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Lifespan Volume Trajectories From
Non-harmonized T1-Weighted MRI
Do Not Differ After Site Correction
Based on Traveling Human Phantoms

Sarah Treit™, Emily Stolz’, Julia N. Rickard’', Cheryl R. McCreary?, Mercedes Bagshawe?,
Richard Frayne?, Catherine Lebel®, Derek Emery' and Christian Beaulieu ™

" Department of Biomedical Engineering, University of Alberta, Edmonton, AB, Canada, ? Departments of Radiology and
Clinical Neurosciences, Foothills Medical Centre, Hotchkiss Brain Institute, University of Calgary, Calgary, AB, Canada,
3 Department of Radiology, Alberta Children’s Hospital, University of Calgary, Calgary, AB, Canada

Multi-site imaging consortiums strive to increase participant numbers by pooling data
across sites, but scanner related differences can bias results. This study combines
data from three research MRI centers, including three different scanner models from
two vendors, to examine non-harmonized T1-weighted brain imaging protocols in two
cohorts. First, 23 human traveling phantoms were scanned twice each at all three sites
(six scans per person; 138 scans total) to quantify within—participant variability of brain
volumes (total brain, white matter, gray matter, lateral ventricles, thalamus, caudate,
putamen and globus pallidus), and to calculate site—specific correction factors for each
structure. Sample size calculations were used to determine the number of traveling
phantoms needed to achieve effect sizes for observed differences to help guide future
studies. Next, cross—sectional lifespan volume trajectories were examined in 856 healthy
participants (5—91 years of age) scanned at these sites. Cross—sectional trajectories of
volume versus age for each structure were then compared before and after application
of traveling phantom based site—specific correction factors, as well as correction using
the open—-source method ComBat. Although small systematic differences between sites
were observed in the traveling phantom analysis, correction for site using either method
had little impact on the lifespan trajectories. Only white matter had small but significant
differences in the intercept parameter after ComBat correction (but not traveling phantom
based correction), while no other fits differed. This suggests that age-related changes
over the lifespan outweigh systematic differences between scanners for volumetric
analysis. This work will help guide pooling of multisite datasets as well as meta—analyses
of data from non—harmonized protocols.

Keywords: brain volume, multi-site, MRI, data harmonization, within-subject reliability, reproducibility, healthy
lifespan, ComBat
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INTRODUCTION

Multi-site imaging consortiums are becoming an increasingly
common strategy to increase power through large participant
numbers and to improve generalizability of patient studies. These
collaborations have advanced our understanding of numerous
disorders, e.g., Alzheimers disease (ADNI) (1), adolescent
mental health (IMAGEN) (2), Autism (ABIDE) (3), and may
be particularly valuable when effect sizes are small, as with
many neurodevelopmental and psychiatric disorders. However,
combining MRI data from multiple sites has the potential to
introduce scanner-specific variability, even for relatively robust
measures such as brain volume (4-8).

Many studies attempt to prospectively minimize this
variability by harmonizing scan protocols across sites (i.e., closely
matching acquisition protocols and scanning procedures). This
reduces but does not eliminate variability, which inevitably still
stems from hardware and software differences (e.g., SNR and
image homogeneity from RF coil, calibration of gradient coils for
dimensions) (9). Within-participant volume differences from
different head coils in the same scanner further emphasizes
the impact of hardware (10). Furthermore, prospective
harmonization limits a study’s ability to use the most optimal
protocols (i.e., harmonizing across the lowest capabilities), and is
not possible in datasets that are retrospectively combined. Meta—
analysis of multiple independent, non-harmonized datasets is
of great interest given the ability to achieve participant numbers
needed for complex analysis (i.e., correlations with behavior,
genetics, etc.). For example, a recent ENIGMA project combined
over 80,000 MRI scans from 88 studies to investigate subcortical
volume in healthy individuals (11). Going forward, it will remain
essential to determine how scanner variability impacts group
differences in patient data, changes with age in development or
aging studies, and more.

