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Background and purpose: Large MRI studies often pool data gathered from widely varying

imaging sequences. Pooled data creates a potential source of variation in structural analyses which
may cause misinterpretation of findings. The purpose of this study is to determine if data acquired
using different scan sequences, head coils and scanners offers consistent structural measurements.

Materials and methods: Participants (163 right-handed males: 82 typically developing
controls, 81 participants with autism spectrum disorder) were scanned on the same day using

an MPRAGE sequence with a 12-channel headcoil on a Siemens 3T Trio scanner and an
MP2RAGE sequence with a 64-channel headcoil on a Siemens 3T Prisma scanner. Segmentation
was performed using FreeSurfer to identify regions exhibiting variation between sequences on
measures of volume, surface area, and cortical thickness. Intraclass correlation coefficient (ICC)
and mean percent difference (MPD) were used as test-retest reproducibility measures.

Results: ICC for total brain segmented volume yielded a 0.99 intraclass correlation,
demonstrating high overall volumetric reproducibility. Comparison of individual regions of
interest resulted in greater variation. Volumetric variability, although low overall, was greatest

in the entorhinal cortex (ICC = 0.71), frontal (ICC = 0.60) and temporal (ICC = 0.60) poles.
Surface area variability was greatest in the insula (ICC = 0.65), temporal (ICC = 0.64) and frontal
(ICC =0.68) poles. Cortical thickness was most variable in the frontal (ICC = 0.41) and temporal
(ICC =0.35) poles.

Conclusion: Data collected on different scanners and head coils using MPRAGE and
MP2RAGE are generally consistent for surface area and volume estimates. However, regional
variability may constrain accuracy in some regions and cortical thickness measurements exhibit
higher generalized variability.

Keywords

MPRAGE; MP2RAGE; Reliability; FreeSurfer

Introduction

Volumetric gray matter quantitation of the brain has been widely used in studies of
neurodegenerative, (Frisoni, Fox, Jack, Scheltens, Thompson) neurological (Eshaghi et

al., 2018), psychiatric (Koshiyama et al., 2018), and neurodevelopmental (Lange, Travers,
Bigler, et al.; Zielinski, Prigge, Nielsen, et al.) disorders with the goal of understanding the
neurobiology of the disorders and mechanisms involved. Multisite datasets have emerged as
powerful tools for discovery and hypothesis-based analyses of changes in brain development
(Di Martino, 2012; Jack et al., 2008; van Erp et al., 2018), but data are often acquired

on different scanners (between and within scanner manufacturers), at different times, or at
different institutions with heterogenous acquisition parameters and techniques. One of the
largest obstacles in magnetic resonance imaging (MRI) research today is the number of
technical variables that can impact the outcome of study results. For example, effects of
software version, workstation type and operating system have been shown to impact the
reproducibility of analysis (Gronenschild et al., 2012). The successful use of pooled data for
MRI studies involving human research depends on standardized data structures and quality
control measures that facilitate reproducibility across datasets.
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MPRAGE, or 3D-MPRAGE (three-dimensional magnetization-prepared rapid gradient-
echo), is an imaging sequence commonly used to capture T1-weighted 3D data with good
signal to noise ratio and high resolution in a short imaging time (Mugler, Brookeman).

An extension of MPRAGE was later developed, MP2RAGE, which combines two gradient
echo images with different inversion times to provide higher quality T1-weighted images
by removing signal noise due to proton density contrast, B1 inhomogeneity effects, T2*
contrast, and reception field bias (Marques, Kober, Krueger, van der Zwaag, Van de
Moortele, Gruetter). While T1-weighted imaging using MPRAGE has long been a mainstay
of medical imaging research, recent studies have increasingly taken advantage of the
improved gray-white contrast resolution of MP2RAGE sequences (Kecskemeti, Samsonov,
Hurley, Dean, Field, Alexander; Okubo, Okada, Yamamoto, et al.). Thus, researchers using
pooled or longitudinal datasets are now confronted with mixed datasets containing both
MPRAGE and MP2RAGE images.

Automated image analysis software has facilitated streamlined approaches for rapidly
analyzing many participants to identify subtle alterations in brain volume, surface area

and cortical thickness. Researchers are now investigating how the structural output resulting
from images acquired using MPRAGE versus MP2RAGE differs using various automated
processing streams. Improved deep gray matter contrast and more reliable volumes were
found in MP2RAGE versus MPRAGE images processed with SPM12 in a group of

adult controls (n = 20) (Okubo, Okada, Yamamoto, et al.). More recently, Alonso and
colleagues compared MPRAGE vs MP2RAGE volumes (gray matter, white matter, CSF)
derived from three processing pipelines (SPM, FSL’s SIENA/X, MorphoBox) in a group of
control participants (n = 24) (Alonso et al., 2020). They found increased volumes from the
MP2RAGE images and cautioned combining MPRAGE and MP2RAGE images in the same
analysis.

