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INTRODUCTION

Alzheimer’s disease (AD), the most common 
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neurodegenerative disease, is characterized by progressive 
amyloid deposition and neurofibrillary changes several 
years before the onset of symptoms [1]. Closely related to 
this histopathological process, AD brain atrophy precedes 
medial temporal lobe atrophy, followed by atrophy of other 
parts of the brain [1-5]. The volume, distribution, and 
proportion of brain atrophy significantly correlate with the 
degree of cognitive impairment [6,7]. Accordingly, previous 
studies on AD demonstrated that brain morphometry could 
be a radiological marker capable of distinguishing between 
normal patients and patients with dementia and predicting 
disease progression [8-10]. Therefore, three-dimensional 
T1-weighted imaging is currently recommended as an MRI 
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protocol for neurodegenerative disorders such as AD [11].
To date, several brain morphometry software programs 

such as FreeSurfer (FS) [12], Advanced Normalization Tools 
(ANTs) [13], and FMRIB Software Library (FSL) [14] have 
been developed. Among these, FS provides the most diverse 
information, as it provides information on the measured 
volume, cortical thickness, and curvature of the cortical 
band [15]. However, the above-mentioned brain volumetry 
requires considerable time and complex processes to analyze 
and has been used mainly for research [9,10]. In fact, 
the evaluation of brain atrophy mainly relies on the visual 
assessment by radiologists, which has a poor interobserver 
agreement [16].

Currently, many commercial software programs for brain 
volume measurement are clinically available. Compared 
to research software, clinical software provides a simpler 
user interface and an intuitive result report that can 
be understood without special knowledge or a complex 
analytical process. It automatically analyzes the quantitative 
volume of gray matter (GM) and white matter (WM) in the 
brain, evaluates the degree of atrophy of a specific brain 
area, and provides statistical values, such as the normative 
percentiles (N%), using the healthy population data stored 
in the software [17-21]. Therefore, this software may help 
address the limitations of visual evaluations [17,18,22].

Currently, a clinical quantitative analysis software that 

applies deep learning technology called DeepBrain (DB) is 
being used with the approval of the Ministry of Food and 
Drug Safety (K-FDA) [21]. However, no comparative study 
has examined the inter-method agreement and reliability 
between DB and other commonly used commercial software, 
such as NeuroQuant (NQ), or research software, such as FS.

Therefore, this study aimed to investigate the agreement 
and reliability between two clinically available software 
programs, DB and NQ, in estimating the volumes and N% 
of segmented brain regions in patients with AD or mild 
cognitive impairment (MCI) and in healthy participants.

MATERIALS AND METHOD

This study had Institutional Review Board approval, which 
waived the need for written informed consent because of 
the retrospective design of this study (IRB No. HDT 2021-
11-014-001).

Study Participants
One hundred thirty-six consecutive patients with 

cognitive impairment (70 patients with MCI and 66 patients 
with AD) who visited a memory clinic and underwent brain 
3T MRI from April 2020 to June 2021, and 130 healthy 
individuals who underwent brain MRI for medical check-
ups at a health screening center during the same period 

Single medical center Public data set (ADNI)

Age and sex matched eligible
141 MRI with AD, MCI, healthy 

participants (43, 51, 47, respectively)

130 participants
1) Three MRI vendors
  - 1.5T Siemens: 43
  - 3T GE: 47
  - 3T Phillips: 40
2) Age, sex matched subgroups
  - AD: 38
  - MCI: 49
  - Healthy: 43

Excluded (n = 11)
- Age < 55 years
- �Images that failed  

to perform analysis  
in at least one of the  
three software

Healthy 
Eligible 130 participants

from health examination center

Excluded (n = 82)
- Age < 55 years
- �Brain volume changes 

due to intracranial lesion
- �Neuropsychiatric 

symptom

Excluded (n = 20)
- Age < 55 years
- �Other dementia
- �Brain volume changes 

due to intracranial lesion
- Poor image quality

Excluded (n = 19)
- Age < 55 years
- �Other dementia
- �Brain volume changes 

due to intracranial lesion
- Poor image quality

MCI 
Eligible 70 patients with MCI

AD
Eligible 66 patients with AD

From April 2020 to June 2021

48 healthy participants 50 patients with MCI 47 patients with AD

Fig. 1. Study design flow chart. AD = Alzheimer’s disease, ADNI = Alzheimer’s Disease Neuroimaging Initiative, MCI = mild cognitive 
impairment
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were screened for this study. According to the clinical 
diagnosis and exclusion criteria, 50 patients with MCI, 47 
patients with AD, and 48 normal elderly participants (NL) 
were finally included and referred to as the single medical 
center (SMC) dataset. To evaluate the generalizability of 
this study, we included additional 130 participants from 
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) 
dataset [23]. Further detailed study population information 
is summarized in the Supplementary Materials and Methods, 
Figure 1, Table 1, and Supplementary Table 1.

Image Acquisition
MR scans, which included routine brain MRI and additional 

T1-weighted volume images, were conducted with a 3T unit 
(Verio 3T, Siemens) using a 20-channel head coil in our 
SMC. All participants in this hospital, including the NL, MCI, 
and AD groups, were scanned to obtain T1-weighted volume 
images using the same sequence parameters. The specific 
MR imaging parameters of the T1-weighted volume images 
used for all participants, including the SMC and ADNI data, 
are presented in Supplementary Table 2.