This study examines within-participant reliability of brain
volumes across 23 traveling human phantoms, scanned twice at
each of three sites (3T Siemens Prisma, 3T GE MR750W and
3T GE MR750), for a total of 138 scans. These data are used
to (i) quantify systematic differences in brain volumes between
three sites, (ii) determine the number of traveling phantoms
needed to detect these site-specific effects; and (iii) determine if
correcting for these differences (using two methods) changes the
lifespan trajectory of brain volumes assessed in a cross—sectional
cohort of 856 healthy individuals (5—91 years of age) scanned
across these three sites. Traveling phantom based corrections of
lifespan data is compared to correction using the open-source
data harmonization method ComBat (12), in order to further
determine if traveling phantom sub-studies are useful for multi-
site MRI consortiums to pursue.

METHODS

Participants

This study includes two datasets: (i) a “traveling phantom” cohort
and ii) a self-reported healthy lifespan cohort. The traveling
phantom dataset consists of 23 healthy adults (29 £ 8 years of
age, 20—48 years of age, 10 males) who were scanned twice

at each at the University of Alberta (UofA), Alberta Children’s
Hospital (ACH), and Foothills Medical Center (FMC) for a total
of 138 scans (Table 1). The healthy lifespan dataset includes 856
healthy participants (ages 5—91 years, 367 (43%) males) who
were scanned once at one of these three sites (Site 1: UofA n =
534, Site 2: ACH n = 52, Site 3: FMC n = 270; Table 1). Healthy
development participants were recruited separately at each site as
part of independent studies of typical brain development and/or
aging (13, 14), through advertising and word of mouth, and
were screened for psychiatric, neurological and developmental
disorders as well as contraindications to MRI. Traveling phantom
participants were recruited locally through word of mouth
and were all familiar with undergoing MRI scans to ensure
compliance (i.e., mostly graduate students from Edmonton and
Calgary). All participants (or their guardian) provided written
informed consent prior to participating in this study.

Image Acquisition

MRI protocols were not harmonized across sites but were instead
consistent with existing protocols for the system located at
each center being used in concurrent but independent ongoing
development/aging studies. Traveling phantoms were scanned
with the same protocol as the healthy lifespan cohort at each site
to systematically evaluate within and between site differences in
brain volumes. Scans were collected on (i) 3T Siemens Prisma
with 64 channel coil, sagittal MPRAGE, 0.87 x 0.87 x 0.85 mm?,
TE/TR/TI = 2.4/1800/900 ms, 3:39 min at Site 1 — UofA; (ii)
3T GE MR750W with 32 channel coil, axial IR-SPGR, 0.8 mm
isotropic, TE/TR/TT = 3.2/8.2/600 ms, 5:38 min at Site 2 - ACH;
and (iii) 3T GE MR750 with a 12-channel coil, sagittal IR-SPGR,
I mm isotropic, TE/TR/TI = 2.6/6.3/650 ms, 5:44 min at Site
3— FMC (14). Table 2 summarizes the protocols and Figure 1
presents a representative set of T1-weighted images of a single
axial slice from a traveling participant at all three sites.

Image Analysis and Statistics
All images (for both traveling phantom and healthy development
scans from all sites) were processed in volBrain (15) to yield total
brain, white matter, total gray matter (cortical and deep gray
matter), lateral ventricle, thalamus, caudate, putamen, and globus
pallidus volumes (left and right combined).

The percent difference between within-
participant scans at each site was calculated as a measure
of the test-retest reliability of each scanner. Reliability of
volume measurements across sites was assessed with intraclass
correlation coefficients (ICC) and Repeated Measures ANOVA
(with pairwise comparisons between sites), after averaging
each participants’ consecutive scans within a site. Coefficient
of variation (CV) within participants across all three sites, and
between participants at each site were also calculated. Given that
the number of traveling human phantoms included in this study
(n = 23) was chosen to well exceed the typical number used in
past literature, e.g., n = 2—10 (6, 16, 17), one aim here was to
determine the number required to detect site related differences
in future studies. To this end, sample size calculations were
performed in G*Power (version 3.1, IDRE Stats) using partial eta
squared values from RM-ANOVA to determine the number of

consecutive
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TABLE 1 | Participant demographics.

