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Background and Purpose  We aimed to determine the intermethod reproducibility between 
the commercial software Inbrain (MIDAS IT) and the established research-purpose method 
FreeSurfer, as well as the effect of MRI resolution and the pathological condition of subjects on 
their intermethod reproducibility.
Methods  This study included 45 healthy volunteers and 85 patients with mild cognitive im-
pairment (MCI). In 43 of the 85 patients with MCI, three-dimensional, T1-weighted MRI data 
were obtained at an in-plane resolution of 1.2 mm. The data of the remaining 42 patients with 
MCI and the healthy volunteers were obtained at an in-plane resolution of 1.0 mm. The with-
in-subject coefficient of variation (CoV), intraclass correlation coefficient (ICC), and effect 
size were calculated, and means were compared using paired t-tests. The parameters obtained 
at 1.0-mm and 1.2-mm resolutions in patients with MCI were compared to evaluate the effect 
of the in-plane resolution on the intermethod reproducibility. The parameters obtained at a 
1.0-mm in-plane resolution in patients with MCI and healthy volunteers were used to analyze 
the effect of subject condition on intermethod reproducibility.
Results  Overall the two methods showed excellent reproducibility across all regions of the 
brain (CoV=0.5–3.9, ICC=0.93 to >0.99). In the subgroup of healthy volunteers, the inter-
method reliability was only good in some regions (frontal, temporal, cingulate, and insular). 
The intermethod reproducibility was better in the 1.0-mm group than the 1.2-mm group in all 
regions other than the nucleus accumbens.
Conclusions  Inbrain and FreeSurfer showed good-to-excellent intermethod reproducibility 
for volumetric measurements. Nevertheless, some noticeable differences were found based on 
subject condition, image resolution, and brain region. 
Key Words    magnetic resonance imaging; reproducibility of results; 

mild cognitive impairment; brain, volumetry.

Evaluation of Reproducibility of Brain Volumetry 
between Commercial Software, Inbrain and 
Established Research Purpose Method, FreeSurfer

INTRODUCTION

Recent advances in digital image analysis and MRI technology have allowed easy-access, 
quantitative volumetry software programs to be applied clinically. As a result, the applica-
tion of brain volumetry can now be helpful in various diseases such as Alzheimer’s disease 
(AD), multiple sclerosis, and epilepsy in which brain atrophy must be evaluated. Brain 
volume measurements facilitate early diagnosis and allow both disease progress and thera-
peutic responses to be monitored.1-4 Brain volumetry can also be used in other diseases 
such as normal-pressure hydrocephalus.5 However, it can take hours to interpret the images 
provided by volumetry software programs used in such research, with considerable com-
puting processing power also being needed.6 These factors restrict their usefulness in daily 
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clinical practice. 

Many of the currently available volumetry software pro-
grams were inspired by Neuroquant, which is approved by the 
Food and Drug Administration (FDA) of the United States 
and has already been applied clinically.7-10 The commercial 
software Inbrain (https://www.inbrain.co.kr/) was recently 
also introduced to the neuroscience community. This is a 
deep-learning-augmented clinical volumetry software pro-
gram that has been approved by the FDA of South Korea. Un-
like similar clinical volumetry software that preceded it, the 
Inbrain platform is identical to that of the established research-
purpose method FreeSurfer (https://surfer.nmr.mgh.harvard.
edu/), but corrects processing errors without manual correc-
tion. Both Inbrain and FreeSurfer are based on volumetric- 
and surface-based segmentation. However, Inbrain, unlike 
other software, applies a deep-learning segmentation module 
in intermediate processes such as skull stripping and white-
matter segmentation, which are known to require manual 
correction. In addition, some of the limitations of clinical 
software programs developed in Western countries may be 
overcome by incorporating data from Asian populations that 
were current at the time of its development. However, only a 
few clinical studies have used Inbrain.11-13

Reproducibility has been a prominent topic in recent 
studies involving neuroimaging, having been somewhat ne-
glected previously.14 However, this factor has not yet been stud-
ied using Inbrain, despite the program having been used in 
clinical practice and academic research. To interpret volume 
measurement results obtained in different studies and com-
pare volume measurement results between individuals, it is 
crucial to ascertain the intermethod reproducibility between 
FreeSurfer and Inbrain. Hence, in the present study, we aimed 
to determine the intermethod reproducibility and differences 
between the commercial software Inbrain and the established 
research-purpose method FreeSurfer. In addition, we investi-
gated the effect of MRI resolution and the pathological con-
dition of subjects on their intermethod reproducibility.

