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ABSTRACT

Accurate estimation of the total intracranial volume (TIV) is essential in brain magnetic resonance imaging (MRI) studies,
particularly for multi-site longitudinal investigations. This study assessed the validity and reliability of segmentation-based TIV
(sbTIV) implemented in FreeSurfer version 7.2 for large-scale multi-site MRI data, by comparing it with the widely used esti-
mated TIV (eTIV). We analyzed 6524 structural MRI scans from two multi-site projects in Japan, consisting of 30 procedures
across 21 sites, 13 MRI machine types, 3 vendors, and 4 protocol categories. We tested the intraclass correlation coefficients
(ICCs) between eTIV and sbTIV for each procedure and identified procedural factors affecting these ICCs using a general linear
model. Machine- and protocol-specific biases were considered by a traveling subject harmonization approach. To specifically
examine the reliability and validity of the longitudinal scans, we employed a general linear mixed model (GLMM). Overall agree-
ment between eTIV and sbTIV was good (ICC =0.78) but varied across procedures (0.62-0.94). The 1.0 mm isotropic protocol
showed the highest reliability. Notably, there was poor consistency in participants with eTIV values of 120,000 mm? or smaller
(ICC=0.053). sbTIV demonstrated superior cross-procedural consistency in adolescent and adult longitudinal scans compared
to eTIV. In longitudinal scans, sbTIV showed greater sex difference and sex-specific increase for adolescents, and greater consist-
ency for adults, compared to eTIV. sbTIV offers more robust and reliable estimation compared to eTIV, particularly for multi-site
longitudinal studies. These findings highlight the need for careful consideration when interpreting previous multi-site studies
using eTIV.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2025 The Author(s). Human Brain Mapping published by Wiley Periodicals LLC.
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1 | Introduction

Total intracranial volume (TIV) is associated with body size,
such as body height and weight, and is not associated with brain
structural and functional characteristics. However, TIV is a key
variable for brain MRI studies because some of the structural
variables, such as cortical surface area and cortical and sub-
cortical volume, are often adjusted using TIV [Cai et al. 2024;
Zhu et al. 2024]. Previous studies have demonstrated strong
associations between TIV and these structural measures, with
large effect sizes [Barnes et al. 2010; Im et al. 2008]. Moreover,
individuals with mental illness have been reported to exhibit
smaller TIV compared with healthy controls [ENIGMA Clinical
High Risk for Psychosis Working Group et al. 2021; ENIGMA
Schizophrenia Working Group et al. 2016; Okada et al. 2016].
Thus, the validity and reliability of the TIV estimation are cru-
cial in a multi-site study and longitudinal cohort. In particular,
TIV estimation is sensitive in adolescent brain development
studies because physical development affects TIV increase, but
structural features mostly decrease [Bethlehem et al. 2022; Cai
et al. 2024; Zhu et al. 2024].

In large-scale investigations, FreeSurfer [Fischl 2012] is a
widely used brain preprocessing software; however, several is-
sues have been identified with the estimated TIV (eTIV) cal-
culated using T1-weighted images in the software [Buckner
et al. 2004]. FreeSurfer employs a registration-based method
which uses indirect scaling through affine transformation to a
standard template, resulting in lower TIV estimation accuracy
compared to manual segmentation and potentially introduc-
ing systematic errors (Figure S1) [Malone et al. 2015; Nerland
et al. 2022]. Furthermore, FreeSurfer demonstrated poor lon-
gitudinal consistency in eTIV, with theoretically stable adult
TIV values varying across different imaging time points [Ma
et al. 2019]. Consequently, caution is recommended when using
FreeSurfer-based eTIV, particularly in multi-site or long-term
neuroimaging research.

