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Effects of Image Orientation on the Comparability of Pediatric
Brain Volumes Using Three-Dimensional MR Data

Anil J. Patwardhan, Stephan Eliez, Ilana S. Warsofsky, Gary H. Glover, Chris D. White,
Jay N. Giedd, Bradley S. Peterson, Donald C. Rojas, and Allan L. Reiss

Purpose: The purpose of this study was to examine the comparability of morpho-
metric measurements made on pediatric data sets collected at five scanner locations,
each using variations on a 3D spoiled gradient-recalled echo (SPGR) pulse sequence.

Method: Archived MR data from 60 typically developing children were collected
and separated into seven groups based on the pulse sequence used. A highly automated
image-processing procedure was used to segment the brain data into white tissue, gray
tissue, and CSF compartments and into various neuroanatomic regions of interest.

Results: Volumetric comparisons between groups revealed differences in areas of
the temporal and occipital lobes. These differences were observed when comparing
data sets with different image orientations and appeared to be due to partial volume
averaging (PVA) and susceptibility-induced geometric distortions.

Conclusion: Our results indicate that slice selection and image resolution should be
controlied in volumetric studies using aggregated data from multiple centers to mini-
mize the effects of PVA and susceptibility-induced geometric distortions.

Index Terms: Magnetic resonance imaging—DBrain—Brain, morphology.

Magnetic resonance imaging (MRI) is now widely
used to quantitatively assess the in vivo morphologic
properties of the brain, both in the disease state and in
normal human brain development. Whereas MRI has
proven to be a powerful tool in areas of neuroanatomic
research, the pragmatics of large scale longitudinal im-
aging experiments often require the aggregation of MR
scan data from different centers. For example, in studies
of disease progression (e.g., multiple sclerosis), there
may be a need to acquire scans serially for individual
patients over the course of several years. Additionally, in
studies requiring a large number of participants, it is
often impractical to scan all prospective subjects at a
single MR location. Thus, knowledge of the comparabil-
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ity of MR data from different sources is critical. lmage
compatibility allows for pooling of MR scan data from
multiple scan sites, thereby increasing sample size and
statistical power, and may permit the collection and use
of previously inaccessible or rare data.

Factors that may affect scan compatibility include dif-
ferences in pulse sequence, image artifacts, scanner hard-
ware and software, and scanner maintenance. To aggre-
gate data from multiple sites, investigators must have
knowledge of how differences in these parameters influ-
ence the results of their image analysis procedures. In
this multicenter study, we used a reliable, well-validated,
and largely automated image analysis procedure to ex-
amine variability in volume measurements made on
scans of children acquired at several research institutions
across the country. These data are timely given the recent
initiatives to aggregate data from multiple sites in an
initial attempt to analyze brain growth and maturation
during childhood.

METHODS

Subjects

Archived MR data were obtained from five different
research institutions within the United States. Each of the
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sites contributed scans of five boys and five gitls who
were individually matched for gender and within 2 years
of age among groups. An additional group of 10 subjects
was also scanned at one of the sites, for a total of 60
subjects. The 60 subjects in the study were separated into
seven groups based on the differences in pulse sequence
used among the scanners (see Table 1).

MR Protocols

All data were acquired with 1.5 T GE Signa scanners
(General Electric Medical Systems, Milwaukee. WL
U.S.A.). The scanning protocols used for all data acqui-
sitions and analyses included variations on a standard
T1-weighted 3D spoiled gradient-recalled echo (SPGR)
pulse sequence and varied with scan site as shown in
Table 1. The National Institute of Mental Health (NIMH)
(Group T), Stanford University (Group 1V), and Univer-
sity of Colorado (Group VTI) sites each contributed scans
from only one group of 10 subjects. Groups V and VI
consist of coronal and sagittal acquisitions from the same
group of 10 subjects who were scanned twice at the Yale
University School of Medicine. Groups II and IIf consist
of coronal acquisitions from two separate groups of 10
subjects, both scanned at Johns Hopkins University
School of Medicine.

Raw GE Signa formatted image data were collected,
processed, and analyzed in the Stanford Psychiatry Neu-
roimaging Laboratory (Stanford University School of
Medicine, Stanford, CA, U.S.A.) for volumetric analysis.
Volumetric measurements were performed using the im-
age analysis program BrainImage (1).