Magnetic Resonance Volumetry
Sagittal T1-volume images of SMC and ADNI data were 

uploaded to the DB and NQ servers to perform automated 
quantification of the regional brain volume (Fig. 2). A 
detailed description of the analysis process for each 
software is provided in the Supplementary Materials and 
Methods.

Statistical Analysis
Bland–Altman analysis and reproducibility coefficient (RC) 

were used to analyze the inter-software agreements among 
NQ, DB, and FS in measuring the volumes [24]. The effect 
size (ES Cohen’s d) was used to evaluate the standardized 
mean difference for each software pair. The following 
guidelines were used to interpret ES values: small, 0.2; 
medium, 0.5; and large, 0.8 [25]. We then compared these 
three software volume datasets using repeated measures 
ANOVA and multiple comparisons for which adjusted 
p values were calculated by applying the Bonferroni 
correction method. Bland–Altman analysis was also used to 
compare the inter-software agreement between NQ and DB 
in obtaining N%. 

Additionally, the reliability between the software programs 
was assessed using the intraclass correlation coefficient (ICC; 
two-way mixed model, single rater/measurement, absolute 
agreement) [26]. ICC values were interpreted as follows: 
poor, ICC < 0.5; moderate, 0.5 ≤ ICC < 0.75; good, 0.75–0.9; 
and excellent, ICC ≥ 0.9 [26].

Finally, the correlation between N% and the visual 
rating scales was analyzed using the Spearman correlation 
coefficient. Receiver operating characteristic analyses 
with area under the curve were performed to compute the 
discriminating power of N%.

Statistical analyses were performed using computer 
software packages (MedCalc version 20.014, MedCalc 
Software; SPSS, version 26 for Windows, IBM Corp.). In all 
analyses, p < 0.05 was considered to represent a significant 
difference.

Table 1. Demographic Data of the Study Population
Data Source SMC ADNI

Characteristics NL MCI AD NL MCI AD
Number 48 50 47 43 49 38
Age, years* 60.75 ± 5.11 71.00 ± 9.04 77.85 ± 6.45 76.21 ± 5.77 76.53 ± 6.85 77.29 ± 8.93
Sex

Female 22 29 39 24 24 17
Male 26 21   8 19 25 21

MMSE score* NA 24.85 ± 1.23 16.83 ± 1.67 29.05 ± 1.24 27.08 ± 1.74 21.56 ± 4.85
CDR* NA 0.51 ± 0.02 1.25 ± 0.23 0.01 ± 0.08 0.50 ± 0.10 0.89 ± 0.38
Vendor 3T Siemens 3T Siemens 3T Siemens

1.5T Siemens   0   0   0 10 14 19
3T Siemens 48 50 47   0   0   0
3T GE   0   0   0 17 15 15
3T Phillips   0   0   0 11 14 15

*The data are reported as the mean ± standard deviation. Otherwise, the data are number of patients. AD = Alzheimer’s disease, ADNI = 
Alzheimer’s Disease Neuroimaging Initiative, CDR = clinical dementia rating, MCI = mild cognitive impairment, MMSE = Mini-Mental State 
Examination, NA = not applicable, NL = normal elderly participants, SMC = single medical center



962

Song et al.

https://doi.org/10.3348/kjr.2022.0067 kjronline.org

RESULTS

Volume of Segmented Brain Regions
A graphical summary of all cortical and subcortical 

volumes of the brain regions is provided in Figure 3, and 
the specific numerical data are shown in Supplementary 
Table 3. 

In the Bland–Altman analysis (Fig. 4, Supplementary Figs. 
1-3), the mean difference between NQ and FS and those 
between DB and FS showed substantial bias in most brain 
regions except for total intracranial volume (TICV), when 
comparing NQ and FS. In particular, there was a significant 
bias in the pallidum among all the software comparisons. 
We found a tendency of NQ to overestimate the volume 

Fig. 2. Representative case of a 69-year-old female with Alzheimer’s disease.
A-D. Axial T1-weighted imaging (A); color overlays based on FreeSurfer (B), DeepBrain (C), and NeuroQuant (D). The overlaid area of the 
bilateral globus pallidus (marked with stars) is smaller with NeuroQuant (D) than with FreeSurfer (B) or DeepBrain (C).

A

C

B

D
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of large structures and underestimate the volume of small 
structures compared with FS in measuring cerebral cortical 
GM in both the SMC and ADNI datasets. In contrast, DB 
tends to underestimate the volume of large structures and 
overestimate the volume of small structures compared with 

FS in measuring the cerebral cortical GM in both the SMC 
and ADNI datasets and in measuring the amygdala in the 
SMC dataset.