Several brain imaging software packages have therefore ad-
opted segmentation-based methods to estimate TIV. These ap-
proaches first segment brain images into tissue compartments
and then calculate volumetric estimates of the intracranial cav-
ity. For example, Statistical Parametric Mapping 12 (SPM12,
https://www.fil.ion.ucl.ac.uk/spm/) estimates TIV within a
unified framework of segmentation and spatial normaliza-
tion. The volumes estimated by SPM12 have shown higher re-
liability relative to manually traced volumes, outperforming
estimates obtained using SPM8 and the eTIV derived from
FreeSurfer [Malone et al. 2015]. Sequence Adaptive Multimodal
Segmentation (SAMSEG) implemented based on FreeSurfer
provides segmentation-based total intracranial volume (sbTIV)
by calculating direct segmentation within the skull [Cerri
et al. 2023; Puonti et al. 2016]. sbTIV relies on structure segmen-
tations including the cerebrospinal fluid and other intracranial
non-brain structures, and can be calculated from T1-weighted
image only or T1-weighted and T2-weighted multimodal images
using Samseg function implemented from FreeSurfer version
7.2. Previous studies showed that these segmentation-based TIV
estimates were highly correlated; however, a potential limitation
is that the estimated volume might be underestimated in individ-
uals with severe atrophy (e.g., dementia) [Nerland et al. 2022].

Here, we aim to test whether sbTIV would demonstrate greater
validity and reliability compared to eTIV using multi-site large-
sample data from the Japanese Strategic Research Program
for the Promotion of Brain Science (SRPBS) DecNef [Tanaka
et al. 2021] and the Brain/MINDS Beyond Human Brain MRI
(BMB-HBM) study project [Koike et al. 2021], consisting of 6524
structural brain scans using 30 procedures (i.e., machines and
protocols). In this study, we also intended to confirm the validity
and reliability of the sbTIV in various repeated-measure datasets
scanned using different procedures for traveling subjects (TS),
adolescents, and adults [Koike et al. 2021; Koike et al. 2025].

2 | Methods and Materials
2.1 | Datasets

Ethical approval was obtained from the Ethics Committee of the
University of Tokyo (Approval No. 24-496) and the ethical com-
mittees at the measurement sites. All participants provided written
informed consent prior to participating in the study. A total of 6641
brain scans from the SRPBS DecNef and BMB-HBM study proj-
ects, 6524 structural brain scans using 30 procedures were used
in this study. Of these, 5890 structural brain scans were collected
from 4435 participants (mean (SD) age=32.0 (16.8) years, range
10.5-80.1; female = 1904, 48.8%) using 23 procedures (Table 1 and
Figure 1a). In addition, 634 TS scans were used from 134 partici-
pants, 28 procedures (age at the initial scan =29.0 (9.6) years, range
19.0-61.7, female=49, 36.6%, mean scans=4.7, SD=2.0, range
2-9; Figure 1b). To test the effect of body size on TIV estimation,
body height (BH) and body weight (BW) were measured on the
days of MRI scans in two procedures (Procedure U and V, n =1546,
BH: mean+SD=165.4+8.8cm, BW: mean+SD=60.1+13.6kg).

The 30 procedures consisted of 21 sites, 13 machine types,
and 3 vendors. The protocols were categorized into four types:
Harmonized Protocol (HARP), Connectome Related to Human
Disease (CRHD), and isotropic and anisotropic SRPB protocols.
The HARP protocol was established in the BMB-HBM study
project [Koike et al. 2021], and 19 procedures, 9 machine types,
and 2 vendors were used in this study. The CRHD protocol for
Siemens Prisma machine was based on that used in the Human
Connectome Project (HCP) [Harms et al. 2018; Somerville
et al. 2018], and two sites were used. The SRPBS DecNef project
determined standardized protocols [Tanaka et al. 2021]; how-
ever, owing to the restriction of clinical sites and the need for
continuity from previous projects, there were some variations
in parameters across sites. Therefore, we categorized the isotro-
pic SRPB protocol, which has an isotropic 1.0 mm voxel size and
consists of five procedures, four machine types, and two ven-
dors, and an anisotropic SRPB protocol consisting of four proce-
dures, four machine types, and three vendors.

