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Purpose: To validate the use of thick-section clinically acquired 
magnetic resonance (MR) imaging data for estimating to-
tal brain volume (TBV), gray matter (GM) volume (GMV), 
and white matter (WM) volume (WMV) by using three 
widely used automated toolboxes: SPM (www.fil.ion.
ucl.ac.uk/spm/), FreeSurfer (surfer.nmr.mgh.harvard.
edu), and FSL (FMRIB software library; Oxford Centre 
for Functional MR Imaging of the Brain, Oxford, England, 
https://fsl.fmrib.ox.ac.uk/fsl).

Materials and 
Methods:

MR images from a clinical archive were used and data 
were deidentified. The three methods were applied to es-
timate brain volumes from thin-section research-quality 
brain MR images and routine thick-section clinical MR 
images acquired from the same 38 patients (age range, 
1–71 years; mean age, 22 years; 11 women). By using 
these automated methods, TBV, GMV, and WMV were 
estimated. Thin- versus thick-section volume comparisons 
were made for each method by using intraclass correla-
tion coefficients (ICCs).

Results: SPM exhibited excellent ICCs (0.97, 0.85, and 0.83 for 
TBV, GMV, and WMV, respectively). FSL exhibited ICCs 
of 0.69, 0.51, and 0.60 for TBV, GMV, and WMV, respec-
tively, but they were lower than with SPM. FreeSurfer 
exhibited excellent ICC of 0.63 only for TBV. Application 
of SPM’s voxel-based morphometry on the modulated im-
ages of thin-section images and interpolated thick-section 
images showed fair to excellent ICCs (0.37–0.98) for the 
majority of brain regions (88.47% [306924 of 346916 vox-
els] of WM and 80.35% [377 282 of 469 502 voxels] of 
GM).

Conclusion: Thick-section clinical-quality MR images can be reliably 
used for computing quantitative brain metrics such as 
TBV, GMV, and WMV by using SPM.

q RSNA, 2017
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was better than that of FreeSurfer. A 
more recent study (11) showed that 
SPM version 12 performed better than 
FreeSurfer for calculation of total in-
tracranial volume. However, the reli-
ability of applying automated methods 
on clinical-quality MR images has not 
been well established in the literature. 
In this study, we aim to validate the use 
of thick-section clinically acquired MR 
images for estimating GMV, WMV, and 
TBV by using three widely used auto-
mated methods (SPM, FreeSurfer, and 
FSL).

Materials and Methods

Patients
This study was reviewed and approved 
by Geisinger Health System Founda-
tion institutional review board. The 
data used in this study were not iden-
tifiable and no protected health infor-
mation was collected, accessed, used, 
or distributed. This study was part of 
a larger research initiative that ad-
dressed the question of leveraging 
clinical imaging archives for research 
studies. As part of that initiative, we 
deidentified 2500 randomly selected 
patients with head MR images from 

volume metrics derived from thick-
section images compare with those de-
rived from thin-section images. This is 
important because establishing the re-
liability of clinical MR imaging data for 
research-driven volumetric analyses 
will allow for the use of vast archives 
of previously unused clinical images.

Brain volumetry typically involves 
segmentation and quantification of var-
ious tissue types of the brain such as 
gray matter (GM), white matter (WM), 
and cerebrospinal fluid. Other metrics 
include total intracranial volume and 
total brain volume (TBV). Automated 
segmentation tools are widely applied 
because of the labor-intensive nature of 
manual segmentation. A variety of auto-
mated methods currently exist, of which 
SPM (www.fil.ion.ucl.ac.uk/spm/) (3), 
FreeSurfer (surfer.nmr.mgh.harvard.
edu) (4), and FSL (FMRIB software li-
brary; Oxford Centre for Functional MR 
Imaging of the Brain, Oxford, England, 
https://fsl.fmrib.ox.ac.uk/fsl) (5) are 
among the most popular. A study by 
Helms (6) provided an extensive review 
of these and other available brain seg-
mentation methods.