Regarding the RC, DB gave volume estimates closer to 
those of FS than did NQ in most brain regions, including 

Fig. 3. Box-and-whisker plots illustrate differences in measured regional brain volume derived from NQ, DB, and FS in a SMC and 
ADNI data. 
A-D. SMC (A) and ADNI (B) show smaller brain regions (caudate, pallidum, putamen, thalamus, amygdala, and hippocampus), and SMC (C) and 
ADNI (D) show the cortical gray matter, cerebral white matter, cerebellum, and total intracranial volume. The lines inside the boxes and the 
lower and upper boundary lines represent the median, 25th, and 75th percentile values, respectively, with whiskers extending from the median to 
the ± 1.5 x interquartile range; outliers beyond the whiskers are represented by points. ADNI = Alzheimer’s Disease Neuroimaging Initiative, DB = 
DeepBrain, FS = FreeSurfer, NQ = NeuroQuant, SMC = single medical center
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Fig. 4. Bland–Altman plots for agreement between each software for regional brain volume.  
A, B. Represent SMC and ADNI data, respectively. The units for both the x- and y-axes are cm3. There is a tendency for NQ to overestimate 
large volumes and underestimate small volumes compared with FS measurement of cerebral cortical GM in both SMC (A) and ADNI data (B). In 
contrast, DeepBrain slightly tends to underestimate large volumes and overestimate small volumes compared with FS measurement of the cerebral 
cortical GM in both A and B. The orange circle, brown square, and purple circle in A indicate the Alzheimer’s disease, mild cognitive impairment, 
and normal elderly subgroups, respectively. The blue triangle, red square, and green circle in B indicate the 1.5T Siemens, 3T GE, and 3T Phillips 
subgroups, respectively. The brown horizontal dashed lines delineate the 95% confidence intervals (the likelihood of individual measures to be 
within ± 1.96 SDs). The orange horizontal dashed line represents the equal (the difference between two software measurements is zero) line. 
The blue horizontal line indicates the difference between two software measurements. ADNI = Alzheimer’s Disease Neuroimaging Initiative, DB = 
DeepBrain, FS = FreeSurfer, GM = gray matter, NQ = NeuroQuant, SD = standard deviation, SMC = single medical center
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Fig. 4. Bland–Altman plots for agreement between each software for regional brain volume (Continued).
A, B. Represent SMC and ADNI data, respectively. The units for both the x- and y-axes are cm3. There is a tendency for NQ to overestimate 
large volumes and underestimate small volumes compared with FS measurement of cerebral cortical GM in both SMC (A) and ADNI data (B). In 
contrast, DeepBrain slightly tends to underestimate large volumes and overestimate small volumes compared with FS measurement of the cerebral 
cortical GM in both A and B. The orange circle, brown square, and purple circle in A indicate the Alzheimer’s disease, mild cognitive impairment, 
and normal elderly subgroups, respectively. The blue triangle, red square, and green circle in B indicate the 1.5T Siemens, 3T GE, and 3T Phillips 
subgroups, respectively. The brown horizontal dashed lines delineate the 95% confidence intervals (the likelihood of individual measures to be 
within ± 1.96 SDs). The orange horizontal dashed line represents the equal (the difference between two software measurements is zero) line. 
The blue horizontal line indicates the difference between two software measurements. ADNI = Alzheimer’s Disease Neuroimaging Initiative, DB = 
DeepBrain, FS = FreeSurfer, GM = gray matter, NQ = NeuroQuant, SD = standard deviation, SMC = single medical center
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the cortical GM, caudate, pallidum, thalamus, amygdala, 
hippocampus, and cerebral WM; however, only two brain 
regions had a reversed relationship (NQ estimates instead 
of DB estimates were closer to those of FS), including the 
cerebellum and TICV (Table 2).

According to the repeated measures ANOVA 
(Supplementary Table 3), there was a significant difference 
in volume values in all brain regions among the three 
software programs (DB, NQ, and FS; p < 0.05). Among these 
brain region volumes, the pallidum and cortical GM were 
areas with a particularly large mean volume difference 

between NQ and DB. As shown in Figure 3, the pallidum 
volumes in DB and FS were greater than those in NQ. The 
cortical GM volumes in DB and FS were smaller than those 
in NQ. The mean volume difference of the hippocampus 
between FS and NQ in the SMC data was slightly smaller 
than that between FS and DB, but this relationship was 
reversed in the ADNI data. All the other brain region volume 
comparisons, except for the pallidum, hippocampus, and 
cortical GM, are described in the Supplementary Materials 
and Methods.

Regarding ICC, the brain regions calculated by the three 

Table 2. RC of Measured Regional Brain Volume Obtained From Each Software in the Total Study Population
DB vs. FS NQ vs. FS DB vs. NQ

Lt. Hemisphere Rt. Hemisphere Lt. Hemisphere Rt. Hemisphere Lt. Hemisphere Rt. Hemisphere
Cortical GM

SMC 16.63 16.08 79.13 83.40 94.30 98.10
ADNI 16.38 19.46 42.91 43.76 55.75 59.63

Caudate
SMC 0.48 0.76 1.39 1.17 1.59 1.63
ADNI 0.66 0.59 1.12 1.21 1.50 1.52

Putamen
SMC 1.77 1.29 1.12 0.89 0.97 0.91
ADNI 2.25 1.63 2.08 1.64 1.00 0.92

Pallidum
SMC 1.12 0.99 2.59 2.59 1.53 1.63
ADNI 1.01 0.90 2.67 2.52 1.76 1.67

Thalamus
SMC 1.20 0.51 1.47 1.42 0.85 1.36
ADNI 1.17 0.70 1.99 1.90 1.41 1.58

Amygdala
SMC 0.37 0.31 0.42 0.39 0.30 0.36
ADNI 0.38 0.29 0.40 0.29 0.26 0.35

Hippocampus
SMC 0.79 0.88 0.86 0.88 1.26 1.49
ADNI 0.67 0.71 0.84 0.89 1.29 1.38

Cerebellum
SMC 8.38 8.19 4.91 5.11 11.41 9.75
ADNI 11.05 8.95 6.48 6.72 7.48 5.58

