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We aimed to compare the accuracy and reliability of two segmentation tools for magnetic resonance 
(MR) volumetry (FreeSurfer and Neurophet AQUA) at two magnetic field strengths (1.5T and 3T). We 
included 101 patients for the 1.5T–3T dataset and 112 for the 3T–3T dataset from three hospitals and 
five open-source datasets. The mean volume difference and average volume difference percentage 
with the change in magnetic field strength were compared between the methods. The hippocampus 
volume was larger with FreeSurfer than the Neurophet AQUA. In most brain regions, the Neurophet 
AQUA yielded a smaller average volume difference percentage (all < 10%) than FreeSurfer (all 
> 10%). The Neurophet AQUA exhibited more stable connectivity and regularity of the segmented 
components. Regarding volume, the Neurophet AQUA had effect sizes and ICCs comparable to those 
of FreeSurfer across the magnetic field strengths. With FreeSurfer, the original volume difference 
was small, whereas the average volume difference percentage was small with the Neurophet AQUA. 
Image segmentation took 1 h with FreeSurfer and 5 min with the Neurophet AQUA. When choosing an 
automatic segmentation method, the differences in image processing time and volume variability due 
to changes in the magnetic field strength of these methods should be considered.

Accurate and reliable analysis of structural brain volume using magnetic resonance (MR) imaging (MRI) is 
critical in clinical settings. In the long-term follow-up of patients with dementia, differences in image acquisition 
methods must be considered for clinical interpretation1. Within the same hospital, MRI equipment may be 
upgraded during the follow-up period, and patients can visit multiple medical centers that use different MR 
image-acquisition methods2,3. Such changes, including changes in scanner models and magnetic field strength, 
can introduce substantial variability in the results obtained from commonly used, MR-based, automatic brain 
segmentation software4–6. This variability is likely to exceed the actual effect of biological changes in the brain, 
potentially compromising the validity of clinical diagnoses and research results2,3.

Automated methods for brain segmentation from MR images are widely used for detailed and consistent 
analyses7,8. Numerous automated segmentation software programs have been clinically approved by regulatory 
bodies such as the U.S. Food and Drug Administration and the European Medicines Agency9. These programs 
are eligible for insurance claims and are extensively used in the clinical setting. For clinical use, such programs 
must process the results to ensure accurate interpretation of follow-up MR images, even with changes in MRI 
acquisition methods. However, among the many MRI parameters, a change in the magnetic field strength may 
have a major effect on MRI outcomes, resulting in inconsistent measurements across scans of the same patient 
and inconsistent results in automatic segmentation1,5.
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The performance of the automatic segmentation method in terms of the minimization of variability due to 
differences in the magnetic field strength can be evaluated from two main perspectives: accuracy and reliability10. 
Accuracy can be verified through visual assessment of segmentation quality and quantitative assessment of 
volume measurement. Reliability can be evaluated based on whether the volumetric measurements obtained 
from scans of the same patient by using different magnetic field strengths yield consistent results. Both aspects 
should be considered, as a bias toward either accuracy or reliability will not lead to valid results in clinical 
practice.

The aim of this study was to investigate the effects of differences in magnetic field strength and the test-retest 
reliability of structural MRI measurements. We compared the performance of two automated segmentation 
methods: the latest version of the widely used automated segmentation software, FreeSurfer11, and a commercially 
available software, Neurophet AQUA. Segmentation quality was visually evaluated for the two methods. The 
evaluation of reliability involved the scanning of patients by using both 1.5T and 3T MRI machines within 6 
months. We determined the degree of reliability of the software for two images obtained via different magnetic 
field strengths and for two obtained with the same field strength (3T) within 6 months. We hypothesized that the 
reliability of Neurophet AQUA segmentation method for brain MRI between 1.5T and 3T would be similar to 
that of FreeSurfer and that use of the Neurophet AQUA segmentation method would increase overall reliability 
of automated brain volume segmentation. Indeed, Neurophet AQUA method exhibited similar reliability to that 
of FreeSurfer, with its own benefits and disadvantages.

