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Abstract
Purpose—To evaluate effects of combining functional MRI data acquired from different field
strengths on group analysis as a function of the number of subjects at each field strength.

Materials and Methods—28 subjects (18 at 3T) participated in an auditory task of passively
listening to a 0.75s segment of jazz music in an event-related design. Results of single-subject
analysis were combined to create all possible subject combinations for a group size of 8 subjects
from each of the 3T and 1.5T pools, comprising subject mixtures of (3T/1.5T) 0/8, 2/6, 4/4, 6/2
and 8/0. Group analysis performance of each subject permutation was measured by receiver
operating characteristic (ROC) curves and activation overlap maps.

Results—While area under ROC curves, extent of activation in the gold standard region and
reliability of activation increased with the number of 3T subjects, marginal gain decreased. ROC
performance overlap across mixtures was observed, indicating that some combinations of subjects
markedly outperformed others. For detection of activation, 4/4 was arguably the minimum mixture
level that was comparable to 3T-only group results.

Conclusion—Inclusion of 1.5T data does not necessarily reduce the validity of group analysis.
Lower field strength data was found only to limit detection power, but did not affect specificity.
Within the limits of realignment error, these results should also extend to group longitudinal
analyses of subject mixtures from different field strengths.
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Introduction
During the past decade, functional magnetic resonance imaging (fMRI) research has
transitioned from a science primarily conducted on clinical 1.5 Tesla (T) systems to a
specialized science commonly conducted on high field strength, research-only systems of 3T
or higher. Since their introduction to clinical use in 1982, 1.5T magnetic resonance imaging
(MRI) systems have served as the backbone of clinical imaging (1), and were the primary
platform on which fMRI was developed (2,3), becoming a widespread tool for research.
While higher field strength systems were commonly used in research (e.g., (4)), it is only in
the past decade that 3T systems have become commonplace in clinical and research
facilities. Introduction of these higher field systems has often resulted in replacement of
lower field systems due to proven advantages of higher field strength (e.g., signal-to-noise
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ratio, SNR (5), spatial resolution (6), and fMRI contrast-to-noise ratio, CNR (7–10)). When
such new (and better) systems become available to a researcher, a common question is
whether on-going studies should be continued (where possible) at the lower field strength, or
if they must be restarted at the higher field strength.

The opinion is frequently expressed by many who work in fMRI that data cannot be
meaningfully combined across different systems, let alone across different field strengths.
With increasing popularity of multisite neuroimaging trials (see (11) for recent trends), a
body of literature on multisite studies has been growing (e.g., combination under same
imaging hardware (12), SNR and CNR measurements (13), variability reduction with quality
assurance (14–16), reliability (17, 18) and power analysis (19, 20)). Clearly, studies
conducted across multiple sites have demonstrated that this negative opinion regarding fMRI
data combination is incorrect, particularly with regard to different systems of the same field
strength. However, the question remains open as to the consequences of combining data
across field strengths. To address this question, a mixing study was conducted across 1.5T
and 3T field strengths to investigate effects on fMRI group analysis as a function of the
relative fraction of subjects included from each of the field strengths.

Materials and Methods
Subjects

28 subjects (15 male; age 19–35) participated in the studies contributing to this project. 10
(6 male; age 21–35) were imaged at 1.5T, and 18 (9 male; age 19–32) at 3T. All reported
normal hearing, and provided written informed consent. The study was approved by the
Human Research Protection Program at each institution where the work was performed, and
was conducted in compliance with the Code of Ethical Principles for Medical Research
Involving Human Subjects of the World Medical Association (Declaration of Helsinki).

Experimental Task
A 0.75s segment of jazz music with limited spectral roll-off over the range 0.5–8 kHz was
used throughout this study. This stimulus was presented at a subject-determined comfortable
listening level, binaurally into the ear canals using pneumatic delivery (Avotec SilentScan
SS-3100, Stuart, FL) via plastic tubing and EAR EarLink 3A insert eartips (Kimmetrics,
Smithsburg, MD). (Note that this delivery attenuates transmission above 3kHz.) Subjects
were instructed to passively attend to the music throughout experimentation. Two event-
related runs (435 and 301.5s total time at 1.5T and 3T, respectively) were conducted using
both 12 and 24s inter-stimulus intervals (ISIs). Presentation of the ISIs was pseudo-random,
with equal frequency across the aggregated runs. 46 total stimulus presentations were made
at 1.5T, and 32 at 3T.

fMRI Acquisition
Data were acquired under the above paradigm at 1.5T and 3T. In all acquisitions, functional
images were positioned to capture both left and right primary auditory cortex, with emphasis
placed on encompassing the transverse temporal gyri.