Total cortical GM
SMC   32.20 162.35 192.30
ADNI   35.45   86.39 115.17

Total cerebral WM
SMC   28.29   55.48   35.49
ADNI   37.40   59.22   54.67

TICV
SMC 124.40 102.74   94.78
ADNI 145.54 109.92 125.48

ADNI = Alzheimer’s Disease Neuroimaging Initiative, DB = DeepBrain, FS = FreeSurfer, GM = gray matter, NQ = NeuroQuant, RC = 
reproducibility coefficient, SMC = single medical center, TICV = total intracranial volume, WM = white matter
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methods showed a wide range of concordance (0.004–0.97) 
(Table 3). In both datasets, the brain regions in which ICC 
values between DB and FS showed higher reliability than 
those between NQ and FS were the cortical GM, caudate, 
pallidum, thalamus, and cerebral WM. Conversely, the 
brain regions that showed higher ICC values between NQ 
and FS than between DB and FS were the cerebellum and 
TICV. Notably, the ICC values of the pallidum between each 
software showed the worst agreement (poor) among all the 
brain regions for the two datasets (DB vs. FS, 0.15–0.23; 
NQ vs. FS, 0.004–0.01; DB vs NQ, 0.01–0.04).

The comparison of the estimated volumes between the 
two datasets, the effect size of the measured volume, 
and all statistical results of the subgroup analysis are 
summarized in the Supplementary Materials and Methods, 
Supplementary Figures 1-3, and Supplementary Tables 4-16.

Normative Percentiles of Segmented Brain Regions
Table 4 and Figure 5 summarize the N% of each regional 

brain volume analyzed in NQ and DB. Table 5 and Figure 6 
present the ICCs and Bland–Altman analysis results for N% 
of regional brain volumes. Unlike volume measurement, 

Table 3. ICC of Regional Brain Volume Measured by the Three Software Programs in the Total Study Population
DB vs. FS NQ vs. FS DB vs. NQ

Lt. Hemisphere Rt. Hemisphere Lt. Hemisphere Rt. Hemisphere Lt. Hemisphere Rt. Hemisphere
Cortical GM

SMC 0.93 (0.03–0.98) 0.93 (0.03–0.98) 0.45 (-0.02–0.80) 0.42 (-0.02–0.78) 0.35 (-0.02–0.72) 0.33 (-0.02–0.71)
ADNI 0.93 (0.28–0.98) 0.90 (0.12–0.97) 0.71 (-0.06–0.92) 0.70 (-0.06–0.91) 0.57 (-0.05–0.86) 0.53 (-0.05–0.84)

Caudate
SMC 0.88 (0.66–0.94) 0.74 (0.07–0.90) 0.44 (-0.08–0.77) 0.55 (-0.09–0.82) 0.40 (-0.04–0.76) 0.38 (-0.05–0.74)
ADNI 0.81 (0.41–0.92) 0.86 (0.40–0.95) 0.62 (-0.05–0.85) 0.59 (-0.07–0.83) 0.45 (-0.09–0.77) 0.48 (-0.07–0.80)

Putamen
SMC 0.52(-0.05–0.83) 0.65 (-0.07–0.89) 0.72 (-0.02–0.90) 0.78 (0.45–0.89) 0.78 (0.04–0.92) 0.77 (0.23–0.90)
ADNI 0.35(-0.04–0.72) 0.50 (-0.04–0.82) 0.36 (-0.09–0.70) 0.46 (-0.09–0.76) 0.72 (0.61–0.80) 0.68 (0.57–0.76)

Pallidum
SMC 0.15(-0.04–0.46) 0.18 (-0.04–0.50) 0.01 (-0.01–0.07) 0.01 (-0.01–0.05) 0.04 (-0.03–0.17) 0.04 (-0.02–0.17)
ADNI 0.21(-0.07–0.52) 0.23 (-0.06–0.58) 0.01 (-0.01–0.03) 0.004 (-0.01–0.02) 0.01 (-0.01–0.04) 0.01 (-0.01–0.04)

Thalamus
SMC 0.74(-0.06–0.92) 0.93 (0.90–0.95) 0.65 (-0.06–0.87) 0.67 (-0.07–0.89) 0.85 (0.80–0.89) 0.65 (-0.05–0.86)
ADNI 0.70 (0.02–0.88) 0.83 (0.64–0.91) 0.47 (-0.10–0.76) 0.44 (-0.08–0.72) 0.65 (0.37–0.80) 0.48 (0.01–0.72)

Amygdala
SMC 0.83 (0.74–0.89) 0.88 (0.83–0.92) 0.82 (0.53–0.91) 0.83 (0.68–0.90) 0.87 (0.77–0.92) 0.81 (0.12–0.93)
ADNI 0.77 (0.12–0.91) 0.87 (0.77–0.92) 0.77 (-0.02–0.93) 0.86 (0.72–0.92) 0.89 (0.84–0.92) 0.79 (0.19–0.92)