METHODS

Study design and subjects
The present retrospective study was approved by the Insti-
tutional Review Board of Konkuk University Medical Center 
(IRB number: 2019-08034), and the need for informed con-
sent was waived. As a part of a research initiative by the Korean 
Society of Neuroradiology to develop clinical practice guide-
lines, the present study used the images of 85 patients with 
mild cognitive impairment (MCI) who had visited the memo-
ry clinic of the Konkuk University Medical Center between 
September 2016 and December 2017. All subjects underwent 

brain MRI, including volumetric T1-weighted imaging with 
an in-plane resolution of either 1.0 mm or 1.2 mm. Subjects 
were assigned to either the 1.0-mm or 1.2-mm group, both of 
which were age-matched. Initially 43 patients were assigned to 
each group, and 1 patient was subsequently excluded from the 
1.2-mm group due to focal encephalomalacia. MCI was diag-
nosed by either neurologists or psychiatrists based on the 
Petersen criteria.15 All patients with MCI were evaluated using 
the Mini Mental State Examination (MMSE)16 and the Clini-
cal Dementia Rating (CDR).17 For comparison, we included 
45 healthy controls who had visited the healthcare center and 
undergone brain MRI that included volumetric T1-weighted 
imaging with a 1.0-mm in-plane resolution as part of routine 
medical checkups. The inclusion criteria for the healthy con-
trols were as follows: age over 55 years, and no neurological 
or psychiatric symptoms observed during an evaluation by a 
family medicine physician. 

A flow chart summarizing the study design is included in 
Supplementary Fig. 1 (in the online-only Data Supplement). 
In order to more clearly evaluate the effect of subject condi-
tion on reproducibility, 48 AD patients who visited the mem-
ory clinic from July 2016 to November 2017 and had under-
gone brain MRI including volumetric T1-weighted imaging 
with a 1.0-mm in-plane resolution were recruited and in-
cluded in the study. The diagnosis of AD was confirmed by 
the above two physicians based on the criteria of the Nation-
al Institute of Neurological and Communicative Disorders 
and Stroke and the Alzheimer’s Disease and Related Disor-
ders Association.18

Image acquisition
All MRI was performed using a 3-T MRI unit with a 32-chan-
nel head coil (DISCOVERY 750, GE Medical Systems, Mil-
waukee, WI, USA). We used a routine brain MRI protocol 
with added T1-weighted, volumetric, fast spoiled gradient-
recalled echo imaging. Two kinds of resolution parameters 
were used in the volumetric T1-weighted imaging. Specifi-
cally, in the 1.0-mm in-plane-resolution group, source imag-
es had a slice thickness of 1.0 mm, a 256×256 matrix, and a 
25.6-cm field of view, with a repetition time (TR) of 8.224 
ms, echo time (TE) of 3.192 ms, flip angle (FA) of 12°, and 
acquisition time of 4 min 37 sec. In the 1.2-mm in-plane-res-
olution group, source images had a slice thickness of 1.2 mm, 
a 192×192 matrix, and a 24.0-cm field of view, with a TR of 
5.692 ms, TE of 2.36 ms, FA of 8°, and acquisition time, of 4 
min 31 sec. 

Image analysis
All MRI images were reviewed by an experienced neurora-
diologist to exclude any major neuropathological conditions 

https://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/


www.thejcn.com  309

Lee J et al. JCN
other than neurodegeneration. The absence of imaging ar-
tifacts that could have limited the evaluation was confirmed. 
Each volumetric T1-weighted image was processed sepa-
rately in both FreeSurfer and Inbrain. No manual correction 
was performed for segmentation error. 

FreeSurfer (http://surfer.nmr.mgh.harvard.edu; Harvard 
University, Boston, MA, USA) was used to analyze the MRI 
volumetric data according to methods described elsewhere.6 
Inbrain (MIDAS IT, Seoul, Korea) uses both volumetric and 
surface-based segmentation, as well as a template-driven ap-
proach, similar to FreeSurfer’s segmentation method.19,20 The 
volumetric analysis of Inbrain involves the following proce-
dures: analysis-failure prediction, intensity normalization, 
brain extraction, registration into the volume and surface atlas, 
white-matter segmentation, white-matter surface smoothing, 
topology correction, pial and white-matter surface optimiza-
tion, and output postprocessing. A deep-learning algorithm is 
applied to the analysis-failure prediction, brain extraction, and 
white-matter segmentation.

