 5 .031). Alternatively, considering the per-
formance of the ETL 5 3 segmented techniques
alone, there was no statistically significant dif-
ference between the low (625 KHz) and me-
dium (633.3 KHz) bandwidth sequences. How-
ever, for two of the readers, there was a
statistically significant improvement in the
quality of the medium-bandwidth (633.3 KHz)
segmented echo-planar techniques as com-
pared with that of their high-bandwidth (650
KHz) counterparts (P 5 .031) and a similar
improvement in the performance of the low
(625 KHz) versus high (650 KHz) bandwidth
segmented sequences (P 5 .031).

Patient Studies

As compared with conventional studies, the
segmented 3-D echo-planar MR examinations
of the patients exhibited a greater nonuniformity
in vessel signal. However, artifacts caused by
gross patient motion and pulsatile flow were
comparable between the ETL 5 3 segmented
echo-planar and conventional techniques. Ex-
cept in cases of severe disease (99% stenosis on
the angiogram), for which there was complete
agreement between the angiographic and MR
techniques, the segmented 3-D echo-planar
and conventional MR flow techniques consis-
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tently overestimated the severity of disease
(Fig 2).

For one reader, a comparison of the conven-
tional MR and angiographic techniques showed
that the percentage of stenosis seen with con-
ventional MR imaging was, on average, higher
than that seen at angiography by 8.2%, which
was not statistically significant (P 5 .1422).
However, for the second reader, conventional
MR imaging showed a higher percentage of ste-
nosis than did angiography by an average of
20.7%, which was significant (P 5 .0026). Com-
paring the low-bandwidth ETL 5 3 segmented
3-D echo-planar (low-bandwidth) technique
with angiography, for one reader, the percent-
age of stenosis seen with the low-bandwidth
technique was higher than that seen at angiog-
raphy by an average of 21.5%, which was sig-
nificant (P 5 .0214). Similarly, for the second
reader, the percentage of stenosis with the low-
bandwidth technique was higher than that at
angiography by an average of 20.5%, which was
also significant (P 5 .0496). Finally, for one
reader, the percentage of stenosis seen with the
medium-bandwidth segmented MR flow tech-
nique was higher than that seen at angiography
by an average of 19.1%, which was significant
(P 5 .0201). For the second reader, the medi-
um-bandwidth technique showed a higher per-
centage of stenosis than did angiography by an
average of 23.8%, which also was significant
(P 5 .0046). In no instance did the segmented
3-D echo-planar imaging or conventional tech-
niques indicate disease that was not present at
angiography, resulting in a zero false-positive
rate for the MR techniques.

Comparing performance among MR tech-
niques (with respect to angiography), for one
reader, there was no statistically significant dif-
ference in the performance of the three MR flow
techniques (P 5 .7964). For the second reader,
however, the conventional MR flow examination
provided a marginally statistically significant
improvement in performance as compared with
the segmented 3-D echo-planar flow tech-
niques (P 5 .0583).

Discussion

The reduction in vessel dimension observed
on the segmented echo-planar imaging se-
quences most likely reflects primarily the effect
of the T2* low-pass filter imposed by the centric
reordering scheme used as well as the increase

AJNR: 18, August 1997



Fig 2. MR flow and angiographic studies acquired in a patient with known carotid occlusion. Angiogram (A), conventional MR flow
study (B), low-bandwidth segmented 3-D echo-planar imaging study (C), and medium-bandwidth segmented 3-D echo-planar imaging
study (D). The TR/TE and matrix size are 34/6.8 and 256 3 256 for the conventional (ETL 5 1) acquisition (B), 34/7.2 and 252 3 256
for the medium-bandwidth segmented echo-planar imaging acquisition with ETL of 3 (C), and 36/7.8 and 252 3 256 for the
low-bandwidth ETL 5 3 segmented echo-planar imaging acquisition (D).
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in spin dephasing associated with the longer
field echo times (8, 9). As a consequence of its
low-pass nature, the reduction in vessel dimen-
sion imposed by the filter is greatest for the
smaller vessels. The severity of the low-pass
filter effect on vessel dimension is dependent on
the apparent T2* of blood. The latter is spatially
variant, because it is determined by multiple
factors, including the local oxygenation level of
the blood (T2* decreasing with decreasing per-
centage of O2), the complexity of flow, and the
level of the local static field homogeneity. It is
unlikely that the percentage of O2 in the blood
has a large effect on the T2* value observed in
this study. Rather, the local flow patterns (ex-
tremely complex at the bifurcation and in re-
gions of stenosis) and static local inhomogene-
ities (air tissue interface between the chin and
neck) were most likely the primary determi-
nants of the local T2* (10, 11).
The increase in motion artifacts with increas-
ing ETL (3 versus 5) and signal bandwidth is
consistent with experience reported with fast
spin-echo imaging of the spine as compared
with conventional techniques (12). In this study,
the increase in motion artifacts with increasing
ETL and bandwidth may reflect not only the
effect on the larger difference in T2* decay and
accrued transverse spin phase between the dif-
ferent segments of the raw data collected at the
different echo times but also to the increased
signal from background tissue. The latter is the
result of the use of the longer TRs necessitated
by the longer ETLs. While the longer TRs al-
lowed for the greater inflow of fresh blood into
the imaging volume, it also resulted in an in-
crease in pulsatile motion artifacts in a manner
analogous to the increased ghosting observed
in large flip angle sequential two-dimensional
imaging (13). Nevertheless, the reduction in the