Hippocampus
SMC 0.84 (0.05–0.95) 0.81 (-0.05–0.95) 0.82 (0.50–0.92) 0.83 (0.37–0.93) 0.72 (-0.05–0.92) 0.63 (-0.06–0.88)
ADNI 0.86 (0.29–0.95) 0.84 (0.28–0.94) 0.75 (-0.03–0.91) 0.69 (-0.02–0.88) 0.60 (-0.07–0.87) 0.55 (-0.08–0.84)

Cerebellum
SMC 0.81 (-0.05–0.95) 0.84 (0.16–0.95) 0.93 (0.67–0.97) 0.93 (0.85–0.97) 0.70 (-0.04–0.92) 0.78 (-0.05–0.94)
ADNI 0.73 (-0.06–0.92) 0.81 (-0.05–0.95) 0.89 (0.65–0.95) 0.88 (0.53–0.95) 0.85 (0.05–0.96) 0.91 (0.68–0.96)

Total cortical GM
SMC 0.93 (0.02–0.98)  0.43 (-0.02–0.79)  0.34 (-0.02–0.71)
ADNI 0.92 (0.16–0.98)  0.70 (-0.06–0.91)  0.54 (-0.05–0.85)

Total cerebral WM
SMC 0.97 (0.77–0.99) 0.90 (0.06–0.97) 0.96 (0.57–0.99)
ADNI 0.93 (0.80–0.96) 0.79 (0.67–0.86) 0.81 (0.74–0.86)

TICV
SMC  0.51 (-0.04–0.83) 0.93 (0.91–0.95)  0.50 (-0.02–0.83)
ADNI 0.86 (0.75–0.92) 0.88 (0.83–0.91) 0.82 (0.66–0.89)

Data are ICC (95% confidence interval). AD = Alzheimer’s disease, ADNI = Alzheimer’s Disease Neuroimaging Initiative, DB = DeepBrain, 
FS = FreeSurfer, GM = gray matter, ICC = intraclass correlation coefficient, MCI = mild cognitive impairment, NL = normal elderly 
participants, NQ = NeuroQuant, SMC = single medical center, TICV = total intracranial volume, WM = white matter
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the Bland–Altman plots of N% were triangular or rhombus 
shaped with substantial bias (mean difference) and had an 
unacceptably broad limit of agreement for almost all brain 
regions. This means that the degree of agreement increased 
toward the smallest (near 0%) or largest (near 100%) 

N% values, but the degree of agreement was markedly 
decreased toward the median value. Furthermore, regarding 
the ICC of the N% between NQ and DB, it was revealed that 
there was poor to good agreement (ICC of -0.142–0.844) in 
almost all brain regions, except for some measurements of 

Table 4. Comparison of Normative Percentiles of Regional Brain Volume Derived from NQ and DB in the Total Study Population
Lt. Hemisphere Rt. Hemisphere

NQ DB NQ DB
Cortical GM

SMC 74.04 ± 26.54 23.40 ± 28.40 76.99 ± 24.62 27.85 ± 30.84
ADNI 40.86 ± 30.00 27.74 ± 34.81 40.04 ± 30.47 27.18 ± 34.87

Caudate
SMC 49.32 ± 31.89 37.84 ± 39.73 50.85 ± 30.88 57.62 ± 34.11
ADNI 47.71 ± 31.16 31.00 ± 33.42 47.76 ± 32.60 42.22 ± 36.58

Putamen
SMC 50.43 ± 31.21 65.98 ± 33.43 55.77 ± 30.47 68.16 ± 31.59
ADNI 39.32 ± 29.93 45.02 ± 34.09 43.80 ± 30.43 39.67 ± 32.69

Pallidum
SMC 46.59 ± 29.53 65.44 ± 32.04 45.57 ± 28.47 74.47 ± 27.41
ADNI 29.53 ± 24.12 57.78 ± 35.25 31.83 ± 24.57 49.68 ± 32.81

Thalamus
SMC 53.90 ± 28.17 24.81 ± 31.21 63.19 ± 26.32 43.50 ± 33.39
ADNI 63.76 ± 24.11 20.15 ± 28.60 57.62 ± 26.72 23.85 ± 28.32

Amygdala
SMC 64.32 ± 32.31 50.03 ± 36.92 68.01 ± 31.14 54.91 ± 35.40
ADNI 34.96 ± 32.86 24.82 ± 35.11 35.76 ± 31.20 24.74 ± 33.39

Hippocampus
SMC 65.30 ± 34.43 50.43 ± 38.96 69.19 ± 33.00 56.25 ± 37.57
ADNI 87.98 ± 20.27 74.91 ± 30.73 91.77 ± 13.27 76.79 ± 26.56

Cerebellar GM
SMC 57.01 ± 27.52 40.07 ± 32.94 57.93 ± 27.01 35.64 ± 32.87
ADNI 47.90 ± 30.35 54.00 ± 36.84 46.00 ± 30.45 48.75 ± 36.30

Cerebellar WM
SMC 73.56 ± 23.27 30.23 ± 31.29 76.37 ± 22.61 29.18 ± 30.32
ADNI 59.93 ± 27.43 31.32 ± 32.21 61.44 ± 28.27 32.12 ± 32.36

Cerebral WM
SMC 48.03 ± 26.49 40.07 ± 32.94 51.45 ± 26.64 52.11 ± 32.82
ADNI 38.54 ± 27.53 49.93 ± 34.47 39.94 ± 27.27 48.76 ± 34.82