Statistical analysis
The demographic data were compared using the independent 
t-test for continuous variables and the Mann-Whitney U test 
for nonnormally distributed variables. Before the volumetric 
data were analyzed, the FreeSurfer data were divided by 1,000 
to match the units. To ensure conciseness, volume data were 
calculated by summing the values for the right and sides in 
regions such as the ventricle and cerebellum, while the region-
al gray-matter (GM) thickness was calculated based on the 
average of the values on both sides. Although the terms “re-
producibility,” “reliability,” and “agreement” are used as um-
brella terms, in this article these terms are used as defined else-
where.21-24 Briefly, reproducibility refers to measurements with 
conditions that vary between replicate measurements,22 reli-
ability indicates how well one subject in a certain group can 
be distinguished from others in that group, and agreement 
refers to the closeness of different measurements.21 The inter-
method reliability of brain volumetric software was assessed 
using intraclass correlation coefficients (ICCs).21 We obtained 
two-way, mixed-model, single-measure ICCs to assess the 
absolute agreement between the measurements made using the 
two volumetric software programs. The reliability was classi-
fied based on ICC values as follows: <0.50=poor, 0.50–0.75= 
moderate, 0.75–0.90=good, and >0.90=excellent.25

We assessed the agreement between two measurements by 
calculating the within-subject coefficient of variation (CoV),21 
which was defined as the within-subject standard deviation 
divided by the mean, as proposed elsewhere (https://www-
users.york.ac.uk/~mb55/meas/cv.htm). To assess differenc-
es between the methods, we also calculated Cohen’s effect 

size D and Spearman’s R2. We used the following guidelines 
to interpret effect size D: <0.2=small, 0.2–0.8=moderate, and 
>0.8=large.26 If a significant difference in reliability or agree-
ment between the groups was found in the subgroup analy-
sis, scatter plot and Bland-Altman plot analysis were addition-
ally performed. All statistical analyses were performed using 
MedCalc (version 18.1.1, MedCalc Software, Mariakerke, 
Belgium).

RESULTS

The 85 patients with MCI were divided into 43 in the 1.0-
mm group and 42 in the 1.2-mm group. Table 1 lists the de-
mographic and clinical data of the subjects. 

Overall reproducibility comparison between 
FreeSurfer and Inbrain
Among all subjects (n=130), measurements made using the 
two volumetric software programs showed excellent ICC 
values across all regions of the brain (ICC > 0.93). The calcu-
lated CoV values were close to 0% for all regions of the brain 
(CoV=0.5–3.9%) (Table 2). In the subgroup analyses con-
sisting of healthy subjects, patients with MCI in the 1.0-mm 
group, and patients with MCI in the 1.2-mm group, the vol-
umetric software measurements showed good reproducibil-
ity, with a good-to-excellent ICC values (0.806 to >0.999) 
and relatively low CoV values (0.3–5.9%) (Tables 3, 4, and 5).

Intermethod reproducibility based on subject 
group
When comparing measurements of the regional GM thick-
ness, healthy controls showed lower ICC values (and hence 
lower reproducibility) than patients with MCI in the 1.0-mm 
group in all areas: frontal (0.836 vs. 0.964), parietal (0.913 vs. 
0.981), temporal (0.806 vs. 0.969), occipital (0.927 vs. 0.966), 
cingulate (0.850 vs. 0.949), and insular (0.833 vs. 0.859) (Tables 
3 and 4). Moreover, CoV values were higher in the healthy 

Table 1. Demographics of the study populations

Healthy controls
(1.0 mm)

MCI patients  
(1.0 mm)

MCI patients  
(1.2 mm)

p

Subjects 45 43 42

Males 23 15 16

Age, years 62.8±5.3 71.3±7.3 72.1±6.7 

MMSE score NA 25.9±3.1 21.6±4.2 <0.05

CDR score NA 0.5 (0.5–0.5) 0.5 (0.5–1) <0.05

Data are n or mean±standard-deviation values for continuous vari-
ables, or median (interquartile range) values for nonnormally distribut-
ed variables. 
CDR: Clinical Dementia Rating, MCI: mild cognitive impairment, MMSE: 
Mini Mental State Examination, NA: not applicable.

https://www-users.york.ac.uk/~mb55/meas/cv.htm
https://www-users.york.ac.uk/~mb55/meas/cv.htm
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controls (0.013, 0.011, 0.013, 0.011, 0.019, and 0.016, respec-
tively) than in patients with MCI in the 1.0-mm group (0.009, 
0.008, 0.010, 0.009, 0.014, and 0.018, respectively) in all GM 
areas other than the insular cortex. Effect size D and R2 val-
ues showed similar trends. On scatter plots comparing the 