Results
Demographic characteristics
The 1.5T–3T dataset was utilized for reliability analysis, comprising a total of 101 patients: Asian (n = 30; 4 
men, 26 women; age range: 55–88 years; mean ± standard deviation age: 69.5 ± 7.0 years) collected from Yonsei 
Severance Hospital (SEV) and Caucasian (n = 71; 39 men, 32 women; age range: 43–89 years; 73.6 ± 8.2 years) 
obtained from open-source databases, including the Alzheimer’s Disease Neuroimaging Initiative (ADNI)12, 
Open Access Series of Imaging Studies 3 (OASIS3)13, and Single Individual volunteer for Multiple Observations 
across Networks databases (SIMON)14. The 3T–3T dataset was also utilized for reliability analysis, comprising 
a total of 112 patients, consisting of Asian (n = 54; 18 men, 36 women; age range: 56–85 years; 74.0 ± 7.8 years) 
collected from Yeouido St. Mary’s Hospital (YID) and Boramae Hospital (BRM), Asian (n = 45; 23 men, 22 
women; age range: 20–30 years; 23.5 ± 2.7 years) from the Beijing Connectivity-based Brain Imaging Research 
Database (C-BIRD)15, and Caucasian (n = 13; 6 men, 7 women; age range: 21–30 years; 25.2 ± 2.8 years) from the 
Precision In Neuroimaging database (PIN)4.

Segmentation quality
The segmentation quality was visually assessed for further comparison in this study. The evaluation was performed 
by comparing the ground truth (GT) produced through consensus by three radiologists with 15, 9, and 5 years 
of experience with Neurophet AQUA and FreeSurfer segmentation results. The evaluation variable was the Dice 
Similarity Coefficient (DSC), which is calculated by dividing the number of common voxels between the GT and 
segmentation tool result by the average number of voxels between the two results. The DSC is a number between 
0 and 1, where 0 indicates that the two results have no elements in common, and 1 indicates that the two results 
are identical. The Dice Similarity Coefficient (DSC) was 0.8 or higher for both Neurophet AQUA and FreeSurfer 
regardless of the magnetic field strength in all participants (Table 1). The results of detailed regions are provided 
in Supplementary Table S1.

Segmentation with both methods was of sufficient quality, although subtle differences were observed. An 
example of 3T MR image segmentation performed on one patient using Neurophet AQUA and FreeSurfer 
methods is provided in Fig. 1. Compared with FreeSurfer, the Neurophet AQUA yielded stable connectivity, 
with the segmented region not invading other regions. As shown in the figure, this difference is especially visible 
in the hippocampus. FreeSurfer segmented the hippocampus by encroaching on the inferior lateral ventricle, 
whereas Neurophet AQUA method segmented the hippocampus into smaller parts without encroaching on the 
inferior lateral ventricle16.

Neurophet AQUA FreeSurfer

Mean ± SD Mean ± SD

3T 0.83 ± 0.01 0.98 ± 0.01

1.5T 0.84 ± 0.02 0.97 ± 0.02

Total 0.83 ± 0.02 0.98 ± 0.02

Table 1. Comparison of DSC against ground truth across automated segmentation methods. The mean and 
SD of the DSC values   for 112 randomly selected patients compared to the ground truth results manually 
segmented by three experts from the 1.5T and 3T datasets. The DSC ranges from 0 to 1, with values closer 
to 1 indicating higher similarity to the ground truth. Abbreviation: DSC, dice similarity coefficient; Lt, left 
hemisphere; Rt, right hemisphere; SD, standard deviation.
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Volume measurements
Table 2 provides a detailed comparison of the volumes measured using the two automated segmentation methods 
across various brain regions in both the right and left hemispheres17. In most regions (putamen, amygdala, 
inferior lateral ventricles, cerebellum, and cerebral white matter), slightly larger volumes were measured in both 
hemispheres via Neurophet AQUA than those measured via the FreeSurfer method (p < 0.001). In the case of 

Lt. Rt.