2.2 | Image Preprocessing

Image preprocessing was performed using
PreFreeSurferPipeline.sh and FreeSurferPipeline.sh of the HCP
pipeline (version 4.3.0) [Glasser et al. 2013] with the standard
HCP style for subjects who underwent 3D T1- and T2-weighted
images (Appendix S1). The legacy mode pipeline, which includes
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FIGURE1 | Age distribution by procedure. The age distribution of participants at the time of MRI scanning is shown for the main dataset (a) and
the traveling subject (TS) dataset (b). As summarized in Table 1, Procedures A-S, T and U, V-Z, and AA-AD employed the HARP, CRHD, isotropic

SRPB, and anisotropic SRPB protocols, respectively.

histogram-based bias field correction, was applied only to T1-
weighted images. The HCP pipeline used FreeSurfer version 6.0,
and eTIV was calculated in FreeSurferPipeline.sh. Additionally,
sbTIV was calculated using the ‘run_samseg’ command im-
plemented in FreeSurfer version 7.2 [Cerri et al. 2023; Puonti
et al. 2016]. Quality control was manually performed for all pre-
processed images by two or more examiners using the ENIGMA
QC script (https://enigma.ini.usc.edu/). Because detailed assess-
ments of image quality, boundary segmentation, and neuroana-
tomical variation were not comprehensively performed for all
images in the BMB-HBM project [Koike et al. 2021], we carried
out a brief inspection to verify whether image preprocessing and
cortical and subcortical segmentation had been successfully com-
pleted. Images that failed to complete preprocessing and/or exhib-
ited substantial errors in boundary segmentation were excluded
from further analysis (n=107, 1.6%). To compare the differences
between the preprocessing methods, both preprocessing pipelines
were used for the TS dataset in Procedures T and U (n=37). In ad-
dition, to examine the effects of longitudinal preprocessing pipe-
lines implemented in FreeSurfer and SAMSEG, we performed
supplementary preprocessing on six TS images from one partici-
pant and four longitudinal images from an adolescent participant
scanned over an 8-year period (Appendix S1).

2.3 | TS Harmonization

To diminish machine- and protocol-specific measurement
bias, TS harmonization was performed for eTIV and sbTIV
using procedure-specific difference [Koike et al. 2021;
Koike et al. 2025; Maikusa et al. 2021]. Procedure-specific dif-
ferences were estimated using a general linear mixed model
(GLMM), including the procedure as a fixed effect and par-
ticipant as a random effect. We calculated the harmonized

eTIV and sbTIV by using the fixed effect of the procedure in
the GLMM.

2.4 | Statistical Analysis

To see the consistency of TIV estimations between the two
methods, we tested an intraclass correlation coefficient (ICC) for
all samples and each procedure using the ‘irr’ package version
0.84.1 in R version 4.4.2. Significance was set at 0.05, and reli-
ability was evaluated using the following criteria: greater than
0.9, excellent; 0.75-0.9, good; 0.5-0.75, moderate; and less than
0.5, poor. We then tested which procedural factors (i.e., proto-
col and machine) would affect the ICCs using a general linear
model (GLM).

Second, the deviation and absolute error of €TIV from sbTIV as
the reference were calculated, and the predictive factors (i.e.,
protocol, machine, age, and sex) were tested using a GLMM, in-
cluding procedure and participant as random effects.

Third, whether preprocessing methods would affect deviation
and absolute error was tested using repeated-measures analysis
of variance (rmANOVA), including preprocessing methods and
TIV estimation methods as within-subject variables.

Fourth, to determine the reliability of the TIV estimation meth-
ods across procedures, we tested the ICC of the average agree-
ment. Since the n of TS scans varied across participants, we
selected the participants who received three or more TS scans
and performed 1000 random samplings to make the datasets of
three scans per participant. Using these samples, we tested the
ICC(2,k) for both eTIV and sbTIV. After TS harmonization, the
same ICC(2,k) test was performed.
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FIGURE2 | Relationship between eTIV and sbTIV. The relationships were plotted for the overall (a), the HARP (b), CRHD (c), isotropic SRPB (d),
and anisotropic SPRB protocols (e). Procedure-specific relationships are shown in Figure S1.

Finally, we tested the non-linear trajectory throughout the
lifespan using a generalized additive mixed model (GAMM),
including sex as a linear fixed term, age at MRI scan and age
by sex interaction as non-linear fixed terms, and participant as
a random intercept. To see the effects of age and body size on
eTIV and sbTIV, we tested Pearson correlation on the available
dataset (n=1546). Given that brain atrophy may influence TIV
estimation, we further applied a GLM, including age and BH
at MRI scan as main effects in the participants over 60years of
age (n=97). To specifically examine the reliability and validity
of the longitudinal scans for adolescents and adults, we used a
GLMM including age at MRI scan for adolescents or gap from
age at initial scan for adults, sex, estimation methods (i.e., eTIV
and sbTIV), and their interaction terms as fixed effects, and par-
ticipants as a random effect.