Total Site 1 - University Site 2 - Alberta Children’s Site 3 - Foothills Medical
of Alberta (UofA) Hospital (ACH) Center (FMC)

Traveling phantom dataset

Scans 138 46 46 46

Scans per person 6 2 2 2

N 232

Age (years) 29 + 82

Sex (M/F) 10/132
Healthy development dataset

NP 856 534 52 270

Age (years) 39 + 22 (5—91) 35 + 22 (5—90) 11 +£3(6—17) 51+ 17 (18—91)

Sex (M/F) 367/489 231/303 27/25 109/181

aThe same 23 participants were scanned at each site.
bOne scan per participant, separate participants at each site.

traveling human phantoms needed to detect observed effects of
site on volume measurements for each structure.

Site-specific traveling phantom-based correction factors (TP-
correction) were calculated by using the participant mean volume
for each site divided by the grand mean for that participant
(average volume across all six scans). This percent difference
was then averaged across all 23 participants per structure for
each site and used to correct the absolute volumes of the healthy
development cohort for systematic site difference using a ratio
multiplier. For example, if one site was found to have an average
of 2% higher volumes for a given structure compared to the grand
mean, then the individual volumes for that structure for all scans
from that site were multiplied by 1/1.02. As an alternative to
traveling-phantom based correction, raw lifespan data was also
corrected using ComBat (12) which employs an empirical Bayes
method for correction of site effects (18). This analysis was run
in Python and included sex and age as covariates (https://github.
com/Jfortin1/ComBatHarmonization).

Lifespan volume trajectories in the main dataset were
estimated with linear, quadratic, cubic and exponential curves;
significant curves with the lowest AIC values were considered
the best fit (Supplementary Table 1), calculated with the
“statsmodels” module in Python. Raw data was then corrected for
site (as described above), and the previously chosen best fit curves
were fit to TP-corrected and ComBat-corrected data. Differences
in the age and intercept parameters between fits in TP-corrected
and ComBat corrected data (relative to raw data) were tested
with Z statistics. In addition, correlations between volumes
given by TP-correction vs. ComBat were tested with Pearson’s
correlations. For the purposes of this manuscript, volumes of
males and females were combined into a single fit vs. age.

Given that 62% of the lifespan sample was scanned at UofA
(thus dominating the fits), a post-hoc analysis was performed to
repeat curve fitting in a subset of participants that included only
half of the sample from Site 1 UofA (n = 267, age 5—90 with the
same age distribution as the total sample) in addition to all of the
scans from Site 2 ACH (n = 52) and Site 3 FMC (n = 270) for a
total of 589 participants. Z-tests were used to test for differences
in fit parameters between raw data, TP-corrected and ComBat

TABLE 2 | Scan protocols (optimized independently at each site).

Site 1 - Site 2 - Alberta  Site 3 - Foothills
University Children’s Medical Center
of Alberta Hospital (FMC)
(UofA) (ACH)
Model 3T Siemens 3T GE MR750W 3T GE MR750
Prisma
Head RF coil 64-channel 32-channel 12—channel
Sequence MPRAGE IR-SPGR IR-SPGR
Resolution (mm®)  0.87 x 0.87 x 0.8x0.8x0.8 1.0x1.0x1.0
0.85
Slices 208 226 166
TE/TR/TI (ms) 2.4/1800/900 3.2/8.2/600 2.6/6.3/650
Acquisition plane  Sagittal Axial Sagittal
Acquisition time 3:39 5:38 5:44

(min: sec)

FIGURE 1 | T1 weighted images of the same 27-year-old female scanned at
(A) Site 1 University of Alberta, (B) Site 2 Alberta Children’s Hospital and (C)

Site 3 Foothills Medical Center, using non—-harmonized protocols. See Table 2
for acquisition protocols.

corrected data in this subset. Note that ComBat correction was
run separately in this cohort given that ComBat cannot be run

ad-hoc on single subjects.
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FIGURE 2 | Total brain (A), white matter (B), gray matter (C), lateral ventricle (D), thalamus (E), caudate (F), putamen (G), and globus pallidus (H) volumes from all 23
traveling phantom participants scanned twice each at each of the 3 sites (138 datapoints per structure total). Percent change in consecutive scans within subject at
each site was <1% for all structures (at all sites), except lateral ventricle and white matter volume at Site 3 (FMC), which had 1% and 1.6% difference (respectively)
between test-retest scans. Coefficient of variation (CV) within-participants across the 3 sites ranged from 1.2% [(F) caudate] to 4.5% [(D) lateral ventricles], while
between—participant CV was much larger for all structures, ranging from 6.4% [(G) putamen] to 42% [(D) lateral ventricles]. Intraclass correlation coefficients (ICCs)
suggested excellent agreement between scanners, ranging from 0.873 [(B) white matter] to 0.992 [(D) lateral ventricles]. Shading indicates the range for each site
(Site 1/UofA — blue; Site 2/ACH — green; Site 3/FMC — purple).