To date, few studies performed 
brain volumetry by using thick-section 
images. Smith et al (5,7) used FSL on 
MR images of varying section thick-
nesses (1–6 mm) from the same pa-
tients and found that FSL estimates of 
TBV did not vary with section thickness. 
Eritaia et al (8) examined the effect of 
sparse sampling of image sections and 
showed that reliable estimates of total 
intracranial volume can be achieved up 
to a sampling density of one in 25 sec-
tions. These results were confirmed in 
a recent study (9). Klauschen et al (10) 
compared the performances of SPM 
version 5, FSL, and FreeSurfer in calcu-
lating GM volume (GMV), WM volume 
(WMV), and TBV by using thin-section 
images. This study found that volumet-
ric accuracy of SPM version 5 and FSL 
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Advances in Knowledge

nn Automated tools applied to thick-
section MR images reliably esti-
mated brain volumes compared 
with thin-section images from 
the same patients with excellent 
intraclass correlation coefficient 
(ICC) (ICC, 0.83–0.97).

nn Of the three automated toolboxes 
evaluated, the statistical para-
metric mapping (SPM; www.fil.
ion.ucl.ac.uk/spm/) toolbox per-
formed most reliably for all three 
brain volumes; total brain volume 
(ICC, 0.97), gray matter volume 
(ICC, 0.85), and white matter 
volume (ICC, 0.83).

nn In voxel-based morphometry of 
SPM, tissue density for the ma-
jority of brain voxels (.80%) 
could also be reliably estimated 
by using thick-section MR 
images.

Implication for Patient Care

nn Automated methods can be used 
for brain volume estimations on 
standard-of-care clinical-quality 
brain MR images.

Current radiology practice primar-
ily relies on treating images as 
pictures, and interpretations are 

made on the basis of visual inspection 
of the images (1). According to Gillies 
et al, radiomics refers to the “extrac-
tion of quantitative features that result 
in the conversion of images into mine-
able data and the subsequent analysis 
of these data for decision support” 
(1). Brain volume estimation, referred 
to as brain volumetry, is often used 
in radiomics to estimate brain tissue 
volumes. Automated brain volumetry 
is increasingly used on structural mag-
netic resonance (MR) images in both 
research and clinical domains to help 
diagnose disease, track disease pro-
gression, and monitor effects of treat-
ment (2). In the clinical setting, rou-
tine head MR images are commonly 
acquired with lower spatial resolution 
and higher section thicknesses to en-
able faster acquisition times. It is un-
clear, however, if low-resolution clin-
ical brain MR images are limited in 
their use with automated segmentation 
tools that have traditionally been used 
with high-resolution images (ie, usually 
with a section thickness of ,2 mm). 
Specifically, we do not know how brain 
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Statistical Methods

GMV, WMV, and TBV (GMV + WMV) 
were obtained for thick- and thin-sec-
tion images by using SPM, FreeSurfer, 
and FSL. The reliability and level of 
agreement between thick- and thin-
section image volumes were evaluated 
by using intraclass correlation coeffi-
cient (ICC) for all three volumes. ICC 
was computed by using one-way ran-
dom effects model (case-1, as defined 
in McGraw et al [15]) with patients 
(ie, row effects) as random effects as-
suming a normal distribution. Before 
applying ICC, volumes estimated by 
the automated methods were tested 
for normal distribution by using Kol-
mogorov-Smirnov test (16). Reliability 
was classified on the basis of ICCs with 
the following scale: poor, 0–0.36; fair, 
0.37–0.47; good, 0.48–0.55; and ex-
cellent, 0.56–1.0. For our sample size 
of 38 images, fair, good, and excellent 
corresponded to P values of less than 
.01, less than .001, and less than .0001, 
respectively. The difference in volumes 
between thick- and thin-section images 
was compared by using the percentage 
difference and Bland-Altman plots (17). 
Percentage differences between the 
thick- and thin-section estimates were 
calculated as a percentage of the thin-
section estimate. Figure 1 outlines the 
intermethod comparison methodologic 
analysis.