T1 saturation of blood consequent to the in-
creased inflow did not translate into an increase
in vessel/background contrast, owing to the
proportionately greater increase in signal inten-
sity from the shorter T1 background tissues.
Swallowing artifacts were also concomitantly
increased. The increase in signal from the back-
ground tissues is particularly problematic when
the muscle contains a high percentage of fat.
The increased sensitivity to motion with the in-
crease in signal intensity from the background
tissues indicates that the ETL 5 5 sequences
are not appropriate for use in patients.

The decrease in blood signal homogeneity in
the vessels seen on the original and MIP seg-
mented echo-planar images was due to in-
creased motion artifacts caused by gross pa-
tient motion and/or pulsatile flow and increased
spin dephasing associated with the longer field
echo times. Although the higher signal band-
width segmented techniques provided shorter
field echo times, the sacrifice in signal-to-noise
ratio was too severe. The high level of noise
degraded the quality of the base images and
translated into a loss in vessel information and
contrast in the associated MIP images. These
observations are consistent with the large body
of literature elucidating the importance of and
fine line between the influence of signal-to-
noise and gradient durations on the quality of
MR flow studies (14).

Spatial misregistration of oblique in-plane
flow did not seem to be accentuated on the
segmented echo-planar sequences. This may in
part be attributed to the fact that the in-plane
phase-encoding gradient was intentionally ap-
plied immediately before the acquisition of the
low in-plane spatial frequencies as well as to the
fact that the major direction of flow was perpen-
dicular to the through-plane direction. This ap-
parent absence of spatial misregistration of flow
will most likely not hold true for applications in
which there is significant in-plane flow, such as
encountered in flow imaging of the intracranial
vasculature (15, 16). Similarly, there was no
increase in artifacts caused by the presence of
local magnetic field inhomogeneities and/or
chemical shift. Nevertheless, this is expected
not to be the case when large local magnetic
field inhomogeneities are present, suggesting
that the performance of the segmented echo-
planar imaging techniques would be compro-
mised when applied to flow imaging of the
intracranial vasculature (Magnotta et al, “Twen-
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ty-three Second...”; Gullapalli et al, “2-D and
3-D...”).

The patients’ examinations showed that all
MR flow techniques overestimated the severity
of disease, with the increase greatest for the
segmented techniques, independent of signal
bandwidth. This finding precludes the use of
segmented 3-D echo-planar imaging as a
method of obtaining an accurate measurement
of the percentage of stenosis upon which sub-
sequent clinical treatment can be determined,
as outlined by the results of the NASCET study
(7). However, the false-positive rate obtained in
this study, together with the substantial reduc-
tion in acquisition time, suggests that these
techniques may be used for screening/locating
studies of cervical carotid disease.

Finally, owing to the large number of statisti-
cal comparisons made here, we recognize that
the overall type I error rate may exceed the .05
level. However with only six independent cases,
our ability to detect real differences would have
been near zero if a significance level of less than
.05 had been used. We based our conclusions
not on any one statistically significant finding
but rather on the consistency of the results
among the four readers and over the eight
quantitative measurements.

Conclusions

Our observations suggest that segmented
3-D echo-planar imaging may fill an important
niche in clinical flow imaging of the carotid ar-
teries. Specifically, the segmented 3-D echo-
planar sequences can be used as a rapid and
accurate screening tool for carotid disease. The
inherent T2* filtering incurred when the ETL
was greater than 1 and the increased spin
dephasing associated with the longer field echo
times preclude the use of segmented echo-pla-
nar imaging sequences to obtain accurate esti-
mates of the percentage of stenosis as defined
by the NASCET criteria. Nevertheless, the sig-
nificant reduction in acquisition time provided
by these techniques together with the zero false-
positive rate obtained suggest that they may be
useful as a screening/locating study for carotid
disease in certain cases.
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