TABLE 3 | Repeated measures ANOVA effects of site on traveling phantom volumes.

Omnibus Effect of Site Sample required to Pairwise comparisons?
(RM-ANOVA) detect site effect
F p-value Partial 2 UofA vs. ACH UofA vs. FMC ACH vs. FMC

Total brain 159.3 <0.001 0.879 3 <0.001 <0.001 <0.001
White matter 89.0 <0.001 0.802 3 <0.001 NS <0.001
Gray matter 10.0 <0.001 0.313 8 NS <0.001 0.021
Lateral ventricles 19.2 <0.001 0.466 5 <0.001 <0.001 NS
Thalamus 196.9 <0.001 0.900 3 NS <0.001 <0.001
Caudate 23.7 <0.001 0.519 5 NS <0.001 <0.001
Putamen 67.8 <0.001 0.755 3 <0.001 <0.001 0.013
Globus pallidus 7.53 0.002 0.256 10 NS NS 0.015

aBonferroni corrected for multiple comparisons. NS, not significant.

RESULTS

Traveling Phantoms

Percent differences in consecutive scans within site (i.e., test—
retest for each scanner) was <1% for all structures at all
sites, except lateral ventricle volume (1%) and white matter
volume (1.6%) at Site 3. Within-participant CVs across all three
sites ranged from 1.2—4.5% across structures (Figure 2). In all
structures, between participant variability in the 23 young adults

was two to nine times larger than within participant variability
across all three scanners. ICC values ranged from 0.873 (white
matter) to 0.992 (lateral ventricles), suggesting excellent overall
consistency across participants between scanners. Nonetheless,
RM-ANOVA was significant for all structures, suggesting small
systematic differences between sites (Table 3; Figures 2, 3). For
example, thalamus volume was ~3% lower at Site 3 (FMC)
compared to the other two sites, while total brain volume and
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FIGURE 3 | Modified Bland-Altman plots, showing the mean difference between each traveling phantom'’s average volume at a given site (two scans) and their
individual average across all three sites (Y axis), plotted against their mean volume over all three sites (X axis). For total brain (A), white matter (B), gray matter (C),
lateral ventricle (D), thalamus (E), caudate (F), putamen (G) and globus pallidus volumes (H). Each group of three points per volume (aligned vertically) represents one
of the 23 traveling human phantoms. Solid lines indicate the mean volume difference across participants for each site (mean percent difference indicated numerically
on each line); dotted black line indicates a mean difference of zero for reference. Some structures show close alignment between two sites [e.g., white matter (B),
thalamus (G)] while others suggest that one site is close to the grand mean while the other two sites differ [e.g. total brain volume (A)]. Plots indicate volume difference
between sites does not depend on mean volume, with the exception of total brain and white matter volume at Site 2 (ACH), which becomes slightly more different
from the total mean at larger volumes.
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FIGURE 4 | Total brain, white matter, gray matter and lateral ventricle volume across the lifespan in 856 healthy participants (5—91 years of age) scanned at the three
sites [Site 1 (UofA) — blue, Site 2 (ACH) - light green, Site 3 (FMC) — purple] before (column 1) and after traveling phantom based correction (column 2) or ComBat
correction (column 3). Gray shaded regions indicate the 95% confidence interval for each fit. Column 4 indicates that volumes after traveling phantom (TP) based
correction and ComBat based correction are highly correlated, but site—specific differences are observable particularly for white matter and lateral ventricle volumes.
Specifically, the correlation between traveling phantom corrected and ComBat corrected volumes at Site 2 (ACH) is right shifted for white matter, and has a shallower
slope for lateral ventricles (suggesting an interaction with age). Trajectories and correlations are shown for total brain (A-D), white matter (E-H), gray matter (I-L) and

white matter volume were ~2% and ~5% lower, respectively,
at Site 2 (ACH) relative to the other two sites. Sample size
calculations yielded a range of 3 to 10 traveling phantoms
needed to detect these differences (Table 3). Figure 3 further
demonstrates that site effects appear independent of structure
volume, with the exception of white matter volume at Site
2 (ACH) which appears to deviate further from the mean at
larger volumes.