FreeSurfer and Inbrain measurements of regional GM thick-
ness, the FreeSurfer measurements were mostly higher than 
those of Inbrain, and this tendency seemed to be more pro-
nounced in the healthy controls than in patients with MCI in 
the 1.0-mm group (Fig. 1). Supplementary Fig. 2 (in the on-

Table 2. Reproducibility between FreeSurfer and Inbrain (MIDAS IT) in all subjects (n=130)

ICC CoV Effect size Correlation
Value 95% CI Value 95% CI D 95% CI R2

GM vol. 0.985 0.687–0.996 0.016 0.016–0.017 0.144 0.112–0.172 0.993

WM vol. 0.988 0.980–0.993 0.005 0.005–0.005 0.058 0.037–0.084 0.984

Ventricle vol. >0.999 >0.999 0.005 0.005–0.005 0.001 -0.001–0.002 >0.999

Cerebellum vol. 0.979 0.822–0.993 0.013 0.012–0.013 0.150 0.121–0.185 0.979

Frontal GM thk. 0.970 0.918–0.986 0.013 0.013–0.013 0.132 0.076–0.194 0.980

Parietal GM thk. 0.981 0.919–0.992 0.011 0.011–0.011 0.122 0.085–0.166 0.983

Temporal GM thk. 0.968 0.868–0.987 0.013 0.013–0.014 0.159 0.098–0.226 0.978

Occipital GM thk. 0.979 0.930–0.990 0.011 0.011–0.011 0.120 0.078–0.162 0.975

Cingulate gyrus thk. 0.956 0.825–0.982 0.019 0.019–0.020 0.186 0.124–0.250 0.964

Insular cortex thk. 0.934 0.888–0.959 0.016 0.015–0.017 0.140 0.071–0.223 0.907

Accumbens vol. 0.949 0.929–0.964 0.039 0.035–0.044 0.000 -0.050–0.056 0.901

Amygdala vol. 0.982 0.974–0.987 0.021 0.020–0.023 0.038 0.004–0.068 0.966

Hippocampus vol. 0.991 0.987–0.994 0.011 0.011–0.012 0.021 -0.003–0.043 0.982

Pallidum vol. 0.963 0.947–0.974 0.019 0.018–0.020 -0.058 -0.102–0.009 0.930

Putamen vol. 0.964 0.949–0.975 0.014 0.014–0.015 -0.045 -0.092–0.000 0.934

Caudate nucleus vol. 0.960 0.943–0.971 0.015 0.014–0.016 0.052 0.008–0.101 0.929

Thalamus vol. 0.963 0.947–0.973 0.017 0.016–0.018 0.003 -0.045–0.049 0.926

CI: confidence interval, CoV: within-subject coefficient of variation, GM: gray matter, ICC: intraclass correlation coefficient, thk.: thickness, vol.: vol-
ume, WM: white matter.

Table 3. Reproducibility in healthy subjects for 1.0-mm in-plane resolution (n=45)