1.5T imaging was performed on a GE Signa CVi (Milwaukee, WI). Bilateral auditory
surface coils (21) were used with blipped EPI (TR/TE = 1500/40ms; FOV = 20cm×20cm;
matrix = 64×64; flip angle = 70°) to obtain 290 images of each of 5 axial slices (5mm thick).
A quadrature head coil was used to obtain 3D volumetric SPGR images of the whole brain
(FOV = 24cm×24cm; matrix = 256×256; 124 slices, 1.0mm thick) for conversion to a
standardized stereotactic reference frame for group analysis.
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3T imaging was performed on a GE Signa HDx (Milwaukee, WI). For fMRI, an Invivo 8-
channel brain array was used with blipped EPI (TR/TE = 1500/22ms; FOV = 24cm×24cm;
matrix = 64×64; flip angle = 88°) to obtain 201 images of each of 12 axial slices (3.8mm
thick). 3D volumetric FSPGR images of the whole brain (FOV = 24cm×24cm; matrix =
256×256; 190 slices, 1.0mm thick) were also acquired.

fMRI Processing
Data were preprocessed in a standard way using AFNI (22). Each subject’s whole-brain
images were skull-stripped and converted to stereotactic Talairach coordinates (23), with
resampling (quintic interpolation) to 1mm isotropic resolution. For each fMRI run, the first
two time-points were discarded, and remaining images realigned (rigid-body) to the mean
image of the run. Data were coregistered to the volumetric images and converted to
Talairach space, with resampling (quintic interpolation) to 4mm isotropic resolution.
Resampled data were detrended (third order) and smoothed (8mm Gaussian). The time-
course in each voxel was mean normalized for comparison across runs and subjects.

Preprocessed data were input to individual and group statistical analyses using the general
linear model (GLM) (24) as implemented in AFNI, with statistical maps superimposed on
group-averaged high resolution anatomical images. The general procedures of the mixing
study are illustrated in Fig. 1.

Initial analysis of cross-field-strength effects involved processing single-subject data. First,
all 1.5T runs were truncated from 288 images to 199 to match the pre-processed 3T data. As
a result, 1.5T and 3T data comprise 32 total trials across the aggregated runs. At 1.5T and 3T
the two runs on a subject were concatenated and processed using a three-column design
matrix: (1) double Gamma Variate hemodynamic response function (HRF) (25) convolved
with binary experimental paradigm, (2) same using the HRF temporal derivative, and (3) a
constant. This single-subject analysis yielded parameter estimates corresponding to the HRF
peak amplitude.

Single-subject HRF estimates (the first beta values) were input to the group analysis mixing
study, in which 1.5T and 3T results were combined in varying proportion to evaluate effects
of inclusion of higher field strength data on a group study that otherwise only contains data
from a lower field strength. A group size of 8 subjects was assumed, with five possible
mixing combinations of field strength (3T/1.5T: 0/8, 2/6, 4/4, 6/2, 8/0). The number of
subject combinations (and corresponding number of group analyses performed) for each
mixing combination were

, respectively.

For each instance of each combination, random effects analysis of subject variance was
hierarchically performed (26) using a one sample t-test to obtain T-scores. This takes into
account inter-subject variance of the residual noise and single-subject parameter estimates.
Resulting T-score maps served as outputs for evaluation.