Data Processing

Volumetric assessment of image data in Brainlmage
requires a stepwise process of data importation, removal
of nonbrain voxels, correction of image nonuniformity
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resulting from RF field inhomogeneity, positional nor-
malization of image data sets, and fuzzy tissue segmen-
tation. Bach of these steps has been delineated in previ-
ous publications (2-6) and is briefly described here.

The data importation process creates a stack of spa-
tially registered 8 bit images and minimizes the amount
of interslice gradient or “shading” artifact due to the RF
field inhomogeneity during a scan. For measurements of
brain volumes, nonbrain material is removed from the
raw data using a semiautomated erosion-dilation, edge
detection protocol followed by manual rater adjustments
(2). The resulting image stack comprises cranial tissue
and CSF only and is devoid of skull, scalp, and vascu-
lature. A correction algorithm is then applied to the re-
sulting brain tissue to again minimize the amount of
interslice and intraslice gradient artifact. This “skull-
stripped” and corrected image is then resliced to produce
an isotropic dataset so that the interpolated slice thick-
ness in the plane of acquisition (z-dimension) has the
same resolution as in the x- and y-pixel dimensions.

A multistep tissue segmentation procedure in Brain-
Image is used for volumetric quantification of whole-
brain tissue into white, gray, and CSF tissue compart-
ments and relies on a “fuzzy” or probabilistic classifica-
tion of voxels based on voxel intensity (3). The
segmentation method produces three image stacks, each
containing voxels assigned to white tissue, gray tissue,
and CSF, respectively.

A method initially described by Andreasen et al. (6)
and subsequently modified (4.5) is used to subdivide
the brain into cerebral lobes. All resliced brain images
are brought into a multiplanar viewing module of
Brainlmage to standardize their position in space with
reference to anterior commissure (AC)-posterior com-
missure (PC) landmarks. Once the AC-PC plane is set,
the Brainlmage software automatically loads a propor-
tional stereotaxic grid onto the brain. The grid is com-
posed of 1,232 3D rectangular sectors (6,7) that are
grouped together to correspond to neuroanatomic regions
of interest (4,5). Volumes of the total cerebrum, frontal

TABLE 1. Scan parameters for Groups I-VII

TR TE
Group Age at scan (yrs) (ms) (ms)
I Child Psychiatry Branch, Mean = 9.80, 24 5
NIMH SD = 26
Il:  Johns Hopkins Univ. Mean = 10.28, 45 5.6
School of Medicine SD =24
1I:  Johns Hopkins Univ. Mean = 10.53, 45 5.6
School of Medicine SD =29
IV: Stanford Univ. Mean = 10.33, 45 5,6
School of Medicine SD = 24
V: Yale Child Study Center, Mean = 9.50, 24 8
Yale School of Medicine SD = 24
VI Yale Child Study Center, Mean = 9.50, 24 5
Yale School of Medicine SD =24
VII: Department of Psychiatry, Mean = 10.24, 45 5
Univ. of Colorado SD =25

Health Sciences Center

Flip
angle FOV Resolution
() NEX Matrix (mm) (x, v, 7) (mm) Orientation
45 1 256x 192 240 094x0094x 150 Axial
45 1 256 % 128 240,220 094 x 0.94 x 1.50 Coronal
0.86 x 0.86 x 1.50
45 1 256 x 128 240,200 0.94 x 0.94 x 1.50 Coronal
0.78 x 0.78 x 1.50
45 1 256 x 128 240,220 094 x 0.94 x 1.50 Coronal
0.86 x (.86 x 1.50
45 075 256 x 192 360 141 x 1.41 x 1.40 Coronal
45 2 256 x 192 300 1.17 x 1.17 x 1.20 Sagittal
45 1 256 x 128 240 0.94 x 0.94 x 1.70 Coronal
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TABLE 2. Segmented volumes [mean (SD)] among Groups 1-VII and results from seven-group repeated measures
ANOVA comparison

A. J. PATWARDHAN ET AL.

I I it v
Gray matter
Cerebrum T11.1(61.50)  691.0(64.70)  666.8 (84.94)  687.6(38.71)
Frontal 251.6(24.83) 2514 (23.42)  2354(29.24)  248.1 (19.96)
Parietal 171.8 (17.54) 163.9 (13.37)  161.9(25.07)  162.1 (14.31)
Temporal 155.1 (14.56)  154.5(22.36) 1494 (19.35) 1583 (12.41)
Occipital 87.1 (9.48) 750 (12.15) 743 (13.85) 73.9 (8.95)
Vent. CSF 9.2(4.54) 9.7 (2.47) 8.6(1.92) 122(6.71)
White matter
Cercbrum 4457(57.57y 4546 (TLI1Y  4322(79.30) 4463 (57.10)
Frontal 153.9 (22.27) 169.7 (28.30) 15583044y  161.2(19.31)
Parietal 119.4 (14.79) 1160 (14.17) 1166 (20.60)  120.1 (17.29)
Temporal 7211400 68.0 (13.06) 65.2 (13.45) 6:4.7 (16.09)
Occipital 54.2(7.85) 53.9(13.52) 50.1(14.52) 34.9(12.81)