ICC CoV Effect size Correlation
Value 95% CI Value 95% CI D 95% CI R2

GM vol. 0.973 0.228–0.994 0.016 0.016–0.017 0.209 0.164–0.258 0.258

WM vol. 0.998 0.995–0.999 0.005 0.005–0.005 0.030 0.014–0.056 0.056

Ventricle vol. >0.999 >0.999 0.005 0.004–0.005 0.001 -0.003–0.005 0.005

Cerebellum vol. 0.986 0.800–0.996 0.013 0.012–0.013 0.131 0.097–0.171 0.171

Frontal GM thk. 0.836 -0.043–0.958 0.013 0.013–0.013 0.555 0.447–0.669 0.669

Parietal GM thk. 0.913 0.095–0.977 0.011 0.011–0.011 0.367 0.275–0.461 0.461

Temporal GM thk. 0.806 -0.043–0.952 0.013 0.013–0.014 0.639 0.486–0.794 0.794

Occipital GM thk. 0.927 0.418–0.978 0.011 0.011–0.011 0.297 0.214–0.400 0.400

Cingulate gyrus thk. 0.850 0.030–0.957 0.019 0.019–0.020 0.483 0.363–0.608 0.608

Insular cortex thk. 0.833 0.418–0.934 0.016 0.015–0.017 0.394 0.227–0.575 0.575

Accumbens vol. 0.931 0.878–0.962 0.040 0.035–0.044 -0.014 -0.119–0.094 0.094

Amygdala vol. 0.975 0.956–0.986 0.021 0.019–0.022 0.036 -0.033–0.096 0.096

Hippocampus vol. 0.992 0.985–0.995 0.011 0.010–0.011 0.030 -0.003–0.072 0.072

Pallidum vol. 0.975 0.954–0.986 0.019 0.018–0.020 -0.033 -0.114–0.027 0.027

Putamen vol. 0.978 0.960–0.988 0.016 0.015–0.017 0.020 -0.040–0.088 0.088

Caudate nucleus vol. 0.975 0.955–0.986 0.019 0.017–0.020 0.023 -0.049–0.083 0.083

Thalamus vol. 0.975 0.954–0.986 0.017 0.017–0.018 -0.029 -0.112–0.028 0.028

CI: confidence interval, CoV: within-subject coefficient of variation, GM: gray matter, ICC: intraclass correlation coefficient, thk.: thickness, vol.: vol-
ume, WM: white matter.
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line-only Data Supplement) shows Bland-Altman plots of 
the intermethod reproducibility. In other regions, there 
were no marked differences in reproducibility parameters, 
although those obtained in the 1.2-mm group were slightly 
higher than those in the 1.0-mm group. The reproducibility 

parameters obtained in AD patients showed poor reproduc-
ibility in all parameters compared to the MCI patients for 1.0-
mm imaging. However, compared with healthy controls, re-
gional GM showed a relatively high ICC and low effect size D, 
with this trend similar to that in MCI patients (Supplementary 

Table 4. Reproducibility in patients with mild cognitive impairment for 1.0-mm in-plane resolution (n=43)

ICC CoV Effect size Correlation
Value 95% CI Value 95% CI D 95% CI R2

GM vol. 0.985 0.343–0.997 0.011 0.011–0.011 0.157 0.110–0.210 0.996

WM vol. 0.995 0.989–0.998 0.007 0.007–0.007 0.041 0.015–0.074 0.992

Ventricle vol. >0.999 >0.999 0.005 0.005–0.005 0.002 -0.001–0.005 >0.999

Cerebellum vol. 0.968 0.722–0.990 0.016 0.015–0.017 0.188 0.129–0.264 0.970

Frontal GM thk. 0.964 0.604–0.990 0.009 0.008–0.009 0.208 0.147–0.277 0.975

Parietal GM thk. 0.981 0.934–0.992 0.008 0.007–0.008 0.112 0.059–0.177 0.976

Temporal GM thk. 0.969 0.306–0.992 0.010 0.010–0.010 0.219 0.143–0.297 0.985

Occipital GM thk. 0.966 0.754–0.989 0.009 0.009–0.009 0.187 0.110–0.271 0.965

Cingulate gyrus thk. 0.949 0.536–0.985 0.014 0.014–0.014 0.247 0.170–0.335 0.959

Insular cortex thk. 0.859 0.676–0.932 0.018 0.017–0.019 0.269 0.119–0.453 0.795

Accumbens vol. 0.953 0.915–0.974 0.050 0.044–0.055 -0.045 -0.143–0.051 0.912

Amygdala vol. 0.981 0.965–0.990 0.027 0.024–0.029 0.057 -0.005–0.114 0.970

Hippocampus vol. 0.988 0.978–0.993 0.014 0.014–0.015 -0.004 -0.057–0.040 0.976

Pallidum vol. 0.917 0.818–0.959 0.029 0.027–0.031 -0.185 -0.301– -0.068 0.868

Putamen vol. 0.928 0.860–0.962 0.025 0.023–0.027 -0.138 -0.224– -0.040 0.880

Caudate nucleus vol. 0.968 0.942–0.983 0.027 0.025–0.030 0.055 -0.015–0.127 0.944

Thalamus vol. 0.950 0.911–0.973 0.021 0.019–0.023 0.056 -0.055–0.143 0.905

CI: confidence interval, CoV: within-subject coefficient of variation, GM: gray matter, ICC: intraclass correlation coefficient, thk.: thickness, vol.: vol-
ume, WM: white matter.