Another widely used processing pipeline that provides estimates of cortical thickness,
surface area and cortical and subcortical volumes is FreeSurfer. FreeSurfer’s morphometric
procedures have demonstrated good test-retest reliability across scanner manufacturers

and across field strengths (Han et al., 2006; Reuter et al., 2012), but few studies have
investigated repeatability associated with MP2RAGE compared to other MPRAGE images.
A small FreeSurfer study of healthy participants (n = 8) showed thinner cortical surface
estimates resulting from MP2RAGE versus Multi-echo MPRAGE (MEMPRAGE) images
(Fujimoto et al., 2014). Recently, a test-retest variability study investigated the effect of
scanner headcoil in MPRAGE, MEMPRAGE, and MP2RAGE images acquired during the
same scan session in 24 participants, and reliable subcortical estimates from MP2RAGE
were found, yet a comparison of brain volumes between the sequences was not performed
(Yan, Qian, Marechal, et al., 2020).

The purpose of this study is to expand on previous studies and determine the within-subject
reproducibility of FreeSurfer derived volume, cortical thickness, and surface area measures
from two scan protocols, MPRAGE and MP2RAGE, acquired on two different Siemens 3T
MR scanners (Trio and Prisma) and with two different head coils in a sample of typically

developing participants (TDC; n = 82) and a clinical sample with autism spectrum disorder
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(ASD; n =81). Thus, our findings are relevant to real-world multisite datasets, with different
scanners and protocols, and examine reproducibility in a clinical population.

2. Material and methods

2.1. Study demographics

The data for this study were acquired as part of an ongoing longitudinal study of ASD
compared to TDC. All study procedures were approved by the Institutional Review Board
and participants provided written informed assent or consent prior to study participation
with parental or legal guardian consent required of all subjects younger than 18 years. The
subjects included in this analysis are a subset of the total sample of ASD and TDC male
youth and adults in the longitudinal study who underwent scanning on both the Siemens Trio
and Prisma scanners and were right-handed. The 81 ASD and 82 TDC participants were
well-matched for age (ASD mean age = 27.3 years, range = 14.7-57.9; TDC mean age 27.3
years, range: 16.3-46.9; t =0.04, p = .9).

2.2. MRI scanning protocol

All study participants were scanned using the MPRAGE sequence on a Siemens 3T Trio
scanner (TR = 2300 ms, TE =2.91 ms, TI = 900 ms, flip angle = 9°, field of view = 256
mm, 160 slices, resolution = 1.2 x 1 x 1 mm, 12-channel headcoil, sagittal acquisition) and
scanned again on the same day using the MP2RAGE sequence on a Siemens 3T Prisma
scanner (TR = 5000 ms, TE = 2.93 ms, Tl; = 700 ms, Tl, = 2030 ms, flip angle; = 4°, flip
angle, = 5°, field of view = 256 mm, 176 slices, resolution = 1 x 1 x 1 mm, 64-channel
headcoil, sagittal acquisition).

2.3. Data processing

Segmentation was performed on one workstation using the FreeSurfer pipeline (Version
6.0.0; Linux-centos6_x86_64) on images from each scan (Dale, Fischl, Sereno; Fischl,
Dale; Fischl, Salat, Busa, et al.; Fischl, Sereno, Dale; Fischl, van der Kouwe, Destrieux, et
al.). Background noise in the MP2RAGE was removed prior to completing the FreeSurfer
pipeline. This was completed by multiplying the uniform image by the second inverse
image. Measurements of interest included cortical surface area, mean cortical thickness,
and cortical volume parcellated into 34 bilateral regions of interest (ROIs) (Desikan et

al., 2006), and total brain volume. An example of an MPRAGE, an MP2RAGE, and the
resulting FreeSurfer output for a single subject can be found in the Supplementary Material
(Supplementary Material Fig. 1).

All processed images were visually inspected by a trained technician for scan artifacts,
movement distortion, and structural anomalies. The initial dataset contained 179
participants, one of which was excluded due to incomplete dataset. Eleven scans from 10
participants were excluded from the study due to artifacts, movement error or structural
anomalies. Five female participants were then removed resulting in a final sample size of
163 male subjects. To represent imaging studies using large datasets where manual editing is
not feasible, our findings summarize raw FreeSurfer output without any manual intervention
or reprocessing.
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2.4, Statistical analysis

Statistical analyses were performed in the MATLAB computing environment (MathWorks,
Natick, MA, USA). Intraclass correlation coefficient (ICC(A,1)) (McGraw and Wong, 1996;
Salarian, 2019) was calculated as a measure of reproducibility (poor: <0.50, moderate:
0.50-0.75, good: 0.75-0.90, excellent >0.90) for FreeSurfer derived area, volume and
thickness for each ROI in the Desikan-Killiany atlas (n = 34 regions per hemisphere).