\Y% \%! viI Repeated measures ANOVA
6417 (57.06)  628.1(6123)  652.9(75.50) F = 3.025,p = 0.0127
233.0¢21.30) 2283 (19300 236.6 (29.01)  F = 1.890, p = 0.0993
155.5 (14.30)  153.8 (1474)  1592(17.00) F = 1347, p = 0.2528
142.7 (1609)  128.0(15.63)  143.0(l666) F =629, p< 0.0001

64.6 (9.75) 73.6 (12.26) T2.7 (1473 F = 4403, p = 00011
10.1 (4.21) 10.2 (3.53) 11.2(4.64) F = 0.726, p = 0.6304
4271 (59.86)  403.5(44.50)  4549(5484) F = 1413, p = 0.2265
[54.8(2221)  1427(1631)  165.9{2284) F = 2.289, p = 0.0485
112.6(1730)  108.0(15.55)  119.5(14.49) F = 0855, p = 0.5336
66.6 (11.62) 67.0(7.84) 68.6 (10.78)  F = 0.632, p = 0.7040
51.6 {9.94)) 44.7 (778 53.2 (8.82) F o= 1.308, p = 0.2697

lobe, parietal lobe, temporal lobe, occipital lobe, and
ventricular CSF were measured using this method.

Statistics

Differences in regional brain volumes among the mul-
ticenter groups were computed with repeated measures
analysis of variance (ANOVA). If the overall analytic
model indicated significant group differences were pres-
ent, follow-up between-group post hoc analyses were
carried out using the Fisher protected least-square dif-
ference. The significance threshold for all analyses was
p < 0.01.

RESULTS
Interrater Reliability

Interrater reliability among three raters was calculated
for six brains chosen at random from the multicenter
study. The reliability sample consisted of four girls and
two boys (age range 9-14 years). Each of the three raters
completed each phase of image processing indepen-
dently for all six brains, and the resulting volumetric data
were compared.

The intraclass correlation coefficient was used to cal-
culate interrater reliabilities for segmented areas of brain
tissue among three raters. The average intraclass corre-
lation was 0.95, indicating high reliability.

Groupwise Comparison

Total brain volumes were distributed normally among
the various groups. ANOV As revealed no significant dif-
ference between groups for age at MR scan (F = 0.307,
p < 0.9310).

Results of the repeated measures ANOVA revealed
significant differences in volumes for 3 of the 16 areas
assessed: total cerebral gray tissue, temporal lobe gray
tissue, and occipital lobe gray tissue (Table 2). Further
post hoc analyses specified that Groups I and VI con-
tributed most to these differences (Table 3). Frontal lobe
volumes were also reduced in Group VI compared with
other groups; however, this difference did not reach
significance.

As shown in Table 3, total cerebrum gray volumes
were increased in Group 1 compared with Groups V and
VI and were reduced in Group VI compared with Group
11. Temporal gray tissue also was reduced in Group Vi
compared with Groups L 1L, TII, and IV, Occipital lobe
gray volumes were significantly increased in Group 1
compared with all other groups.

DISCUSSION

Previous studies employing phantoms have examined
the accuracy (closeness to truth) and precision (repro-
ducibility) of volumetric measures and spatial localiza-
tion using multiple sets of MR data. Quantitative MRI-
based volumetry (8,9) and stereotactic localization (10)

TABLE 3. Post hoc analyses (Fisher protected least-square difference) of significant group interactions for regions of interest

Group interaction -1 - -1V -V 1-v1 -vil I-v1I M-VI IvV-vi
Cerehrum gray p = 0.0057, p = 0.0011, p = 00118,

1>V, VI, VI<TI MD = 695 MD = 830 MD = 62.9
Temporal gray p < 0.0001, p < (LO0OT, p = 0.0006, p <G.0001.