Total cortical GM
SMC 75.64 ± 25.34 25.18 ± 29.74
ADNI 40.12 ± 30.22 27.07 ± 34.72

Total cerebral WM
SMC 49.77 ± 26.22 51.08 ± 33.44
ADNI 39.18 ± 27.33 49.25 ± 34.18

TICV
SMC 26.60 ± 23.84 36.41 ± 34.91
ADNI 45.92 ± 27.73 74.62 ± 34.52

Data are mean ± standard deviation. AD = Alzheimer’s disease, ADNI = Alzheimer’s Disease Neuroimaging Initiative, DB = DeepBrain, FS = 
FreeSurfer, GM = gray matter, MCI = mild cognitive impairment, NL = normal elderly participants, NQ = NeuroQuant, SMC = single medical 
center, TICV = total intracranial volume, WM = white matter 
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the caudate, hippocampus, cerebellar GM, and TICV.
The comparison of the N% of the two datasets (SMC 

and ADNI), further subgroup analysis results, and clinical 
relevance of N% (correlation between N% and visual 

ratings and diagnostic performance of N% of two methods) 
are summarized in the Supplementary Materials and 
Methods, Supplementary Figures 4-7, and Supplementary 
Tables 17-24.

Fig. 5. Box-and-whisker plots showing differences in N% of regional brain volume derived from NQ and DB. 
A, B. Represent N% of the single medical center and ADNI data, respectively. The lines inside the boxes and the lower and upper boundary lines 
represent the median, 25th, and 75th percentile values, respectively, with whiskers extending from the median to ± 1.5 x the interquartile range; 
outliers beyond the whiskers are represented by points. ADNI = Alzheimer’s Disease Neuroimaging Initiative, DB = DeepBrain, GM = gray matter, 
NQ = NeuroQuant, N% = normative percentiles, TICV = total intracranial volume, WM = white matter
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DISCUSSION

In this study, we compared two clinically available 
brain volumetry software programs, DB and NQ, in 
terms of their agreement and reliability in two different 

study populations consisting of different sites, vendors, 
magnetic field strengths, and participants with different 
cognitive functions. It was found that both NQ and DB had 
substantial bias according to the Bland–Altman analysis 
and broad (poor to excellent) inter-method reliability. 
In addition, the volume of most brain regions showed 
a significant difference between the values analyzed 
using the two methods. In particular, the cortical GM and 
pallidum were significantly different in terms of RC, effect 
size, and mean volume between the two software programs. 
Regarding the N% of the regional brain volume, there were 
significant differences in areas significantly related to 
cognitive functions, such as the hippocampus and cortical 
GM. Moreover, the difference between the two software 
programs in terms of the inter-method agreement of N% 
was even poorer.

Our study revealed that there were more brain regions, 
such as the cortical GM, pallidum, caudate, and thalamus, 
where the measured volumes of DB were closer to the 
values of FS than those of NQ on RC, mean volume, and 
ICC analysis, even though NQ and DB are commonly based 
on FS. We speculate that the main reason for this is the 
entirely different image analysis pipelines of the two 
methods. The NQ algorithm consists of the following steps: 
1) quality check of the MR image sequence, 2) correction 
for gradient nonlinearity and B1 field inhomogeneity, 
3) deletion of non-brain tissue using an active contour 
model, and 4) parcellation (segments anatomic structures) 
by nonlinear registration to the embedded probabilistic 
atlas, assignment of a neuroanatomic tag to each voxel, 
and repeated checking of each voxel to maximize the 
probability [17]. In particular, NQ uses a different 
probabilistic atlas than FS [27]. Previous studies have 
demonstrated that the anatomic atlas type affects volume 
measurement results; when different anatomic atlases are 
used for the hippocampus, the accuracy varies depending 
on the anatomic atlas used [28]. By contrast, DB is a 
trained deep convolutional neural network (CNN). The input 
for DB algorithm training was preprocessed (resampling, 
resizing, and intensity normalization) 3D-T1WI, and the 
corresponding output for training was the FS segmentation 
mask, which was corrected by anatomy experts [21]. Thus, 
unlike NQ, DB did not use a skull stripping algorithm or 
registration to the anatomic atlas, which could be a major 
reason for the discrepancy between NQ and DB in this 
study.

Moreover, in one recent study comparing the 

Table 5. Intermethod Reliability of Normative Percentiles 
Presented by NQ and DB in the Total Study Population

NQ vs. DB
Lt. Hemisphere Rt. Hemisphere

Cortical GM
SMC 0.202 (-0.083–0.504) 0.217 (-0.086–0.523)
ADNI 0.601 (0.403–0.730) 0.599 (0.410–0.726)

Caudate
SMC 0.804 (0.542–0.881) 0.784 (0.692–0.847)
ADNI 0.534 (0.277–0.696) 0.692 (0.589–0.773)

Putamen
SMC 0.711 (0.352–0.850) 0.749 (0.486–0.861)
ADNI 0.695 (0.591–0.776) 0.619 (0.501–0.714)

Pallidum
SMC 0.245 (0.070–0.403) 0.183 (-0.028–0.373)
ADNI -0.032 (-0.148–0.098) -0.142(-0.291–0.019)

Thalamus
SMC 0.431 (-0.058–0.703) 0.536 (0.152–0.734)
ADNI 0.163 (-0.082–0.409) 0.325 (-0.091–0.620)