In addition to the reliability tests 
and after establishing the most reliable 
method, analyses were performed by 
using estimates from the most reliable 
method to study the effect of age and 
imager heterogeneity. The effect of age 
on GM and WM tissue intensity con-
trast in structural MR images was pre-
viously demonstrated by several studies 
(18,19). To evaluate the effect of age 
on the reliability of thick-section brain 
volume estimates, the following exper-
iment was performed: ICCs between 
thick- and thin-section volume esti-
mates were iteratively calculated start-
ing with the 10 youngest patients (age, 
1–4 years) and then sequentially adding 
the next-older patient to the group.

The structure and signal intensities 
of infant MR images are different from 

space probabilistic tissue maps pro-
duced during segmentation. Free-
Surfer volumes were obtained by using 
the recon-all–all pipeline of FreeSurfer 
(version 6 beta). The total GMV and 
cerebral WMV values found in the 
aseg.stats output file of FreeSurfer 
were used for GMV and WMV, re-
spectively. Further information on the 
FreeSurfer segmentation process can 
be found in Fischl et al (12). In FSL 
(version 5.0.8) segmentation, volumes 
were obtained by using SIENAX (5). 
We used the nonnormalized GMV and 
WMV volumes produced by SIENAX. 
All images were processed by using the 
default parameters of the toolboxes.

Voxel-based Morphometry
Voxel-based morphometry in SPM uses 
the modulated GM and WM maps 
produced by the unified segmentation 
pipeline (13). Modulated images allow 
users to compare regional tissue den-
sity in a standard space and absolute 
volume differences across patients 
(14). To examine if thick-section clinical 
images can be reliably used for voxel-
based morphometry, we obtained mod-
ulated images for GM and WM for both 
thick- and thin-section MR images by 
using the modulated option for warped 
tissue selection in the segment tool in 
SPM. Modulated images produced from 
thick-section images had aliasing arti-
facts because of low resolution. To re-
move this artifact, we resectioned the 
thick-section images to 1 mm by using 
nearest-neighbor interpolation be-
fore running the unified segmentation 
pipeline.

our clinical picture archiving and com-
munication system; all images were 
acquired between March and Novem-
ber of 2014. Of these patients, 44 had 
both thick- and thin-section images 
with complete head coverage acquired 
from the same imager in the same im-
aging session. Of the 44 patients, 38 
were free of intracranial abnormalities 
on the basis of a neuroradiologist’s 
clinical review (G.J.M., with 6 years of 
experience). The MR images of these 
38 patients (mean age, 22 years; age 
range, 1–71 years; 11 female patients) 
were used as the final dataset of this 
study. A retrospective inspection of 
the deidentified reports indicated that 
these 38 images were acquired for 
clinical purposes as part of our institu-
tion’s routine clinical imaging protocol 
for evaluating patients with seizures or 
reported headaches.

Image Acquisition
Twenty-two of the patients were im-
aged by using an Achieva 1.5-T imager 
(Philips, Best, the Netherlands) and 
16 patients were imaged by using a 
Signa HDxt 1.5-T imager (GE Medical 
Systems, Milwaukee, Wis). Further in-
formation on image parameters is avail-
able in Table 1.

Brain Volume Calculations
To estimate brain volumes by using 
SPM, we applied the unified segmen-
tation algorithm (3), provided as the 
Segment tool in SPM (version 12). 
GMV and WMV were calculated ac-
cording to Approach 2 outlined in 
Malone et al (11) by using the native 

Table 1

Imager Parameters

Parameter

Thin-Section Images Thick-Section Images

GE Philips GE Philips

MR imaging pulse sequence T1 SPGR T1 SPGR T1 SE T1 SE
Acquisition plane Coronal Coronal Axial Axial
No. of patients 16 22 16 22
Section thickness (mm) 0.8–1.6 1.10 5.5–6 4.4–5.5
Voxel width (mm) 0.35–0.43 0.43–0.83 0.39–0.47 0.63–0.9

Note.—SPGR = spoiled gradient recalled, SE = spin echo.
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MR image signal intensity range, 
noise, and tissue contrast are different 
for images acquired by using different 
imagers. The effect of imager hetero-
geneity on reliability is verified by com-
puting ICCs for each imager separately 
(Achieva, n = 22; Signa, n = 16).