Table 5. Reproducibility in patients with mild cognitive impairment for 1.2-mm in-plane resolution (n=42)

ICC CoV Effect size Correlation
Value 95% CI Value 95% CI D 95% CI R2

GM vol. 0.989 0.929–0.996 0.011 0.011–0.011 0.101 0.055–0.149 0.991

WM vol. 0.977 0.941–0.989 0.021 0.019–0.021 0.105 0.053–0.170 0.973

Ventricle vol. >0.999 >0.999 0.003 0.003–0.003 -0.001 -0.005–0.002 >0.999

Cerebellum vol. 0.976 0.855–0.992 0.016 0.015–0.017 0.149 0.082–0.207 0.973

Frontal GM thk. 0.984 0.971–0.992 0.013 0.012–0.014 -0.018 -0.064–0.038 0.990

Parietal GM thk. 0.986 0.970–0.993 0.010 0.010–0.011 0.067 0.012–0.126 0.984

Temporal GM thk. 0.980 0.963–0.989 0.017 0.016–0.018 0.030 -0.042–0.098 0.981

Occipital GM thk. 0.977 0.957–0.988 0.012 0.012–0.013 0.059 -0.009–0.139 0.965

Cingulate gyrus thk. 0.976 0.957–0.987 0.016 0.015–0.017 0.042 -0.030–0.120 0.977

Insular cortex thk. 0.947 0.903–0.971 0.023 0.021–0.024 0.016 -0.076–0.132 0.919

Accumbens vol. 0.821 0.692–0.899 0.059 0.049–0.068 0.104 -0.070–0.289 0.676

Amygdala vol. 0.975 0.955–0.987 0.022 0.020–0.023 0.027 -0.045–0.094 0.951

Hippocampus vol. 0.980 0.963–0.990 0.015 0.014–0.016 0.054 -0.022–0.107 0.963

Pallidum vol. 0.966 0.938–0.982 0.028 0.026–0.030 -0.011 -0.098–0.071 0.932

Putamen vol. 0.958 0.924–0.977 0.031 0.028–0.035 -0.047 -0.144–0.044 0.934

Caudate nucleus vol. 0.930 0.874–0.962 0.037 0.031–0.043 0.078 -0.014–0.204 0.880

Thalamus vol. 0.935 0.883–0.965 0.020 0.019–0.022 -0.011 -0.133–0.098 0.874

CI: confidence interval, CoV: within-subject coefficient of variation, GM: gray matter, ICC: intraclass correlation coefficient, thk.: thickness, vol.: vol-
ume, WM: white matter.
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Table 1 in the online-only Data Supplement).

Intermethod reproducibility based on image 
resolution
The intermethod reproducibility showed different patterns 
in different brain regions. The nucleus accumbens, which is 
the smallest deep GM structure, showed lower reproducibil-
ity in the 1.2-mm group (n=42) than in the 1.0-mm group 
(n=43), with lower ICC (0.821 vs. 0.953, respectively) and 
higher CoV (0.059 vs. 0.050). The D and R2 values were simi-
lar (Tables 4 and 5). Supplementary Fig. 3 (in the online-only 
Data Supplement) shows scatter plots comparing the nucle-
us accumbens measurements of FreeSurfer and Inbrain, 
while Supplementary Fig. 4 (in the online-only Data Supple-
ment) shows the corresponding Bland-Altman plots. The 
reproducibility parameters of regional GM thickness (other 
than CoV) were slightly better in the 1.2-mm group than in 
the 1.0-mm group.

DISCUSSION

The present study evaluated the intermethod reproducibility 
between FreeSurfer, which is one of the most popular freely 
available brain segmentation tools,6 and Inbrain, which is a 
deep-learning-based volumetric software program that has 
been approved by the Korean FDA. We also investigated 
factors affecting the intermethod reproducibility. The mea-
sured reproducibility parameters showed relatively high cor-
respondence between these two methods, but they appeared 
to be affected by the pathological condition of the subject, 
image resolution, and brain region.

Several MRI volumetric software programs have recently 
been developed, and numerous clinical validation studies have 
been conducted in various settings.27-32 However, correspond-
ingly few studies have evaluated the reproducibility of the re-
sults obtained using these software programs, and few have 
evaluated the effect of the subject’s pathological condition 