3 | Results

3.1 | The Difference in TIV Estimation Methods
Between Procedures

Overall, the absolute agreement between the eTIV and sbTIV
was good (ICC(2,1)=0.78, p<0.001; Figure 2), but the ICCs
varied from good to moderate across procedures (0.62-0.94,
all p<0.001; Table 2 and Figure S1). In particular, images with
120,000 mm?3 or smaller volume of eTIV were under-estimated
and showed no consistency compared to sbTIV (n=165,

ICC(2,1)=0.053, p=0.22, Figure 2). In contrast, the non-small
eTIV subgroup, which had more than 120,000mm? eTIV vol-
ume, also showed various consistencies between sites (n =6357,
Overall ICC(2,1)=0.79, p <0.001; range: 0.67-0.94, all p <0.001).
These ICCs showed little improvement compared to those for all
samples, except for Procedure AD, which showed a remarkable
difference between eTIV and sbTIV for those with a small eTTV
(Figure S2).

We performed a GLM using Procedure V, which had the high-
est ICC across all procedures, as the reference. The GLM
showed significantly higher ICCs in the SRPB isotropic pro-
tocols compared to the other protocols (Figure 2d), while the
other three protocols showed no difference (Table S1). We also
found a main effect of the machine, but there seems to be no
tendency for the machine vendor or performance. The results
were similar when the images were limited to the non-small
eTIV subgroup.

3.2 | Factors of Deviation and Absolute
Error Between TIV Estimation Methods

The mean deviation and mean absolute error also differed
across the procedures (Table 2). A GLMM for deviation (i.e.,
eTIV —sbTIV) as the dependent variable showed that the HARP
protocol overestimated eTIV by referring to sbTIV (Table S2).
This result was consistent in the non-small eTIV subgroup
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FIGURE3 | Relationship between eTIV and sbTIV by preprocessing for traveling subject samples. The red line shows an example of an incorrect

eTIV estimation across the procedures from one TS participant.

(Table S3). In addition, the Skyra machine and female sex over-
estimated the eTIV (Figure S3).

In terms of absolute error, similar to the findings of the ICC
analysis, the SRPB isotropic protocol was the smallest compared
to the other three protocols (Tables S4 and S5). Age at MRI
scan was positively associated with absolute error (Figure S3).
Female sex was positively, but in the non-small eTIV subgroup,
negatively associated with absolute error (B=5496, SE=2072,
t=2.65, p=0.008; B=-4846, SE=1851, t=-2.62, p=0.009;
respectively).

3.3 | The Difference Between Preprocessing
Methods

An rmANOVA showed a significant preprocessing method X
TIV estimation method interaction (B=38,401, SE=17,979,
df=108.0, t=2.14, p=0.035), but no significant main effects.
When the deviation of eTIV as the dependent variable was

used, there was a significant main effect of preprocessing
method (Intercept: B=5500, SE=15,010, df=44.2, t=0.37,
p=0.72; Preprocessing method: B=-38,401, SE=9657,
df=-3.98, p<0.001). These results suggest that eTIV was
under-estimated when using the legacy mode pipeline
(Figure S4).

3.4 | Reliability of TIV Estimation Methods Across
Procedures Using TS Dataset

The 1000 random sampling ICC(2,k) showed excellent results
for eTIV and sbTIV (mean=0.969, SD=0.006; mean=0.984,
SD =0.001; respectively). However, raw eTIV and sbTIV both
included measurement bias, and the eTIV of some TS samples
was inconsistent across procedures (Figure 3). After harmoniza-
tion, the measurement bias successfully diminished, especially
in sbTIV, and the ICC(2,k) increased and showed excellent re-
sults (eTTV: mean=0.976, SD=0.006; sbTIV: mean=0.989,
SD=0.001).