For voxel-based morphometry 
analysis, voxel-by-voxel ICC was per-
formed between the voxels of the 
modulated images obtained from 
thick- and thin-section images for GM 
and WM maps. The voxel-by-voxel 
analysis created a stereotaxic map 
of voxels where the tissue concentra-
tions were reliably reproduced. As in 
previous studies (20,21), voxels with 
10% or greater probability of belong-
ing to GM or WM were selected for 
analysis. The tissue probability was 
provided by the tissue probability map 
distributed with the SPM package. 
The tissue probability map is defined 
in the Montreal Neurologic Institute 
(22) space. All statistical analyses 
were performed by using statistical 
software (Matlab version 8.6.0; Math-
works, Natick, Mass).

Results

Brain Volumetry
Among the 38 patients included in the 
study, FreeSurfer processing failed for 
three patients. FreeSurfer failed to 
automatically register images of two 

thin-section volumes for the cohort 
after excluding the infants (age, ,2 
years; n = 5).

those of adults. To verify whether the 
infants influenced the reliability, ICCs 
were calculated between thick- and 

Table 2

Summary of Statistical Analysis on Thick- and Thin-Section Volume Estimations 

Parameter Thin Section (L) Thick Section (L) Percentage Difference (%) ICC P Value

TBV
  SPM 1.10 6 0.18 1.08 6 0.17 21.19 6 3.95 0.97 ,.0001
  FreeSurfer 1.13 6 0.20 1.07 6 0.21 24.87 6 14.80 0.63 ,.0001
  FSL 1.13 6 0.17 1.19 6 0.20 6.25 6 12.52 0.69 ,.0001
GMV
  SPM 0.69 6 0.13 0.70 6 0.13 2.29 6 11.88 0.85 ,.0001
  FreeSurfer 0.59 6 0.15 0.52 6 0.12 27.92 6 30.98 0.30 .0349
  FSL 0.61 6 0.12 0.63 6 0.18 4.43 6 25.96 0.51 .0004
WMV
  SPM 0.41 6 0.11 0.38 6 0.13 27.35 6 16.29 0.83 ,.0001
  FreeSurfer 0.49 6 0.22 0.51 6 0.24 12.84 6 59.70 0.16 .1692
  FSL 0.52 6 0.11 0.56 6 0.13 9.53 6 21.05 0.60 ,.0001

Note.—Data are mean 6 standard deviation. There were 38 patients for SPM, 35 patients for FreeSurfer, and 38 patients for FSL.

Figure 1

Figure 1:  Flowchart of the intermethod brain volume comparison between thick- and thin-section MR im-
ages. Green arrows represent the raw image input to three different automated volume estimation methods. 
Orange arrows represent estimated brain volumes. The volume comparison box represents performance 
of statistical analyses to compare thick- and thin-section image volumes. The intermethod comparison box 
(gray box) represents the comparison of performance between the three methods.
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the lowest (0.52 L). In WMV, however, 
SPM had the lowest estimate for WMV 
(0.38 L), whereas FSL exhibited the 
highest (0.56 L). One outlier (Fig 2)  
was observed in FSL, which exhibited 
a thick-section GMV of 1.423 L, which 
was more than 4 standard deviations 
away from the mean thick-section GMV 
of FSL (0.63 L). The GMVs from the 
same patient’s thick-section image for 
SPM and FreeSurfer were 0.58 L and 
0.43 L, respectively, which were within 1 
standard deviation from their respective 
means. Figure 2 illustrates volumes de-
rived from thick-section images plotted 

for TBV, GMV, and WMV (ICCs were 
0.97, 0.85, and 0.83, respectively). 
FSL exhibited excellent reliability for 
TBV and WMV (ICCs were 0.69 and 
0.60, respectively) and good reliability 
for GMV (ICC, 0.51), but ICC values 
were lower than those of SPM. Free-
Surfer showed the lowest reliability 
among the methods for all the volumes 
and had excellent reliability only for 
TBV (ICC, 0.63) and poor reliability 
for GMV and WMV (ICCs were 0.30 
and 0.16, respectively). Average GMV 
estimates indicated that SPM was the 
largest (0.70 L) and FreeSurfer was 

patients to the atlas. The processing 
of the third patient had to be manu-
ally terminated because the processing 
time exceeded 36 hours. These three 
patients were excluded from the Free-
Surfer analysis.