Lifespan Trajectories Before and After Site

Correction

The first analyses here are on the uncorrected raw volumes vs.
age (column 1 of Figures4, 5). Total brain volume was best
fit to a quadratic trajectory, with older ages associated with
lower volumes (Figure 4A). White matter volume best fit a
cubic trajectory that peaked around 30 years of age (after which
older ages were associated with smaller white matter volumes)
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FIGURE 5 | Thalamus, caudate, putamen and globus pallidus volume trajectories in 856 healthy participants (5—91 years of age) scanned at the three sites [Site 1
(UofA) — blue, Site 2 — (ACH) — light green, Site 3 (FMC) — purple] before (column 1) and after traveling phantom based (column 2) or ComBat site correction (column 3).
All volumes were lower at older ages, following either linear (putamen) or cubic trajectories (caudate, thalamus and globus pallidus). Gray shaded areas represent the
95% confidence interval of each fit. Traveling phantom corrected volumes and ComBat corrected volumes were highly correlated in all structure, following a similar
pattern at all 3 sites (column 4). Trajectories and correlations are shown for thalamus (A-D), caudate (E-H), putamen (I-L), and globus pallidus volumes (M-P).

(Figure 4E). Both total gray matter and lateral ventricle volume
fit cubic trajectories, demonstrating that older ages are associated
with smaller total gray matter volumes (steeper drop from 5—
25 years) and larger lateral ventricle volumes (steeper rise after
~ 60 years) (Figures 4I,M). Thalamus, caudate, putamen and
globus pallidus volumes all demonstrated a negative relationship
with age following either a linear (putamen) or cubic trajectory
(thalamus, caudate, globus pallidus - Figures 5A,E,I,M; Table 4).
The fit for thalamus volume trajectory is relatively flat at younger

ages, and then decreases steeply with increasing age, which may
reflect an early upswing in volume in very early childhood not
captured here. In contrast, caudate and globus pallidus volume
fits decrease more steeply at younger ages, continuing more
gradually at older ages.

Application of traveling phantom based correction factors
did not change the parameters of any fits, and had little
impact on R? values (Table 4; Figures 4, 5, column 2).
ComBat correction yielded similar volume-age trajectories for
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TABLE 4 | Volume versus age fit parameters in uncorrected (raw) and corrected (TP correction, ComBat) data.