Neurophet AQUA FreeSurfer

p

Neurophet AQUA FreeSurfer

pMean ± SD Mean ± SD Mean ± SD Mean ± SD

Cortical gray matter 218.0 ± 32.2 217.5 ± 31.9 0.816† 217.3 ± 31.5 217.3 ± 31.6 0.989†

Cerebral gray matter 245.6 ± 35.1 244.3 ± 35.2 0.578† 245.0 ± 34.5 244.4 ± 34.8 0.798†

Caudate 3.6 ± 0.5 3.5 ± 0.6 0.012 3.6 ± 0.6 3.6 ± 0.6 0.536†

Putamen 5.2 ± 0.7 4.6 ± 0.8 < 0.001 5.1 ± 0.8 4.7 ± 0.8 < 0.001

Pallidum 1.8 ± 0.3 2.0 ± 0.3 < 0.001 2.3 ± 0.3 1.9 ± 0.3 < 0.001

Thalamus 7.5 ± 1.0 7.0 ± 1.0 < 0.001 6.9 ± 0.9 7.0 ± 1.0 0.827†

Amygdala 1.6 ± 0.3 1.4 ± 0.4 < 0.001 1.8 ± 0.3 1.6 ± 0.3 < 0.001

Hippocampus 3.4 ± 0.5 3.8 ± 0.6 < 0.001 3.5 ± 0.5 3.9 ± 0.7 < 0.001

Inferior lateral ventricles 1.4 ± 0.9 0.9 ± 0.9 < 0.001 1.4 ± 0.8 0.9 ± 0.9 < 0.001

Cerebellum 67.3 ± 7.8 64.1 ± 7.9 < 0.001 66.5 ± 7.9 64.0 ± 8.0 < 0.001

Cerebral white matter 226.3 ± 26.9 216.5 ± 30.1 < 0.001 226.7 ± 27.2 215.6 ± 30.4 < 0.001

Table 2. Comparisons of original volume obtained by automated segmentation methods. The analysis 
encompassed MR images of all patients (426 MR images of 213 patients), irrespective of the magnetic field 
strength, for comparison if the volume distributions. The volume units are cm3. † Not statistically significant. 
Abbreviation: Lt, left hemisphere; Rt, right hemisphere; SD, standard deviation.

 

Fig. 1. Representative images of color-labeled images of the Neurophet AQUA and FreeSurfer segmentation 
methods. Examples of quality assessment for 3T MR images of one patient. On visual inspection, the 
Neurophet AQUA revealed stable connectivity (red arrows), and regularity of the segmented components 
compared to the FreeSurfer method. In the enlarged images, FreeSurfer showed rough boundaries. The 
differences in segmentation between the hippocampus and the inferior lateral ventricle are shown in detail in 
3D. Abbreviation: MR, magnetic resonance.
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the pallidum, FreeSurfer yielded larger volumes in the left hemisphere than the Neurophet AQUA (1.8 ± 0.3 
vs. 2.0 ± 0.3 cm3, p < 0.001), and the Neurophet AQUA yielded larger volumes in the right hemisphere than 
FreeSurfer (2.3 ± 0.3 vs. 1.9 ± 0.3 cm3, p < 0.001). In the left hemisphere, the Neurophet AQUA resulted in 
slightly larger volumes for the caudate nucleus (3.6 ± 0.5 vs. 3.5 ± 0.6 cm3, p = 0.012), whereas no difference 
was observed in the right hemisphere (3.6 ± 0.6 vs. 3.6 ± 0.6 cm3, p = 0.536). Similarly, the thalamus volume 
was deemed larger with the Neurophet AQUA in the left hemisphere (7.5 ± 1.0 vs. 7.0 ± 1.0 cm3, p < 0.001), 
whereas no difference was detected in the right hemisphere (6.9 ± 0.9 vs. 7.0 ± 1.0 cm3, p = 0.827). Notably, 
the hippocampus volume was deemed larger with FreeSurfer in both hemispheres (3.4 ± 0.5 vs. 3.8 ± 0.6 cm3, 
p < 0.001 in the left hemisphere; 3.5 ± 0.5 vs. 3.9 ± 0.7 cm3, p < 0.001 in the right hemisphere). More detailed 
comparisons of the volume distributions of the 1.5T and 3T datasets are provided in Supplementary Tables S2 
and S3, respectively.