For assessment of performance at each mixing combination, a “gold standard” map was
constructed. Assuming that 3T data will exhibit a higher CNR (7–10), resulting in greater
sensitivity and specificity, the gold standard was made from a random effects analysis on all
18 subjects imaged at 3T, thresholded at p < 0.05 corrected for false discovery rate (FDR).
To ensure analysis was only conducted over anatomy present in all subject data, the
activation map was masked by the intersection of the 28 normalized anatomical volumes.
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Performance Analysis
First, direct comparison of group activation between field strengths was performed by
random effects analysis of 10 and 18 subjects at 1.5T and 3T, respectively, as well as
combination of all 28 subjects. An unpaired two sample t-test between the 10 and 18
subjects at the two field strengths was also computed. To evaluate reproducibility of
activation maps as a function of mixing combination, two analyses were conducted: (1)
receiver operating characteristic (ROC) analysis, and (2) fraction of overlap of activation
(Roverlap). The second analysis was conducted after converting random effects T-scores to Z-
scores.

For each mixing combination, masked T-score maps were evaluated at 40 threshold levels to
yield ROC curves defined by (approximately) equally-distributed samples. Voxels meeting a
given threshold under a particular mixing combination were compared to the gold standard,
and each voxel was designated as a “True Positive” or a “False Positive.” The relative
fractions of each were used to calculate the true (TPR) and false (FPR) positive rates
associated with the threshold. For a given mixing combination, ROC curves were averaged
across thresholds per (27).

To quantitatively assess sensitivity and specificity across mixing combinations, the area
under the curve (AUC) was computed (sum of trapezoids) for each ROC. Qualitative
assessment of activation as a function of mixing combination was made using a
representative activation map for each combination, selected as the subject combination
having median AUC for the mixing combination. This map was thresholded at p < 0.05
(uncorrected) to best reveal activation trends.

To illustrate effects of mixing combinations on statistical power, histograms of Z-scores in
the gold standard region were constructed for each representative map. For comparison of
each of the Z-score distributions in the gold standard region with noise distribution, the Z-
score histogram for the converse of the gold standard was obtained for the 0/8 (i.e., 1.5T-
only) mixing combination. To demonstrate changes in statistical power across mixing
combinations, statistical power at α = 0.05 (uncorrected) was estimated empirically by
calculating the corresponding TPR within the gold standard region. The power increase
obtained by addition, to an already-acquired corpus, of subjects at a different field strength
was evaluated by assessing the average power of subject combinations of 0/8 + X and 8/0 +
X, respectively, where X ∈ {0/1, 0/2, 1/0, 2/0} and the 0/8 and 8/0 subject combination
corresponds to that exhibiting the median power, as estimated above.

To assess reliability of activation across mixing combinations, 40 subject combinations were
randomly selected and two metrics were calculated for the reliability of activation: the ratio
of activation volume overlap (Roverlap) (28) for all pair-wise subject combinations within
these sets ( ) and the probability map of activation overlap (29). A threshold of p <
0.05 (uncorrected) was used for these analyses.

Results
For direct comparison between field strengths, group activation maps (pUncorr < 0.05) are
presented in Fig. 2. Group activation at 3T exhibits a larger extent of activation than at 1.5T,
but the 1.5T group does not exhibit any structured activations that are absent at 3T. The
direct comparison of the activations at 3T and 1.5T further supports this last point. Grater
activation at 3T may primarily be attributed to obtaining a higher statistical score within the
given voxels; isolated activations observed only for 1.5T are randomly distributed along
bilateral cerebral white matter. These diffuse activations only observed at 1.5T do not
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significantly contribute to the group activation map when combining across field strengths,
with the composite group activation being similar to the “gold standard” in Fig. 4.

Per combining subjects across field strengths, as expected, ROC curves shift toward the
upper left (ideality, relative to the gold standard) as the number of included 3T subjects
increases (Fig. 3a). Note that mean FPR never increases with number of 3T subjects. Box
plots of AUC are shown in Fig. 3b. Representative subject combination activations are
presented in Fig. 4 (pUncorr < 0.05), along with the gold standard (pFDR < 0.05). As expected
from other analyses of these data (30), activation associated with the gold standard is
primarily in auditory cortex.

As the number of 3T subjects increases, extent of activation exceeding the threshold grows,
along with the corresponding Z-scores in the gold standard region (Fig. 5). Note that these
distributions (even at 0/8, or 1.5T-only) are markedly different from that observed in the
converse of the gold standard region at the 0/8 mixing combination. Statistical power
increases monotonically with the number of included 3T subjects (Fig. 6a). Fig. 6b shows
that addition of one or two subjects at different field to existing subjects does not yield
harmful effects on statistical power. In other words, addition of subjects increased statistical
power even with new subjects collected at a different field strength.