Fig. 1. Evaluation of intermethod reproducibility according to subject condition (healthy controls vs. patients with MCI); scatter plots of regional 
gray-matter thickness. The open dots represent the measurements from patients with MCI for 1.0-mm in-plane resolution, while the crosses indi-
cate the measurements from healthy controls. On the scatter plots, FreeSurfer measurements (y axis) were mostly larger than those from Inbrain 
(MIDAS IT) (x axis). This tendency seemed more pronounced in the healthy controls. MCI: mild cognitive impairment.
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on intermethod reproducibility.26 One previous study27 that 
compared reproducibility between FreeSurfer and Neuro-
quant by selecting 20 subjects with AD and 20 normal con-
trols from the Alzheimer’s Disease Neuroimaging Initiative 
(ADNI) data set found that the ICC values for each anatom-
ic location ranged from 0.29 to 0.95. Another study28 used a 
similar method to compare reproducibility between the same 
two software programs by extracting 20 AD and 20 NCs 
from the ADNI data set and adding 20 patients with mild 
traumatic brain injury, and found ICC values ranging from 
0.13 to 0.98. Both our and previous studies measured the re-
producibility of volume measurements in similar anatomic lo-
cations such as GM, white matter, and deep GM. However, in 
previous studies the reproducibility was measured by subdi-
viding the ventricular spaces including into the lateral third 
and fourth ventricles. Our study found differences in mea-
surements of the regional GM thickness rather than by sub-
dividing the ventricles. It was particularly interesting that the 
anatomic location with the lowest ICC value in the above two 
previous studies was the pallidum. However, in our study, the 
pallidum showed good reproducibility, which supports the 
assumption that the low reproducibility is due to a different 
atlas being used by each software program.33

To estimate the effect of intermethod difference on a real-
world application, we also measured the intermethod CoV 
values, which ranged from 0.5% to 6.8%. The annual whole-
brain atrophy rate is reportedly 0.2–0.7% in healthy subjects 
but 1–4% in patients with AD.34 Hippocampal atrophy has 
been reported in about 4% of patients with AD and 1% of 
healthy controls.35 Considering the intermethod CoV values 
found in the present study, it is likely that the volumetric mea-
surements made using the different software programs devi-
ated markedly from the true value over time because they 
either missed or exaggerated a small atrophy rate over an in-
terval of 1–2 years. Particularly careful interpretation is need-

ed in the case of the nucleus accumbens, which showed the 
highest intermethod CoV (4–6.8%). Specifically, because 
FreeSurfer and Inbrain are technically similar, this result em-
phasizes that longitudinal studies of volumetric software must 
be interpreted carefully if they involve a major software up-
grade with machine-learning adjustments during the study 
duration.

The present study found that the intermethod reproduc-
ibility of the measured regional GM thickness was more ro-
bust in patients with MCI than in healthy subjects. This might 
be due to a larger brain volume being associated with smaller 
cerebrospinal fluid (CSF) spaces, which shows clear T1 signal 
differences between the brain and skull. It follows that Free-
Surfer would record more-severe misregistrations than In-
brain, which corrects for skull stripping using machine learn-
ing (Fig. 2). The present results support this conjecture, because 
the regional cortical thicknesses of healthy subjects measured 
using FreeSurfer were consistently larger than those measured 
using Inbrain across all brain regions. We also found that the 
intermethod reproducibility of the regional cortical thickness 
was better in the 1.2-mm group than in the 1.0-mm group of 
patients with MCI. Considering the MMSE and CDR scores 
in the 1.2-mm group, this may represent a difference in brain 
atrophy between the two groups. Alternatively, the segmen-
tation of thicker image slices might not have been affected 
by the deep-learning-based optimization of Inbrain. Indeed, 
thick slices are associated with better signal-to-noise and con-
trast-to-noise ratios, which are crucial factors for accurate tis-
sue segmentation.36 

In contrast to volumetry of the regional cortical GM, that of 
the nucleus accumbens (a small deep GM structure) showed 
better intermethod reliability in the 1.0-mm group than in the 
1.2-mm group. It is unclear why the in-plane resolution had 
different effects on the volumetric results depending on the 
GM region. It may be that the lower image resolution exagger-

B  

FreeSurfer

C  

Inbrain

A 

3DT1WI

Fig. 2. Representative images of GM thickness measurement differences. Images from a healthy 63-year-old female who visited the healthcare 
center. A: On three-dimensional T1-weighted imaging, the cerebrospinal fluid space was small between the cortex and dura mater. B: In the seg-
mentation output from FreeSurfer, a misregistration of the dura mater was noted around the cortex. C: In contrast, Inbrain (MIDAS IT) segmented 
the dura and cortex relatively well. The mean frontal GM thicknesses measured by FreeSurfer and Inbrain were 2.58 mm and 2.49 mm, respectively. 
GM: gray matter.
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ated the difference in segmentation performance between In-
brain and FreeSurfer, despite the compensatory high signal-to-
noise ratio. Furthermore, the nucleus accumbens itself is not a 
clearly definable structure. One previous study using MRI 
with 1.0-mm imaging and a 256×256 matrix found that T1 
hypointensity—which distinguishes the nucleus accumbens 
from the adjacent striatum (caudate and putamen)—is not 
consistently evident on MRI images.37