Human Brain Mapping, 2025

90f13

85U8D|7 SUOWWOD BA 1D 3ol dde 8U3 Aq pauRA0 318 S3[o11e YO ‘88N 4O S3|NJ Joj ARIGITBUIIUO AB]IA UO (SUO RIPUOD-PUR-SUIBYWI0D A8 | 1M Ale.q 1 ]BU|JUO//STNY) SUORIPUD PUe SWS | 8U3 89S *[G202/TT/0Z] U0 A%iqiT8uluo AB|IM ‘SO070L WaU/200T OT/I0p/W0d" A im" AReiq | puljuo//:Sdny Wol pepeojumod ‘9T ‘G202 ‘€6T0L60T



a b
2200000 = 2200000 =
2000000 2000000 o
1800000 o 1800000 o
= 1600000 = 1600000 A
5 5
o )
3 3
& 1400000 = n(:“ 1400000 +
Sex
1200000 o 1200000 o
— Male
1000000 o 1000000 o
— —— Female
800000 + 800000 +
T T L] T T L] T L] T T T T L] L] T L] T L]
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Age at MRI scan (y) Age at MRI scan (y) Protocol
c d HARP
2200000 o 2200000 o
CRHD
2000000 = 2000000 = SRPB
1800000 = 1800000 o SRPBani
> A >
= 5 r v 5
© 1600000 /'(I, M ®» 1600000 =
B X (P70 '/\ '8
N NS 8
s €
E 1400000 = g 1400000 =
T £
1200000 1200000 =
1000000 o — 1000000 o
—
800000 o 800000 o

10 20 30 40 50 60 70 80 90
Age at MRI scan (y)

10 20 30 40 50 60 70 80 90
Age at MRI scan (y)

FIGURE4 | eTIV and sbTIV through the lifespan. The lines show repeated measures from the same participant.

For the six TS images from one participant shown by the red line
in Figure 3 (€TIV=1,060,642-1,362,655mm?), we applied longi-
tudinal pipelines to calculate both eTIV and sbTIV. The results
showed that longitudinal pipeline-processed eTIV was compa-
rable to sbTIV (1,468,940mm? vs. 1,398,074-1,475,043 mm?)
although these eTIV values were identical across different pro-
cedures (Figure S5). In contrast, longitudinal pipeline-processed
sbTIV increased compared to standard sbTIV and more approxi-
mated harmonized sbTIV. However, a limitation of the longitu-
dinal pipelines was evident in the adolescent longitudinal scans,
where a developmental trajectory appears flat for eTTV and at-
tenuated for sbTIV.

3.5 | eTIV and sbTIV Through the Life Span

GAMM showed non-linear trajectories of eTIV and sbTIV
before and after TS harmonization throughout the life span
(Figure 4). When observing the average trajectory in females,
eTIV slightly decreased from age 10 to 40years, had a dip
around age 45, and then increased to age 80, whereas sbTIV

changed little to age 70. The reason for the different trajec-
tory patterns is partly seen in the lines of repeated measures,
showing a dramatic increase in eTIV of age 40s females. These
data mostly came from the initial scans using Procedure AD
and the follow-up scans using Procedure U. These results did
not change even when TS harmonization was performed. For
males, the increase in sbTIV during adolescence was greater
than that in eTIV.

Pearson correlation analyses revealed significant associations of
age, BH, and BW with eTIV (r=-0.053, 0.45, and 0.33; p=0.038,
<0.001, and <0.001, respectively), and significant associations
of BH and BW with sbTIV (r=0.63 and 0.49; both p<0.001).
Among participants over 60years of age (n=97), GLMs indi-
cated significant main effects of age and BH on eTIV (B=8123,
SE=2965, t=2.74, p=0.007; B=11,629, SE=2134, (=5.5,
p<0.001; Figure S6), whereas for sbTIV only BH showed a sig-
nificant effect (B=11,163, SE =354, t=31.5, p<0.001), with no
significant effect of age (p =0.49). These findings suggest that
sbTIV provides a more robust estimate of intracranial volume in
older individuals with relatively smaller brain volumes.
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These characteristics were prominent in the longitudinal scans
(Figure 5). A GLMM for adolescent longitudinal measurements
showed significant main effects of age and estimation method,
but not sex, a significant age by sex interaction, and significant
interaction terms regarding the estimation method (Table S6).
Post hoc models showed that sex difference and sex-specific
increase during adolescence were greater when using sbTIV
compared to eTIV (Figure 5a,c, respectively). A GLMM for adult
longitudinal measurements showed no significant interaction
terms (Table S7). However, the gap from age at initial scan and
the gap by sex interaction were significant when using eTIV,
suggesting that some eTIV especially for female participants
were under-estimated and showed increased eTIV in adult lon-
gitudinal measurements (Figure 5b).