Age Age? Age® Constant
B (SE) B (SE) B (SE) B (SE)
Total brain Raw ~1.15(0.80) —0.03 (9.24E—3) 1354 (14)
TP Correction —1.46 (0.78) ~0.02 (9.05E—3) 1346 (14)
ComBat —1.91 (0.79) —0.02 (9.13E-3) 1368 (14)
White matter Raw 8.64 (1.15) —0.16 (2.97E-2) 5.97E—4 (2.25E—4) 425 (12)
TP Correction 7.45(1.12) ~0.13 (2.89E—2) 4.82E—4 (2.19E—4) 432 (12)
ComBat 5.84 (1.16) —0.12 (2.99E—2) 3.33E—4 (2.26E—4) 468 (12)
Gray matter Raw 1077 (1.21) 0.15 (3.13E—2) —8.07E—4 (2.38E—4) 938 (13)
TP Correction ~10.49 (1.19) 0.15 (3.08E—2) —8.13E—4 (2.34E—4) 929 (13)
ComBat ~10.05 (1.19) 0.15 (3.08E—2) —8.11E—4 (2.34E—4) 921 (13)
Lateral ventricles Raw 0.19 (0.15) —2.53E-3 (3.76E—3) 5.4E—5 (2.90E—5) 6.24 (1.56)
TP Correction 0.18 (0.14) —2.38E—3 (38.72E—-3) 5.3E—5 (2.80E-5) 6.16 (1.54)
ComBat 0.14 (0.14) _5.48E—4 (3.65E—3) 3.6E—5 (2.80E—5) 6.34 (1.52)
Thalamus Raw —1.26E—2 (1.96E—2) —8.73E—4 (5.07E—4) 5.00E—6 (4.00E—6) 13.64 (0.21)
TP Correction 1.70E—3 (1.89E—2) _9.93E—4 (4.89E—4) 5.00E—6 (4.00E—6) 13.30 (0.20)
ComBat —1.60E—2 (1.90E—2) _6.50E—4 (4.91E—4) 3.00E—6 (4.00E—6) 13.59 (0.20)
Caudate Raw _5.78E—2 (1.60E—2) 5.66E—4 (4.13E—4) —3.00E—6 (3.00E—6) 8.87 (0.17)
TP Correction _5.43E—2 (1.60E—2) 5.06E—4 (4.13E—4) —3.00E—6 (3.00E—6) 8.80 (0.17)
ComBat _5.61E—2 (1.60E—2) 5.66E—4 (4.14E—4) —3.00E—6 (3.00E—6) 8.81(0.17)
Putamen Raw _3.77E—2 (1.45E—3) 10.09 (0.06)
TP Correction —3.76E—2 (1.45E-3) 10.08 (0.06)
ComBat ~3.71E—2 (1.44E-3) 10.07 (0.06)
Globus pallidus Raw —1.76E—2 (5.02E—3) 1.87E—4 (1.30E—4) —8.85E—7 (9.84E-7) 2.76 (0.05)
TP Correction —1.53E—2 (5.06E—3) 1.50E—4 (1.30E—4) —7.05E—7 (9.89E—7) 2.73 (0.05)
ComBat ~1.66E—2 (5.02E—3) 1.81E—4 (1.30E—4) —9.0E—7 (9.84E—7) 2.73 (0.05)

Significant diifferences in Z tests between TP -corrected or ComBat corrected parameters (vs. uncorrected) are shown in bold (p < 0.05). TR, Traveling Phantom.

all structures (Figures 4, 5, column 3), but did result in small
but significant change in the intercept parameter for white matter
(Table 4). There were no significant differences in fit parameters
for any other structure. As expected, TP-corrected and ComBat
corrected volumes were highly correlated for all structures (R
= 0.969 - 0.998) (Figures4, 5, column 4). However, slight
deviations can be seen between sites, e.g., white matter values are
right-shifted to greater volumes for ComBat correction relative
to TP-correction at Site 2 (ACH) (Figure 4H). Differences in
the magnitude of correction between these two methods is also
appreciable when examining mean percent change for each
structure (Figure 6) which likewise indicates larger magnitude
corrections from ComBat for white matter and lateral ventricle
volume, particularly for Site 2 (ACH). A post-hoc analysis
including only half of the sample from Site 1 UofA (n = 267, age
5—90 years) along with the full sample from the other two sites
revealed that with the exception of the caudate and putamen, all
structures fit the same trajectories in the subsample (1 = 589)
as in the full sample (n = 856) (Supplementary Table 1). The
caudate was best fit to a cubic trajectory in the full sample and
a quadratic trajectory in the subsample, while the putamen was
best fit to a linear trajectory in the full sample and a cubic in
the subsample, albeit both with very similar AIC values between
models (Supplementary Table 1). In this smaller subsample, the

only fit parameters with significant differences before and after
correction were age and intercept parameters for white matter,
which were significantly different between the raw and ComBat
corrected data (Supplementary Table 2).

DISCUSSION

This study demonstrated small systematic variations of brain
volume (within—-participant differences of 1—5%) across three 3T
MRI scanners (two vendors — Siemens and GE with two different
models), measured in 23 healthy adult traveling phantoms.
ICC values ranged from 0.873 (white matter) to 0.992 (lateral
ventricles), suggesting excellent overall consistency between
scanners. These values are on par or higher than ICC values
reported in past volumetric traveling phantom studies (4, 5, 19).
Both here and in Pfefferbaum et al. (19), the lateral ventricles
had the highest ICC value. Although this stems in part from
stable within—participant measurements, it also likely reflects the
high between participant variability observed for this structure,
even within traveling phantoms of a similar age. Despite
identifying some systematic multi-site differences, traveling
phantom based correction did not significantly change volume
vs. age fit parameters for any structure in a sample of 856 healthy
volunteers, ages 5—91 years scanned at these three sites. ComBat
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FIGURE 6 | Mean percent changes between corrected and raw volumes by
site, structure and correction method. Traveling phantom and ComBat
correction methods yielded similar results for deep gray matter structures,
resulting in small magnitude changes in volumes. Conversely, changes in
lateral ventricle, white matter and total brain volumes after ComBat correction
were larger than after traveling phantom based correction. Note that negative
values for lateral ventricle volume produced by ComBat correction were
excluded prior to calculation of mean percent difference here.