Box plots of Roverlap across mixing combinations (Fig. 7) reveal that reliability of activation
increases with fraction of 3T subjects except from 0/8 to 2/6 (see discussion). Consistency of
classification of any given voxel (Fig. 8) also increases with fraction of 3T data. For 0/8,
2/6, 4/4 and 6/2, the fractional overlap of volume in which voxels are active in at least 80%
of the tested subject combinations (i.e., 32 of 40) relative to the volume at 8/0 is 31.0%,
43.6%, 58.9% and 79.3%, respectively.

Discussion
This mixing study has quantified the marginal gains of group analysis performance in terms
of activation, power and reliability as higher field strength (3T) data are added to a study
otherwise conducted only at lower field strength (1.5T). This mixing study across field
strengths has contributed to the growth of previous research on multicenter fMRI studies.
Our study results of mixing subjects across field strengths allow researchers to increase
sample size by including not only data from different manufactures and imaging protocols,
but also different field strengths.

Fig. 2–8 demonstrate the expected finding that group analysis is superior at 3T than at 1.5T
(5–10, 31). Interestingly, a 4/4 mixture was found to be a critical point beyond which
increases in statistical power (i.e., CNR) were more prominent than expansion of the
detected area of activation. Therefore, for binary detection (i.e., either active or non-active),
4/4 was arguably the minimum mixture level that was comparable to 3T-only group results.

Critically, differences observed in mixtures containing 1.5T data were primarily in missed
detections rather than false positives. In Fig. 5 the primary difference between the 0/8 and
8/0 mixing combinations is mean Z-score value in the “active” (gold standard) region rather
than a falsely elevated statistical mean in the “non-active” (i.e., noise) region. Therefore
reduced sensitivity and extent of activation observed when incorporating lower field strength
data is largely due to reduced detection power while retaining a measurable BOLD response.
Fig. 6b suggests that including lower field strength data will yet increase detection power
(i.e., achieve a higher TPR) through the larger sample size. For example, in an existing 1.5T
study with 8 subjects, the addition of 1 or 2 3T subjects is quite helpful in terms of
sensitivity. Similarly, the hypothetical case of combining several 1.5T pilot subjects with 8
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subjects later acquired at 3T does not adversely affect the TPR obtained from the 3T data,
alone.

While there is a drop in Roverlap from 0/8 to 2/6 (Fig. 7), this decrease is attributed here to
the relatively small size of our 1.5T subject pool. As such, 40 out of 45 possible subject
combinations were chosen for pair-wise Roverlap, which yields a high probability of overlap
in the subjects present in any two combinations. In fact, each pair of the 10 pair-wise subject
combinations exhibiting the highest Roverlap for 0/8 has 7 subjects in common across a pair
of the combinations. Therefore, for the 0/8 case, the small subject pool at 1.5T led to
insufficient randomness for these Roverlap values to be meaningfully contrasted with the
other mixing combinations.

This study illustrates that some care should be taken when mixing data across field
strengths, but this procedure need not be avoided. While a greater proportion of higher field
strength data is generally advisable, Fig. 3b indicates that ROC performance overlap exists
across mixtures. This non-monotonicity implies that some combinations of subjects
markedly outperform others, presumably due to subject-dependent CNR. Therefore,
procedures to optimize reliability across subjects will produce the best results regardless of
field strength and will make a study (group or individual longitudinal) more robust to
changes in imaging hardware and software.

While not directly assessed in this study, longitudinal studies are a common source of
concern at the time of equipment changes. This study suggests that improvements in
equipment will result in group analyses with better detection power without an increase in
false detections. However, Greve and his colleagues (32) have concluded that voxel shifts by
site-specific B0 distortion can affect registration to standardized templates and introduce
variability to data, with voxel shifts as small as 2mm shifting activation off cortex.
Therefore one must ensure that appropriate alignment and registration procedures are
followed when group-based longitudinal studies span multiple hardware configurations.