Amygdala
SMC 0.648 (0.432–0.774) 0.670 (0.463–0.790)
ADNI 0.713 (0.569–0.806) 0.672 (0.504–0.779)

Hippocampus
SMC 0.780 (0.470–0.889) 0.716 (0.517–0.824)
ADNI 0.712 (0.409–0.843) 0.629 (0.137–0.820)

Cerebellar GM
SMC 0.649 (0.246–0.816) 0.602 (0.018–0.821)
ADNI 0.824 (0.746–0.878) 0.844 (0.786–0.887)

Cerebellar WM
SMC 0.155 (-0.077–0.384) 0.125 (-0.074–0.337)
ADNI 0.224 (-0.014–0.427) 0.191 (-0.019–0.379)

Total cortical GM
SMC 0.207 (-0.083–0.512)
ADNI 0.597 (0.402–0.726)

Total cerebral WM
SMC 0.694 (0.599–0.769)
ADNI 0.269 (0.107–0.418)

TICV
SMC 0.817 (0.608–0.901)
ADNI 0.450 (-0.035–0.712)

Data are intraclass correlation coefficient (95% confidence 
interval). ADNI = the Alzheimer’s Disease Neuroimaging Initiative, 
DB = DeepBrain, GM = gray matter, NQ = NeuroQuant, SMC = single 
medical center, TICV = total intracranial volume, WM = white 
matter 
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Fig. 6. Bland-Altman plots for agreement of the normative percentile of the hippocampus (A, C, E) and cortical gray matter (B, D, 
F) between NQ and DB. 
A-F. A and B represent SMC data, and C-F represent ADNI data. There is a tendency of a triangular or rhomboid shape on the Bland–Altman plot 
with unacceptably broad limits of agreement for all datasets. In A-D, the orange circle, brown square, and purple circle indicate the Alzheimer’s 
disease, MCI, and NL control subgroups, respectively, in both datasets. In E and F, the blue triangle, red square, and green circle indicate the 
1.5T Siemens, 3T GE, and 3T Phillips subgroups, respectively. The brown horizontal dashed lines delineate the 95% confidence intervals (the 
likelihood of individual measures to be within ± 1.96 SDs). The orange horizontal dashed line represents the equal (the difference between two 
software measurements is zero) line. The blue horizontal line is the mean difference of two software measurements. ADNI = Alzheimer’s Disease 
Neuroimaging Initiative, DB = DeepBrain, MCI = mild cognitive impairment, NL = normal elderly participants, NQ = NeuroQuant, SD = standard 
deviation, SMC = single medical center
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segmentation mask of FS with that of DB, the Dice similarity 
coefficients were 0.82 or greater, demonstrating relatively 
high inter-method reproducibility [21]. In another recent 
study, the inter-method agreement between segmentation 
masks of FS and those of the CNN, which comprised the 
modified AlexNet and was trained by the segmentation 
mask created in FS as a training output, was analyzed 
[15]. Compared with the ICCs between NQ and FS revealed 
in another previous study [27], the ICCs between CNN 
and FS were comparable in many brain regions; however, 
in the globus pallidus, the ICC between CNN and FS was 
significantly higher than that between NQ and FS [15,27]. 
Additionally, in this study, the ICC between FS and CNN for 
cortical thickness measurement showed ICCs comparable 
to the test-retest study results of FS [29] in many cortices 
[15]. Therefore, similar to the results of previous studies 
comparing FS and NQ [27,30], in our study, the cortical GM 
volume was significantly larger in NQ than in DB, and ICC 
in the pallidum was substantially higher between DB and 
FS than between NQ and FS, which can be explained in this 
context.

Overall, the measured volumes of the three software 
packages maintained a constant trend for both the SMC and 
ADNI datasets. However, there were only a few exceptional 
brain regions. For the measured volumes of the cortical 
GM, those of NQ were the largest, those of FS were the 
second largest, and those of DB were the smallest in both 
datasets. However, the difference in the measured volume 
of the cortical GM between NQ and FS was much smaller 
in the ADNI dataset than in the SMC dataset. The exact 
reason for this finding is difficult to explain. However, FS 
and NQ are softwares mainly based on the North American 
brain template. Therefore, we speculate that the difference 
between the two methods in the ADNI dataset, which is 
public data for North America, appears to be smaller than 
that in our SMC dataset. Another exceptional brain region 
was the TICV. The estimated TICV of DB was slightly larger 
than those of NQ and FS in the SMC data. However, in the 
ADNI data, those of DB were slightly smaller than those of 
the other software. The slight variation in the TICV of DB 
may be due to the different output masks used for the deep 
learning algorithm training. In contrast to the procedure 
used for other brain regions in the training process of the 
deep learning algorithm, manually segmented masks of the 
TICV were used as outputs for the training. Although manual 
segmentation is the gold standard ground truth, because 
TICV values between NQ and FS consistently show high ICC 

values regardless of the dataset, a comparative evaluation 
of TICV values between FS, DB, and manual segmentation is 
necessary in the future.