Vi<, 0L L IV MD = 27.1 MD = 265 MD =204 MD = 303
Occipital gray

1> 10,10, IV, V, p = 0.0090, p=00057, p=00046, p <0.0001, p = 00037, p= 00021,

VI, vII MD = 120 MD =128 MD =131 MD=1224 MD =135 MD =143

Significant group interactions for volume differences arc

parietal lobe, or ventricles were significantly different in the scven group ANOVA comparison

difference.
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listed under particular brain regions in the leftmost column (i.e., [ > ¥V, VI). No regions of the frontal lobe.

and therefore were not further explored for group interactions. MD, mean
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of phantom materials and formalin-fixed brains (11)
have shown variations in repeated measures resulting
from changes in image orientation and slice thickness,
although differences with 3D acquisitions are generally
less significant than with 2D data acquisition (8,10).
However, without multiple tissue/tissue interfaces and
the geometric distortions introduced by the presence of
biologic materials in the magnetic field (12), phantoms
are often poor representations of clinical MR data. Fil-
ippi et al. (11) have previously demonstrated variations
in lesion volumes due to differences in field strength and
scanner type in a group of adult patients with multiple
sclerosis scanned with a 2D dual echo sequence using 5
mm slice thickness. To date, no studies have addressed
the extent to which variations in scanner or high resolu-
tion 3D pulse sequence affect the comparison of whole-
brain volumetric data from typically developing children.

Several potential sources of image variation were ad-
dressed in this study in an effort to increase image com-
patibility among datasets and sites. First, with use of both
real and synthetic phantom data sets, a previous evalua-
tion (3) revealed both high reliability and accuracy for
the segmentation algorithm used in this study, indicating
that variations associated with data processing and analy-
sis contributed minimally to variation in results among
groups. Second, the scanner type among all centers was
standardized to reduce the effects of hardware and field
strength, factors known to produce variations in image
quality (11). Third, the use of a 3D volumetric acquisi-
tion, in which the entire imaged volume is excited at
once with only weak slab selection (12), gives better
contiguous slice profiles, producing less cross-talk be-
tween slices (13). Studies have shown that increasing
slice thickness over 2 mm has a demonstrable effect on
the volume data of relatively small structures of the brain
such as the amygdala and hippocampus (14) and multiple
sclerosis lesions (15), even with 3D acquisitions. Thus,
the requirement of relatively thin slice thickness was
selected among all centers for the 3D acquisitions to
minimize the effects of partial volume averaging (PVA)
(8,11,14). Finally, subjects in all groups also were indi-
vidually age and gender matched to minimize any bio-
logic variation of tissue volumes among groups due to
gender or differing stages of neurodevelopment.

Post hoc analysis of individual group-by-group inter-
actions revealed thai significant differences in regional
volume measures occurred only among comparisons in-
volving Group [ (axial orientation) and Group VI (sag-
ittal orientations). Compared with coronally acquired
scans, occipital lobe volumes were increased in images
with axial orientations, whereas ternporal lobe volumes
were reduced in images with sagittal orientations (Fig.
1). These differences were apparent only in gray matter
tissue. Our results support previously reported variations
(16,17) in measures of gray matter structures due to slice
orientation in which a slice thickness of 1.4 mm was used
{(17). The orientation of slice selection on the reformation
of 2D data from the 3D volume may exert its influence
on morphometric measurements through the effects of
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FIG. 1. Seven-group comparison of occipital lobe gray and tem-
poral lobe gray volumes. All groups consisted of coronally ori-
ented images except for Groups | (axial} and VI (sagittal).

PVA (8) in the plane of slice selection. Susceptibility-
induced geometric distortions, occurring in the fre-
quency-encoding but not phase-encoding direction
(12,18), also may have contributed to volume differences
in Group VI in areas of the temporal lobe and frontal
lobe.

The amount of PVA occurring among scans depends
on essentially three pulse sequence parameters that de-
termine the final resolution in each of the three image
dimensions. Field of view, slice thickness, and acquisi-
tion matrix size all may affect volume measurements by
preferentially affecting any single image plane. When the
frequency- and phase-encoding steps are equal and the
in-plane resclution equals the resolution in the direction
of slice selection, isotropic or “cubic” voxel data are
acquired. By acquiring cubic voxels, an equal resolution

J Comput Assist Tomogr, Vol. 25, No. 3, 2001
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in all three image dimensions is ensured, thus avoiding
degradation during image reformation due to the large
voxel size (13) and eliminating the need for volume
reslicing of the reformed 2D image data.