The present study had several limitations. Firstly, we only 
tested the intermethod reproducibility on a single machine 
in one institution between two software programs, whereas 
MRI volumetric findings differ between scanners and cen-
ters in postmortem and phantom brains.38 However, the rec-
ognition performance of Inbrain is worse than that of other 
volumetry software. Therefore, validation through head-to-
head comparisons with multiple parameters is required before 
comparing the various software programs. For this reason, the 
present results should be confirmed in future multicenter stud-
ies using various MRI machines and volumetry software pro-
grams. Secondly, MMSE and CDR scores differed between the 
1.0-mm and 1.2-mm imaging groups because the data were 
collected in a clinical setting and because we presumed that 
the results would show similar effects (worse intermethod re-
producibility for smaller CSF spaces) on regional GM thickness 
measurements in the comparison between healthy controls 
and the MCI patients for 1.0-mm imaging (Supplementary 
Fig. 5 in the online-only Data Supplement). To address this 
issue it is necessary to perform back-to-back analysis by ob-
taining images from one patient with different voxel sizes in 
a single imaging session. However, this method was not im-
plemented because it could be criticized as wasting medical 
resources due to the relatively long scan time of three-dimen-
sional T1-weighted MRI. This meant that the effect of image 
resolution on regional GM thickness was not fully assessed in 
the present study, and so should be evaluated further in future 
well-controlled studies. Thirdly, this study did not include pa-
tients with diverse conditions. Ideally, diverse various patho-
logical conditions such as epilepsy or AD should be used to 
evaluate the effect of subject condition on reproducibility be-
tween volumetry software. However, the inclusion of diverse 
disease entities may overly restrict the number of participants 
due to the heterogeneity of these entities before final diagno-
ses. Therefore, this study included subjects that were pre-
dicted to contain relatively small structural anomalies that 
could result in dropout. Although this approach it did not 
achieve the ideal large number of subjects for maximizing 
the statistical power of reproducibility evaluations, our study 
did include a total of 130 subjects, with more than 40 sub-
jects in each group, which is the largest clinical study popula-
tion that has been included in evaluations of the intermethod 

reproducibility between MRI volumetric software programs. In 
addition, although ideal control of variables was not achieved, 
the data of AD patients were added and compared with other 
data in the study. However, due to the limitations described 
above, the results of this study should be confirmed in future 
studies that include larger numbers of subjects with various 
pathological conditions. Fourthly, instead of using the source 
data for each of the right and left sides, this study summed 
the values on both sides for volume and the average value for 
thickness, and cortical parcellation data were not included in 
the reproducibility evaluations. This may have led to a dilu-
tion of regional errors in the reproducibility evaluations. 
However, it is also possible that the inclusion of an excessively 
large number of subgroups can result in overestimations due 
to a smaller number of outliers. Unfortunately, there is no 
clear consensus to the level of subgroup evaluation to conduct. 
We therefore added the reproducibility parameters of the each 
right and left sides separately obtained from all participants 
(Supplementary Tables 2 and 3 in the online-only Data 
Supplement). Most of the parameters obtained from each 
side were slightly worse than those of the sum of the two 
sides, but the difference in ICC values was <0.038, which was 
very small compared to the values for different subject 
groups and different in-plane resolutions. This meant that 
the right and left sides could be regarded as a single group 
sharing similar features. On the other hand, several atlases 
are available for cortical parcellation (https://surfer.nmr.mgh.
harvard.edu/fswiki/CorticalParcellation), and since repro-
ducibility varies by location during utility use,39 further eval-
uation of this was beyond the scope of the present study. 
Therefore, since the reproducibility evaluation was applied to 
relatively large anatomic structures, the results of this study 
should not be overinterpreted as representing evaluations of 
all utilities in both software problems, including cortical par-
cellation.

In conclusion, FreeSurfer and Inbrain exhibited relatively 
good intermethod reproducibility. However, because there 
were small measurement differences, the results from lon-
gitudinal studies involving both software programs need to 
be interpreted carefully. Furthermore, intermethod reproduc-
ibility appears to be affected by subject condition, image res-
olution, and brain region. 

Supplementary Materials
The online-only Data Supplement is available with this arti-
cle at https://doi.org/10.3988/jcn.2021.17.2.307.
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