4 | Discussion
In this study, we tested the differences in TIV estimation meth-

ods for large-scale samples from multi-site MRI study projects.
Although eTIV has been widely used for the estimation of

TIV in FreeSurfer, we replicated the relatively low reliability
compared to sbTIV, as previously reported [Cerri et al. 2023;
Ma et al. 2019; Malone et al. 2015; Nerland et al. 2022; Puonti
et al. 2016]. Notably, the discrepancy between the eTIV and
sbTIV was prominent in those with a small TIV. The low re-
liability came from the scan protocols, and higher resolution
and multimodal preprocessing did not always provide higher
reliability. These inconsistencies are sensitive when test-
ing longitudinal trajectories by using images from different
procedures.

Consistent with previous comparisons [Nerland et al. 2022],
we demonstrated higher validity and reliability of sbTIV
compared to eTIV. Moreover, using multi-site study datasets
acquired with various protocols, we found that the protocols
except for 1.0mm isotropic resolution may provide smaller
consistency between eTIV and sbTIV. Although the HARP
and CRHD protocols fit the multimodal HCP pipeline for
0.8 mm isotropic T1-weighted and T2-weighted images, the
ICCs were not excellent and slightly improved compared to
the legacy mode using only T1-weighted images. eTIV in the

Human Brain Mapping, 2025
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SRPB anisotropic images was underestimated but overesti-
mated in the HARP and CRHD (0.8 mm isotropic) images,
and the legacy mode pipeline decreased eTIV; the discrepancy
trend may come from the usage of T2-weighted images. One
reason for this discrepancy may be that eTIV in FreeSurfer re-
lies on a linear transformation to the T1w template, which was
implemented for the 1.0mm isotropic protocol. The images
were resized to this resolution for images with other resolu-
tions, leading to systematic estimation errors when misregis-
tration occurred (Figure S1).

Notably, the discrepancy was sometimes remarkable for im-
ages with small TIV. The results showed that the low accuracy
of eTIV showed across procedures, and it was difficult to pre-
dict which images resulted in underestimated eTIV calcula-
tions. Indeed, low accuracy is prominent in trajectory analysis
of repeated scans, including TS. As cross-sectional investiga-
tions from multiple sites may mimic this concern, we should
carefully examine previous studies using eTIV, particularly
for children and female studies. Even when longitudinal pre-
processing pipelines are available, their outputs should be in-
terpreted with caution, particularly for images acquired using
different procedures and for studies of child and adolescent
development.

On the other hand, we replicated the high consistency of sbTIV
in these repeated scans [Cerri et al. 2023; Puonti et al. 2016]. The
reliability is crucial in longitudinal investigations, and the pres-
ent findings showed a more reliable developmental trajectory in
adolescence and more stable volumes in adults and TS across
procedures. Especially, high consistency was found between T1-
weighted image only and multimodal procedures, which would
be helpful for future multi-site studies with a mixture of T1-
weighted image only and multimodal datasets.

Because T2-weighted images have a high contrast between
the cerebrospinal fluid and skull, the T2-weighted-based or
multimodal TIV estimation methods should be standard.
However, owing to the strength of a large sample size of T1-
weighted image datasets, it is still necessary for TIV estimation
only from T1-weighted images, especially in multi-site clinical
studies. In addition, future studies should consider bias field
correction of T1-weighted and T2-weighted images, such as ra-
diofrequency transmit (B1+) field effects [Glasser et al. 2022;
Haast et al. 2018]. Recent high-resolution multimodal images
are associated with a lower signal-to-noise ratio compared to
conventional resolution, which results in a greater bias in the
segmentation.

In conclusion, we showed that sbTIV is recommended for
multi-site studies using various imaging protocols. This rec-
ommendation is sensitive when observing longitudinal tra-
jectories using various procedures. Although future studies
will use more reliable estimation methods using multimodal
images and considering bias fields, T1-weighted-based TIV
estimation is still important because previous multi-site study
projects were based on the aggregation of T1-weighted images.
We also need to pay attention to previous studies that used
eTIV as a confounding factor for structural features in multi-
site studies.
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