Mean percent difference (MPD) was also used to compare each ROI from data acquired with
MPRAGE and MP2RAGE. This calculation was performed for volume, surface area and
cortical thickness on each ROI as well as global brain measures for every individual in the
sample. The resulting percent difference within each subject’s scans was then aggregated to
arrive at a mean percent difference per ROL.

163

>

n=1

|MPRAGE — MP2RAGE|
MPRAGE + MP2RAGE
2

x 100

ICC and MPD were calculated for each ROI separately in the left and right hemisphere.
Primary results are presented on bilateral (averaged ICC or MPD) values. Results taken from
MPD and ICC serve as the basis for identifying variability between imaging sequences.
Though the primary focus of this study is within-subject reproducibility, post-hoc analyses
were performed using t-tests to compare ICC values across ROIs for bilateral thickness,
volume, and area, and MPD values (for each ROI) between the ASD and TDC groups to
determine if any systematic between group differences in reproducibility exist. A general
linear model was also conducted to compare global and regional thickness, volume, and
area values between ASD and TDC, controlling for participant age, for both MPRAGE and
MP2RAGE sequences to assess whether any between-group differences were reproducible
across scans. False discovery rate was used to correct for multiple comparisons for between
group analyses. Brain images were created using BrainNet Viewer (Xia et al., 2013).

3. Results

In the final sample of 163 male participants ages 14.7-57.9 (mean age = 27.28 + 7.33
years), high consistency between MPRAGE and MP2RAGE scans for volume and surface
area estimates were found (see Table 1). Average cortical thickness, total surface area, and
whole brain volumetric measures all demonstrated good to excellent ICC (see Table 1 and
Supplementary Material Fig. 2 (Bland-Altman plots)).

3.1. Regional volume

Volumetric reliability by Desikan-Killiany region is shown in Fig. 1 (ICC) and Fig. 2
(MPD). Most regions exhibited good (0.75-0.90) to excellent (>0.90) ICC values between
MPRAGE and MP2RAGE derived bilateral brain volumes with the exception of entorhinal
(ICC =0.71), frontal (ICC = 0.60) and temporal (ICC = 0.60) polar cortices which had

the lowest values and had the largest MPD in volume between scans (see Tables 1 and

2 in the Supplementary Material for regional ICC and MPD values). No bilateral ROIs
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for volume had ICC values less than 0.60. A comparison of total brain segmented volume
(excluding ventricles) resulted in a 0.99 ICC and 0.29% MPD demonstrating that global
volume measurements are highly reliable between MPRAGE and MP2RAGE despite limited
regional variation (see Fig. 3).

3.2. Surface area

The ICC values for bilateral surface area measurements were all equal to or greater than
0.75 when comparing MPRAGE to MP2RAGE scans apart from the insula (ICC = 0.65),
frontal (ICC = 0.68) and temporal (ICC = 0.64) poles. No surface area ROIs presented ICC
values below 0.64 (see Fig. 1 and Supplementary Material Table 1). These data suggest that
when MRIs are taken with either imaging method and reconstructed using surface-based
analysis, cortical surfaces closely resemble each other in most areas but several ROIs exhibit
systematic morphometric variation. This notion is further supported by MPD values which
show the absolute variation in each ROI between imaging methods. Mean MPD values for
bilateral surface area (adding ROIs together) was 1.03% with the largest variance at 2.58%
and the smallest at 0.50% reinforcing the trend that some regions of the brain are more
difficult to replicate than others (see Fig. 2 and Supplementary Material Table 2).

3.3. Cortical thickness

Cortical thickness measurements exhibit higher generalized variability and appear to be
less reproducible across scan types (see Figs. 1 and 2). Only four bilateral ROI exhibited
greater than 0.75 ICC between MPRAGE and MP2RAGE (paracentral, parahippocampal,
precentral, transverse temporal). The average ICC among all ROIs was 0.65. Cortical
thickness was most variable (less than 0.50 ICC) in the bilateral frontal (ICC = 0.41)

and temporal (ICC = 0.35) (see Supplementary Material Table 1). On average, MPD was
only 1.17% across ROIs for cortical thickness comparing MPRAGE with MP2RAGE (see
Supplementary Material Table 2).

3.4. MPRAGE vs MP2RAGE in diagnostic groups post hoc comparisons

When we compared ICC and MPD values between the ASD and TDC groups, no significant
group differences were found for global or regional volumes, area or cortical thickness. We
also examined ASD vs TDC differences in global and regional area, volume and thickness
measures for each sequence controlling for participant age. o between-group differences
were found for any of the global measures. Decreased area and volume in the right inferior
temporal cortex and thinner bilateral insula was found in ASD in both sequences. A
summary of all regional differences is provided as Supplementary Material (Supplementary
Material Fig. 3).