Note that results obtained from this study do not represent a best-case scenario, such as may
exist after an upgrade rather than replacement. Acquisitions at the tested field strengths
involved different imaging protocols (e.g., coil, slice thickness), subjects and time intervals
over which data were acquired. Several of these variations are not expected to be significant
factors, given a common processing scheme (e.g., slice thickness (33), coil and pulse
sequence (17), data acquisition interval (34) and combinations thereof (8, 10)). In a well-
controlled setting where procedures may be held constant and system stability is monitored
and can be verified equivalent across an upgrade, results from mixtures involving greater
percentages of lower field strength data may be better than documented here.

In conclusion, this study qualitatively and quantitatively investigated auditory fMRI group
analysis performance under conditions of a mixed pool of data acquired at two field
strengths. ROC analysis and activation assessments indicate that results are reproducible
across field strengths, and that an upgrade in system does not require that a group study be
restarted. This study also implies that acquisition of data across multiple configurations need
not harm group longitudinal studies. Critically, findings demonstrate that detections at lower
field strengths are neither meaningless nor wrong since the statistical distributions in known-
to-be activated areas are markedly different from non-activated areas. Rather, inclusion of
data from a lower field strength in group analysis will only serve to limit detection power
relative to a study conducted with only the higher field strength data, and does not inherently
result in incorrect detection.
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Figure 1.
Framework for mixing study. Results of single-subject analysis conducted on equivalent
paradigm at two field strengths (M subjects at F1; N subjects at F2) are combined to create
all possible subject combinations (depicted here for a pool size of 4 subjects, 2 each from the
F1 and F2 pools), for which an exhaustive set of group analyses are performed, with results
tabulated for construction of receiver operating characteristic curves and activation overlap
maps. Actual study utilized pool size of 8 subjects, comprising subject mixtures of (3T/1.5T)
0/8, 2/6, 4/4, 6/2 and 8/0.
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Figure 2.
Group activation maps (p < 0.05, uncorrected) obtained from random effects analysis of (left
to right) 18 subjects at 3T, 10 subjects at 1.5T, aggregated 28 subjects, and a contrast map
between activations observed at 3T and 1.5T. Rows correspond to the indicated Talairach z-
coordinate, with activations superimposed on an averaged, spatially normalized, structural
image.
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Figure 3.
(a) Aggregated ROC curves for random effect analyses results at 0/8, 2/6, 4/4, 6/2 and 8/0.
X-Y error bars indicate 95% confidence intervals. (b) Box and whisker plots of the area
under the ROC curve.
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Figure 4.
Study of mixing combinations (left five columns; p < 0.05, uncorrected) and the gold
standard (right column; p < 0.05, FDR-corrected) obtained from random effects analysis of
all 18 subjects acquired at 3T, shown in Fig. 3b. Images are at the same Talairach z-
coordinates as in Fig. 2.
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Figure 5.
(a) Plot of Z-score distribution in the converse of the assumed gold standard (i.e., ground
negative) region for the 0/8 mixing combination (i.e., 1.5T-only). (b)–(f) Plots of Z-score
distributions in the assumed gold standard region for the five mixing combinations (3T/1.5T:
0/8, 2/6, 4/4, 6/2, 8/0). The light gray vertical dotted line indicates the median of each Z-
score distribution and the dark gray vertical dotted line indicates Z = 0.
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Figure 6.
(a) Box and whisker plots of power (assessed by true positive rate, TPR, for α = 0.05,
uncorrected) across the five mixing combinations (3T/1.5T: 0/8, 2/6, 4/4, 6/2, 8/0). (b) Plot
of average power as a function of main data collection group exhibiting the median TPR,
after inclusion of 0–2 additional subjects (either field strength).
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Figure 7.
Box and whisker plots of Roverlap across the five mixing combinations (3T/1.5T: 0/8, 2/6,
4/4, 6/2, 8/0).
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Figure 8.
Maps of probability activation overlap across the 40 selected subject combinations for each
mixing combination, indicating the number of subject combinations in which a given voxel
met Z > 1.96 (p < 0.05, uncorrected). Voxels active at least 20%, 40%, 60% and 80% of the
combinations are colored cyan, purple, red and yellow, respectively. Images are at the same
Talairach z-coordinates as in Fig. 4.
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