The performance of the three auto-
mated methods between thick-section 
and thin-section image volumes is pre-
sented in Table 2. All volumes estimated 
by the methods satisfied the criterion 
for normal distribution as determined 
by the Kolmogorov-Smirnov test. SPM 
showed excellent reliability between 
thick- and thin-sectioned image volumes 

Figure 2

Figure 2:  Scatterplots between thick-section (y-axis) and thin-section estimates (x-axis) of TBV, GMV, and WMV as estimated 
by three different automated methods. Blue lines represent the trend lines fitted to the scatter points. Black lines represent the 
y = x reference lines.
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volumes represents the bias introduced 
by the methods.

The effect of age on SPM reliability 
is provided in Figure E1 (online). Results 
indicate that the reliability of TBV is sta-
ble with increasing age, but the reliability 
of GMV and WMV declined marginally 
with increasing age. However, the reli-
ability for all three volumes remained ex-
cellent at all ages. When ICCs were cal-
culated for SPM estimates after excluding 
the infants (age, ,2 years; n = 5) from 
the cohort, the volumes showed excellent 
agreement. After the removal of infants, 
the ICC did not change for TBV (ICC, 

SPM exhibited the lowest mean and 
standard deviation of the percentage dif-
ference for all three volumes (Table 2).  
The difference between thick-section 
and thin-section volumes was plotted 
against their average in Bland-Altman 
plots (Figure 3). SPM showed the low-
est standard deviation of the volume er-
ror (thick – thin volume) for the three 
brain volumes. The trend line fitted be-
tween volume difference versus mean 
volume of the thick- and thin-section 
pair showed no particular pattern for 
all three methods. The mean of the dif-
ference between thick- and thin-section 

against thin-section images for TBV, 
GMV, and WMV for all three methods 
with trend lines and reference lines. 
Points with identical estimates from 
thick-section and thin-section volumes 
should fall at the reference line. SPM 
showed the best linear trend among the 
three methods for all the volumes fol-
lowed by FSL. FreeSurfer showed large 
deviations from the trend line for all the 
volumes. We also compared the three 
methods after excluding from SPM and 
FSL the three patients for whom Free-
Surfer failed, and we observed similar 
results (Table E1 [online]).

Figure 3

Figure 3:  Bland-Altman plots showing thick minus thin volume difference (y-axis) plotted against the respective mean value 
(x-axis) of thick and thin volumes for each patient for TBV, GMV, and WMV estimated by three automated volume estimation. 
Solid blue line represents the trend lines. Numerical values of the mean difference (red line) and 62 standard deviations 
(dashed blue line) are also shown.
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best method is characterized by excel-
lent reliability and lowest bias. With 
this criterion, SPM was the superior 
overall performer for all three volumes 
examined. FSL exhibited good to excel-
lent agreement, albeit much lower than 
SPM. However, FreeSurfer exhibited 
excellent agreement for TBV only and 
poor agreement for GMV and WMV. In 
voxel-based morphometry with SPM, 
our results indicated fair to excellent re-
liability between thick- and thin-section 
images for GM and WM maps for the 
majority of brain voxels. Our findings 
suggest that thick-section MR images 
can be reliably used for estimating 
TBV and brain tissue volumes by us-
ing SPM, a widely applied automated 
method. Additionally, clinical quality 
images may be used for voxel-based 
morphometry in SPM.