Among the brain regions, the pallidum showed the lowest 
(poor) reliability and the largest effect size among the 
three methods, especially between NQ and other software. 
Previous studies have revealed that the pallidum and 
adjacent WM are difficult to accurately distinguish and 
segment into two separate regions because they show 
similar signal intensities in T1-weighted images [27,31]. 
In addition, the pallidum volume is calculated by including 
the WM between the pallidum and putamen [27]. Another 
possible reason is that metal deposition as part of the 
aging or degeneration process, such as iron, calcium, and 
manganese deposition in the pallidum, may alter the T1 
relaxation time [32], influencing the volume estimation of 
the software.

Almost all statistical tendencies of the total data were 
consistently maintained in the subgroup analysis. Because 
all statistical analyses were applied across different 
geographical regions, vendors, magnetic field strengths, 
and participants with different cognitive functions, the 
results of this study have higher generalizability than those 
of single-center studies. However, in the vendor subgroup 
of the ADNI data, some parts differed from the trend of 
the entire dataset. In the 3T GE subgroup using inversion 
recovery spoiled gradient-echo (IR-SPGR), TICV size was 
the largest in NQ and smallest in FS, unlike in other vendor 
subgroups. A study analyzing longitudinal brain volume 
changes using ADNI data reported that the volume differed 
by approximately 2.47% when magnetization-prepared rapid 
gradient-echo (MPRAGE) was changed to IR-SPGR within the 
same GE vendor [33]. This study suggested that the reason 
for this result is that there may be differences in tissue 
contrast and boundary delineation according to sequence 
changes [33], and our research results are likely to be 
understood in this context. In the 1.5T Siemens subgroup, 
cerebral WM was the largest in the NQ, unlike in other 
subgroup vendors. In a recent study using NQ, cerebral WM 
was larger at 1.2 mm slice thickness than at a 1 mm slice 
thickness [34]. In our study, there was no difference in slice 
thickness, but a difference in magnetic field strength; both 
factors are closely related to the matrix size. In fact, the 
matrix size in the 1.2 mm slice thickness protocol of the 
previous study and the 1.5T Siemens protocol (ADNI) of this 
study were the same at 192 x 192, which was smaller than 
the matrix size (256 x 256) in the 1 mm slice thickness 
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protocol of the previous study [34] or other vendor 
subgroups in this study. Therefore, we hypothesize that NQ 
may tend to measure cerebral WM as larger than other brain 
regions when spatial resolution decreases.

The N% values analyzed for each software were 
significantly different. One reason for this, as explained 
above, is the significant difference in the measured volume 
of most brain regions analyzed in NQ and DB. Second, it is 
assumed that the reference values for the normal population 
built in each software were different. In the Bland–
Altman analysis, almost all regional brain volumes except 
the cortical GM were almost randomly distributed with 
substantial bias (mean difference); in contrast, nearly all 
regional brain N% showed a triangular or rhomboid shape 
on the Bland–Altman plot with broad limits of agreement. 
Furthermore, the mean volume of the hippocampus 
itself was smaller in NQ than in DB, but the N% of the 
hippocampus was significantly larger in NQ than in DB for 
both datasets. Previous studies have shown that even if 
the same volume of data from normal participants are used, 
significantly different N% values are derived depending on 
the geographical region from which the reference values are 
derived [35,36]. Most of the reference population stored 
in the NQ server is from the United States, whereas most 
of it stored in the DB server is from South Korea; there is 
an essential difference in the geographic region where the 
reference population was obtained. Therefore, the results 
of this study are consistent with those of previous studies. 
Although there were significant differences in N% values 
between NQ and DB, they showed a similar discriminatory 
power to differentiate patients with NL, MCI, and AD, 
showing a high correlation with the visual atrophy rating 
scales.

This study has some limitations. First, the slice thickness 
of the MRI protocol used for our SMC dataset was kept 
constant at 1.2 mm during the study period, according 
to the MR protocol recommended by the NQ developer. In 
addition, all MRI protocols in the ADNI data had 1.2 mm 
slice thickness. If MRI is performed with a slice thickness 
of 1 mm or less, it is possible to obtain a slightly more 
accurate volume with a higher spatial resolution and a 
slightly higher ICC between NQ and FS [30]. However, 
in practice, a 1 mm slice thickness scan obeying the MR 
parameters recommended by the NQ vendor requires more 
time than a 1.2 mm slick thickness scan. This was also a 
clinical reason for choosing a 1.2 mm slice thickness, in 
addition to the recommendation of the NQ vendor in this 

study. It may be necessary to investigate inter-method 
reproducibility with a 1 mm slice thickness in a future 
study. Second, although this study tried to ensure the 
generalizability of the study results with ADNI data, we did 
not analyze other 1.5T MR machines except for the Siemens 
machine and recent faster scanning techniques, such as the 
new parallel imaging technique (Wave-CAIPI), compressed 
sensing, and deep-learning reconstruction. Third, FS is not 
the gold standard ground truth for brain volumetry, unlike 
manual segmentation. However, the accuracy and reliability 
of FS compared to manual segmentation performed by 
experts have been proven in several studies [37-39].

In conclusion, NQ, DB, and FS showed substantial biases 
when compared in terms of volume measurement of various 
brain regions. DB yielded results closer to those obtained 
with FS than NQ. Regarding the N% of the brain regions, 
the differences between NQ and DB were more remarkable. 
Users should be aware of the lack of interchangeability 
between these software programs when applying them 
in clinical practice, such as in the longitudinal follow-
up for changes in patients with cognitive impairment and 
traumatic brain injury, to prevent confusion caused by the 
difference in software used. 
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