correction changed the raw data slightly more than traveling
phantom based correction for some structures (and specifically
for one site) but only yielded significant albeit small changes
in lifespan fit parameters for white matter, with no changes in
lifespan trajectories for any other structure. This finding suggests
that changes in volume with age outweigh smaller systematic
scanner acquisition differences. This holds promise for meta—
analysis development/aging studies that combine data across
scanners and may not have access to traveling phantom data for
site correction.

Volume measurement variability between scanners can stem
from numerous factors, including differences in hardware
(vendor, field strength, gradient coils, RF coil, etc.), pulse
sequence software and image contrast, and analysis pipelines
(e.g., via automated detection of structural boundaries). Image
quality differences may also vary by site based on scanning
procedures, an observation that may be particularly true
for younger and older participants where motion may be
more common (20, 21). Effect of scanner can also differ by
structure, which may be attributable to structure size (22),
or differences in scanner-dependent image contrast that may
influence segmentation of some structures more than others.
Here we observed small systematic reductions of white matter
volume at one site (Site 2 - ACH) in our traveling human
phantoms. Evaluation of segmentations in the traveling phantom
data suggests that this stems from differences in white matter

labeling within the deep gray matter regions that likely results
from differences in T1-weighted image contrast. Proximity to
the lateral ventricles (e.g., caudate) may confer stability relative
to structures bordering white matter (e.g., lateral border of the
thalamus) that rely more heavily on scanner-dependent gray-
white matter contrast. Lower thalamus volumes at Site 3 (FMC)
may result from the larger voxel size and reduced contrast,
particularly along the lateral border (Figure 1).

Some studies attempt to prospectively mitigate this variability
by harmonizing acquisition protocols across sites. Although
this approach has many advantages, it does not completely
eliminate site effects, and frequently results in sub-optimal image
acquisition when sites are matched to the lowest performance
of the scanner cohorts. Several past studies have used traveling
human phantoms to then quantify site-related bias in volumetric
measures in multi-site datasets; however, this approach is limited
by the cost and effort associated with sending control participants
to each site. As a result, most of these studies have included
limited traveling participants [e.g., one—-to three participants;
(6, 17, 23)], while some have included up to 6—10 participants
[e.g., (4, 5,16)]. One previous study of voxel-based morphometry
included 32 participants each scanned twice on two scanners
(24), though the scans were collected one year apart on two
scanners in the same center (i.e., the study did not require travel).
Given the range of participants used in the literature and the
common goal of reducing costs associated with reproducibility
tests for future studies, sample size calculations were used here
to determine the number of traveling phantoms required to
detect between site differences for various brain volumes, which
suggested a need for between 3 and 10 participants (varying
by structure, Table 3). This is in line with a previous study
that estimated a minimum of 6 traveling phantoms needed to
perform traveling phantom based correction of brain volumes
(25). Modalities with more inherent sources of variability (e.g.,
diffusion imaging, quantitative susceptibility mapping) or that
combine data collected across scanners of varying field strengths
are likely to require a greater number of traveling phantoms (26—
29). However, for the latter, previous volumetric studies have
concluded that the effect of age far outweighs the effect of vendor
or field strength (30, 31).