Reliability
The comparison results of reliability across 1.5T–3T dataset are detailed in Table  3. For Neurophet AQUA, 
statistically significant differences in volume measurements were observed for most of the brain regions between 
the 1.5T and 3T datasets. Effect sizes were mostly small, ranging from − 0.409 to 0.243. Similar results were 
obtained using the FreeSurfer method at the same magnetic field strengths. Statistically significant differences 
(p < 0.001) were detected for several brain regions, (the cortical gray matter, cerebral gray matter, pallidum, 
thalamus, amygdala, and cerebral white matter). Effect sizes ranged from − 0.307 to 0.433, small to moderate, 
and ICCs ranged from 0.869 to 0.965, indicating satisfactory agreement.

The paired t-test results for both methods revealed a volume change with the magnetic field strength change. 
Considering both the effect size and ICC, both automated segmentation methods proved reliable in estimating 
brain region volumes across different magnetic field strengths.

Considering the significant volumetric discrepancies between the two automated segmentation methods 
(Table 2), a percentage-based comparison was added to the reliability evaluation (Table 4), to control for ROI 
size across the two methods.

Table 4 presents a comprehensive analysis of the average volume difference percentage (AVDP) between the 
Neurophet AQUA and FreeSurfer. The mean percentage difference in brain region volume between magnetic 
field strengths excluding relative volumetric trends between segmentation software, was assessed by calculating 
the amount of variance/bias in each of the datasets. The following equation was used:

 
AVDP =

|1stMRI scanROI volume− 2ndMRI scanROI volume|
(1stMRI scanROI volume + 2ndMRI scanROI volume)/2

× 100 (%) .

This evaluation metric provides insights into the range of volumetric variability. A smaller AVDP indicates better 
reliability. For this analysis, four subgroups were considered: (a) segmentation of the 1.5T–3T dataset by using 
the Neurophet AQUA and (c) FreeSurfer, and (b) segmentation of the 3T–3T dataset by using the Neurophet 
AQUA and (d) FreeSurfer. As no criterion was available for evaluation of the AVDP between the 1.5T and 3T 
datasets, the evaluation was based on the AVDP of the 3T–3T dataset: (b) was used as the criterion for the 
results of (a), and (d) was used as the criterion for (b). The difference in performance between the two automatic 
segmentation methods is confirmed by comparing (a) and (c).

Most AVDPs were low in the 3T–3T dataset for both methods, as the magnetic field strength did not change. 
In the case of the Neurophet AQUA, the AVDP for the 1.5T–3T dataset was lower than that for 3T–3T dataset 
in the following regions: the putamen in both hemispheres (2.91%±2.48% vs. 3.04%±2.04%, p < 0.05 in the 
left hemisphere; 2.73%±2.49% vs. 3.21%±2.09%, p < 0.05 in the right hemisphere), the interior lateral ventricle 
(8.78%±9.21% vs. 11.22%±15.70%, p < 0.05), and cerebellum (2.13%±1.58% vs. 2.15%±2.12%, p < 0.05) of 
the right hemisphere. In the case of the AVDP of the 1.5T–3T dataset in the right thalamus of FreeSurfer was 
significantly lower than that of the 3T–3T dataset (5.05%±3.74% vs. 5.41%±4.48%, p < 0.05).

The performances of the two automated segmentation methods were compared in terms of reliability across 
the 1.5T and 3T datasets. In all regions in which a significant difference in the AVDP was detected between the 
two methods, the Neurophet AQUA exhibited better reliability than FreeSurfer. In most regions (the caudate, 
putamen, pallidum, thalamus, amygdala, inferior lateral ventricles, cerebellum, and cerebral white matter) the 
Neurophet AQUA yielded a significantly smaller AVDP than FreeSurfer (p < 0.05). No significant differences 
were observed in the cortical gray matter, hippocampus, or cerebral gray matter AVDP. Figure  2 provides a 
detailed visualization of the differences in magnetic field strength between the hippocampus and cerebral 
white matter, confirming the reliability and stability of the two automated segmentation methods. In the case 
of the cerebral white matter, in which a significant AVDP difference was observed, the two methods greatly 
differed in terms of mean and SD (3.26%±2.54% vs. 6.99%±4.42% in the left hemisphere and 3.42%±2.43% vs. 
7.18%±4.58% in the right hemisphere).