In summary, MPRAGE and MP2RAGE are highly consistent for gray matter surface area
and volume estimates but some regions demonstrate more systematic variability between
imaging sequences. Cortical thickness measurements exhibit higher generalized variability
and are less reliable overall (see Fig. 4).

Neuroimage Rep. Author manuscript; available in PMC 2022 August 25.
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4. Discussion

We find that reproducibility of volumetric and surface area gray matter measurements
obtained from MPRAGE and MP2RAGE images show generally good to excellent
reproducibility (mean ICC for surface area was 0.91 and 0.88 for volume) and showed
only moderate to good reproducibility when more complex measurements such as cortical
thickness were considered (mean ICC for cortical thickness was 0.65). However, we found
spatial heterogeneity of reproducibility across the brain, with some regions showing much
poorer reproducibility across sequence types.

There are potential sources of increased variance and poorer reproducibility in several of
these regions. The inferior temporal cortex is in close proximity to the temporal bones, with
high magnetic susceptibility adjacent to air-bone interfaces in the mastoid air cells, with the
temporal bone constituting the densest bone in the body. Similarly, the frontal pole lies in

a region of high susceptibility associated with artifacts from the frontal sinuses and dental
hardware. These regions demonstrated the highest variability across surface area, volume,
and thickness. Nine individuals in this study had permanent retainers, however their scans
showed no visible artifacts upon inspection. A concern arose after the study that pooling
data with ASD and TDC individuals would create a potential source of variation due to
increased head movement in ASD individuals, but no group differences were found.

Nevertheless, it is overall reassuring that vety high ICC and low MPD between volumetric
and surface area measurements are found across the brain, suggesting that both MPRAGE
and MP2RAGE obtained on two different scanners and head coils can be incorporated

into longitudinal analyses with relatively low risk of introducing regionally specific
artifacts. These findings are consistent with studies showing high repeatability of FreeSurfer
measurements for deep gray matter regions between MPRAGE and MP2RAGE images
(Okubo, Okada, Yamamoto, et al.). These data are also consistent with findings of high
repeatability of structural imaging metrics across segmentation algorithms (de Boer et al.,
2010; Klauschen, Goldman, Barra, Meyer-Lindenberg, Lundervold), sites (Jovicich et al.,
2006), scanner strength (Fujimoto et al., 2014), and computing platforms (Glatard et al.,
2015). Additionally, significant differences in thickness reproducibility have been replicated
when looking at reproducibility across different combinations of imaging sequence and head
coil (Yan et al., 2020).

The inclusion of different scanner types accurately models real-world conditions that
researchers often face when using multi-site or longitudinal datasets, however it is unknown
how scanner hardware (Trio vs Prisma) and different head coils (12- vs 64-channel)

used to collect the MPRAGE vs MP2RAGE sequences impacted the study findings.
Although the FreeSurfer pipeline samples input to isotropic resolution, the MPRAGE and
MP2RAGE acquisition sequences were acquired at different resolutions which could lead to
interpolation artifacts. However, our results suggest that this did not affect volume or area
estimates but may have affected FreeSurfer cortical thickness estimates. Finally, our age
range consisted of individuals from adolescence to adulthood. It is unknown how regional
volume, area and cortical thickness reliability estimates would differ in children or older
adults.
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5. Conclusions

Data acquired using MPRAGE (Siemens Trio; 12-channel head coil) is highly consistent
with data acquired with MP2RAGE (Siemens Prisma; 64-channel head coil) but reasonable
caution should be used when comparing structural differences in specific regions of the
brain. Researchers pooling data from multiple sources should pay attention to scan type and
scanner hardware when performing analysis and be aware of the margin of error stemming
from scan type differences. Researchers should use caution when interpreting pooled
database findings based on regions known to have low structural reproducibility, including
posterior cingulate, medial prefrontal, and temporoparietal junction cortical regions. The
findings in this project further emphasize the need for strict quality control measures and
standardized datasets in national databases leveraging data pooled from multiple sources.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Thickness

Fig. 1.
Intraclass correlation coefficients (ICC) overlaid across the Desikan-Killiany atlas

demonstrate which regions of the brain are most susceptible to structural variability between
MPRAGE and MP2RAGE sequences.
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Fig. 2.
Mean percent difference (MPD) values overlaid across the Desikan-Killiany atlas

demonstrate which regions of the brain are most susceptible to structural variability between
MPRAGE and MP2RAGE sequences.
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Fig. 3.
Total brain volumes derived from MPRAGE and MP2RAGE show high interscan reliability.
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Fig. 4.
Distribution of intraclass correlation coefficient values across ROls between MPRAGE and
MP2RAGE.
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