Given the increasing interest in retrospective data pooling
across sites, as undertaken by large meta-analysis studies such
as ENIGMA (32) or LIFESPAN (33), many studies attempt to
reduce inter-site variability by applying specific post-processing
methods [e.g., ComBat — used here; (25, 34)] or by including
site as a statistical covariate [e.g., (35)], while others do not
account for site at all [e.g., (36)]. There is currently no consensus
on the best approach, which likely depends on the sample size
of the data, the expected effect size of the results, and other
study specific factors. Here we find minimal effects of ComBat
correction on the lifespan trajectories of brain volumes; however,
the raw data from each site was already highly overlapped
despite significant site effects demonstrated in our traveling
phantom study. Previous studies demonstrating that ComBat
correction increases statistical significance of group effects (34)
or strengthens associations with age (12) may have had larger
site effects in their raw data, given these studies combined
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data over 33 and 11 scanners, respectively. A smaller study
examining test-retest reliability of volume measurements in 20
traveling phantom subjects scanned at two sites found that
ComBat reduced measurement bias less than traveling phantom
based corrections (25). Indeed, the degree to which ComBat
decreases inter—subject variability and increases statistical power
likely depends on the magnitude of site effects in the underlying
raw data.

Non-linear fitting of lifespan data can be influenced by many
factors and must be interpreted with caution (37, 38). General
additive models or local polynomial regression may provide
more accurate estimates for data over this age span, but the
advantage of using more discrete fits is the ability to compare
parameters, here used for the purpose of quantifying change
after traveling phantom and ComBat correction. The overall
pattern of relationships with age here on 856 self-reported
healthy participants 5—91 years was similar to previous work,
despite differences in age spans, fitting models and subject
numbers across the literature in this area. Trajectories of white
matter volume increased with age, plateaued and decreased
thereafter, lateral ventricle volume increased with age (though
most notably starting in the 50s and 60s), while all other
structure volumes decreased at varying rates. Discrepancies in
volume trajectories during childhood are commonly found across
studies, particularly for structures that have been modeled to have
early life increases of volume. For example, thalamus volume
has been shown to have a positive association with age during
childhood in some cross-sectional work [e.g. (39, 40)] while
longitudinal work finds mixed results in samples starting at 5
years of age (40-42). Here we do not model an increase but rather
a plateau at the earliest ages followed by steeper decreases at
older ages, which may suggest an earlier increase that is already
leveling off by age 5. A recent cross—sectional study of over 80,000
volunteers from 3—90 years models an upswing of volume in the
thalamus that peaks around 10 years of age (11), highlighting the
need for lifespan samples with volunteers younger than 5, and
suggesting that increases may not be well captured in samples
starting closer to this peak.

Several limitations of this study should be acknowledged.
Intraclass correlation coefficient and RM-ANOVA may be
overly simplistic relative to more complex statistical methods
like hierarchical clustering methods [e.g., (43)]; however, they
nonetheless provide intuitive and quantitative measures to
facilitate comparison. Only one segmentation protocol was used
here (volBrain) despite known differences between various brain
structure segmentation algorithms (44, 45). However, volBrain
has been shown to yield superior dice coefficients to Freesurfer
and FIRST when segmentations are compared to gold-standard
manual segmentation (15), and the volBrain pipeline includes
advanced denoising and tissue-based intensity normalization,
which the authors suggest improves the consistency of signal to
noise and contrast thus reducing the impact of site effects in
combined datasets (15, 37). Volume-age trajectories were not
fit separately in males and females to reduce the complexity of
analysis and the number of comparisons here, at the cost of
increased inter-subject variability given known differences in
volumes between males and females.

Site-specific corrections were calculated based on within
participant means across the three sites, without knowledge of
the ground truth (i.e., which scanner yields the most accurate
measure of true volume). Absolute volumes can be assessed
with calibrated resolution phantoms such as used in ADNI
(46), however this was not available for our study. Scaling
corrections were used rather than absolute volume corrections
(i.e., shifting) given the wide age span (and therefore volume
span) of this lifespan dataset; however, this assumes that scanner
related bias scales with size. ComBat has a distinct advantage of
being widely available and free (relative to time consuming and
costly collection of traveling phantom data), but is limited by
being dataset-specific (i.e., cannot be applied to a single scan)
and can also yield implausible results (e.g., producing negative
values for lateral ventricle volume for a handful of subjects here).
Regardless, this study suggests that correction with either method
yields similar results, neither of which substantially influence
lifespan trajectories. Thus, intrasubject variability and change
with age outweigh both scanner related differences and changes
produced by either harmonization method.

These results hold promise for the feasibility of multi-
site meta—-analysis studies of volume based on automated
segmentation of 3D T1-weighted images at 3T to advance our
understanding of brain development, aging and disease through
pooling of very large participant numbers.
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