In all of the groups, the number of phase-encoding
steps in one of the image planes was reduced to lessen
scan time, giving nonsquare acquisition matrix sizes (i.e.,
256 x 192). The trade-off is the preferential loss of image
resolution in one direction perpendicular to the plane of
slice selection due to image reformation into a 256 x 256
final matrix size. Thus, volumetric differences observed
in this study may occur as a result of the different ac-
quisition matrix sizes used in these groups. For Groups 1
and VI, the 256 x 192 matrix size will produce less of a
loss of resolution in the phase-encoding direction than in
Groups II, TIT, and VIL, which have an acquisition matrix
size of 256 x 128. A loss in image resolution in combi-
nation with differences in the image orientation may
combine to cause the volume differences observed in
this study.

Although all groups used relatively thin slice thick-
ness, Groups V and VI had in-plane resolutions that most
closely approximated the resolution in the plane of slice
selection. Unlike the other axial and coronal data sets,
both the coronal scans of Group V and the sagittal scans
of Group VI acquired voxel data using a relatively large
field of view and low in-plane resolution. Effects of
PVA, although present in these lower resolution scans,
do not preferentially affect the slice selection dimension,
and therefore the volumetric errors do not occur prefer-
entially in any single image plane. Despite the relatively
equal resolutions in both Groups V and VI, relatively
minor differences in temporal and frontal lobe gray vol-

J Comput Assist Tomogr, Vol. 25, No. 3, 2001

umes were seen even between these two groups. These
differences are remarkable considering that Groups V
and VI are coronal and sagittal scans of the same indi-
viduals scanned with the same MR machine and may
be associated with susceptibility induced distortions in
the images.

Apart from differences in image resolution, image ar-
tifacts that depend on (focal) magnetic field inhomoge-
neities also can affect scan compatibility. Susceptibility-
induced geometric and intensity distortions occur as a
result of magnetic perturbations induced by the imaged
object itself and depend on the shape, orientation, and
type of material present in the imaged volume (12) and
the direction and strength of the gradient field. In MR1,
these distortions occur where objects have boundaries
with ditferent magnetic susceptibilities and often are
present in gradient-recalled echo sequences using large
main magnetic field strengths and small read-out gradi-
ent strengths (19). In the head, anatomic structures adja-
cent to regions between air and soft tissue or cortical
bone (e.g., frontal and sphenoid sinuses, temporal lobes)
are subject to large susceptibility effects. In the current
study, susceptibility artifacts were most evident in the
sagittal images of Group VI and occurred in the inferior
portions of the temporal lobes and frontal lobes, produc-
ing an apparent loss of gray matter tissuc (Fig. 2). No-
tably, similar artifacts were absent in coronal images of
the same subjects scanned using the same scanner hard-
ware, software, and head position (Group V). The de-
crease in temporal lobe gray volumes in Group VI com-
pared with other groups, therefore, cannot be completely
explained by object-dependent or machine-dependent
variables. Among other factors, susceptibility artifacts

FIG. 2. Susceptibility-induced geo-
metric distortions in 3D acquisitions
using both coronal and sagittal slice
selections. Shown in the figure is a se-
lection of six subjects who were
scanned both coronally (Group V) and
sagittally (Group VI). The images were
reoriented and resized for visual com-
parison. Reformatted sagittal sections
of the same brain scanned both sagit-
tally (column 1) and coronally (column
2) are shown. Coronal sections of
three brains scanned sagittally (col-
umn 3) and coronally (column 4) also
are presented. Arrows point to the
bright intensity variations occurring in
the sagittally acquired scans in areas
of the temporal lobe and inferior frontal
lobe. Note that similar regions in scans
acquired in the coronal plane show
little or no sign of this artifact.




are dependent on the direction and strength of the mag-
netic field gradient applied during the scan. In 3D acqui-
sitions, slab selection is relatively weak and is achieved
by applying a discrete linear magnetic field gradient
(phase-encode gradient) during the period that the broad-
band, nonselective RF pulse is applied. Differences in
the direction of this phase-encoding gradient for sagittal
and coronally acquired images may cause orientation-
dependent artifacts of the same imaged volume.

Differences in image volumes occurred among scans
acquired in different MR centers despite the relatively
thin slice thickness used and the increased image quality
afforded by 3D acquisitions. Standardizing the direction
and thickness of slice selection in 3D acquisitions can
minimize the effects of PVA and susceptibility-induced
distortions, thereby increasing the compatibility of scans
across different sites. Our results indicate that slice se-
lection and image resolution should be carefully con-
trolled in multicenter studies in which aggregation of
MR data sets is the primary goal.
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