Previous work has not directly at
tempted to compare thick- and thin-section  
MR image reliability for computing brain 
volumes, although several studies (8,9) 
examined the effect of sparse sampling 

excellent reliability; ICC, .0.37) and 
green regions show voxels with ICC of 
0.36 or less. Of the GM and WM vox-
els, 80.35% (377 282 of 469 502 voxels; 
ICC, 0.37–0.97) and 88.47% (306 924 
of 346 916 voxels; ICC, 0.37–0.98), re-
spectively, show agreement between 
thick- and thin-section images. GM vox-
els above the spinal cord and GM–WM 
boundary in the cerebellum and near 
the ventricles showed poor reliability. 
In WM, mismatches were observed in 
voxels near the ventricles and GM-WM 
boundary in the cerebellum.

Discussion

In this study we compared brain volume 
estimates from thick-section (.3 mm) 
MR images to those obtained from thin-
section (,2 mm) MR images from rou-
tine clinical imaging. We evaluated the 
reliability of three separate automated 
toolboxes (SPM, FSL, and FreeSurfer) 
in estimating TBV, GMV, and WMV by 
using thick-section brain images. The 

0.97), ICC marginally improved from 
0.85 to 0.86 for GMV, and ICC margin-
ally declined from 0.83 to 0.78 for WMV.

When the effect of imager hetero-
geneity was assessed by using SPM es-
timates, the reliability was robust for 
each imager separately despite lower 
sample size. For the Philips imager  
(n = 22) reliability was excellent for TBV, 
GMV, and WMV (ICC was 0.99, 0.90, 
and 0.85, respectively; P , .0001). The 
reliability of the GE imager (n = 16) was 
excellent for TBV (ICC, 0.90; P , .0001), 
but reliability decreased but remained 
statistically significant for WMV (ICC, 
0.74; P , .001) and GMV (ICC, 0.57; P 
, .01).

Voxel-based Morphometry
ICC for GM and WM tissue regions 
between thick- and thin-section images 
are presented in Figure 4. The sagit-
tal and axial maps of the GM (Fig 4a)  
and WM (Fig 4b) are shown; red re-
gions represent significantly corre-
lated voxels (n = 38; P , .01; fair to 

Figure 4

Figure 4:  Sagittal and axial views of ICC between thick- and thin-section MR images in SPM voxel-based morphometry for, A, GM 
and, B, WM. All red regions represent fair to excellent agreement (ICC, .0.37; P , .01; n = 38) and all green regions represent 
insignificant ICC. The section coordinates are in Montreal Neurologic Institute space.
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of MR image sections for manually com-
puting total intracranial volume. These 
studies indicated that sparse sampling 
can provide accurate total intracranial 
volume estimates. Similarly, our find-
ings indicate that thick-section images 
can provide reliable brain volume es-
timates by using automated methods. 
Previous studies (10,11) indicated that 
SPM gives the most accurate estimates 
for brain volumes compared with vol-
umes calculated from manual segmen-
tation. Our study built on these find-
ings, and we report that SPM gives the 
most reliable estimates for TBV, GMV, 
and WMV among the three methods 
when thick-section images were used.

In addition, we demonstrated that 
the reliability of automated methods 
for thin-versus-thick estimation for TBV 
was stable with increasing age, but de-
clined marginally for GMV and WMV. 
Although there was a marginal decline 
of ICC for GMV and WMV, all ICC 
values remained excellent. The decline 
in GMV and WMV reliability can be at-
tributed to decreasing GM and WM tis-
sue intensity contrast with age (18,19).

There are two important limitations 
to address regarding our findings. First, 
images were acquired from different 
imagers and had varying acquisition 
planes and acquisition sequences. In 
spite of this heterogeneity, consistent 
results emerged. Therefore, we do not 
expect that differences in imagers and 
imager parameters influenced the re-
sults. The second limitation is that our 
study has a small sample size and our 
findings need to be further validated 
with a large dataset.

Despite the presence of large ar-
chives of clinical-quality MR images, to 
our knowledge this source of valuable 
data has not been used to its full extent 
in research studies. Our study demon-
strates the potential to use large exist-
ing clinical brain imaging archives for 
radiomics, which opens a vast new data 
resource to researchers and clinicians 

for a variety of studies. These include 
clinical outcome and association stud-
ies, studies of pharmacologic efficacy, 
and phenome- and genome-wide asso-
ciation studies.
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