Discussion
The present study investigated the impact of varying magnetic field strengths on the reliability and accuracy of 
automated brain segmentation methods, specifically comparing FreeSurfer (version 7.1.0) and an Neurophet 
AQUA deep-learning-based approach. Our findings, consistent with prior research, emphasize the importance 
of considering MRI acquisition variations, including changes in magnetic field strength, when analyzing 
structural brain volumes.

Results from the latest FreeSurfer version (7.1.0) were analyzed, revealing slight differences in volume 
determination between FreeSurfer and our Neurophet AQUA. Although this discrepancy is statistically 
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Neurophet AQUA 1.5T-3T

1.5T 3T P Effect size ICC

Cortical gray matter Lt. 201.05 [188.42, 216.64] 208.18 [194.7, 225.03] < 0.001 -0.356 0.953

Cortical gray matter Rt. 202.16 [186.31, 215.59] 207.09 [195.09, 226.94] < 0.001 -0.415 0.936

Cerebral gray matter Lt. 227.63 [213.30, 244.63] 234.62 [220.40, 253.76] < 0.001 -0.350 0.955

Cerebral gray matter Rt. 228.38 [211.80, 243.60] 232.94 [220.82, 254.40] < 0.001 -0.409 0.938

Caudate Lt. 3.46 [3.23, 3.77] 3.52 [3.32, 3.88] < 0.001 -0.202 0.944

Caudate Rt. 3.40 [3.21, 3.67] 3.52 [3.24, 3.83] < 0.001 -0.320 0.925

Putamen Lt. 4.88 [4.64, 5.26] 4.92 [4.59, 5.33] 0.139† -0.048 0.973

Putamen Rt. 4.73 [4.53, 5.11] 4.73 [4.47, 5.12] 0.542† -0.019 0.976

Pallidum Lt. 1.74 [1.59, 1.95] 1.77 [1.58, 1.92] 0.673† 0.022 0.925

Pallidum Rt. 2.17 [1.99, 2.38] 2.20 [2.06, 2.43] < 0.001 -0.209 0.944

Thalamus Lt. 7.00 [6.57, 7.62] 7.18 [6.7, 7.82] < 0.001 -0.261 0.948

Thalamus Rt. 6.59 [6.18, 7.06] 6.70 [6.28, 7.26] < 0.001 -0.264 0.922

Amygdala Lt. 1.55 [1.36, 1.72] 1.67 [1.47, 1.80] < 0.001 -0.371 0.923

Amygdala Rt. 1.70 [1.46, 1.83] 1.75 [1.54, 1.92] < 0.001 -0.325 0.938

Hippocampus Lt. 3.22 [2.82, 3.55] 3.41 [2.96, 3.70] < 0.001 -0.251 0.966

Hippocampus Rt. 3.41 [3.04, 3.72] 3.58 [3.12, 3.81] < 0.001 -0.320 0.948

Inferior lateral ventricles Lt. 1.29 [1.03, 2.22] 1.27 [0.95, 2.06] < 0.001 0.102 0.989

Inferior lateral ventricles Rt. 1.34 [1.04, 1.95] 1.22 [1.00, 1.87] < 0.001 0.068 0.994

Cerebellum Lt. 65.30 [60.83, 68.97] 65.58 [61.87, 70.03] < 0.001 -0.082 0.986

Cerebellum Rt. 63.98 [60.49, 68.29] 64.86 [61.19, 68.89] < 0.001 -0.105 0.986

Cerebral white matter Lt. 222.58 [207.36, 241.05] 216.56 [199.52, 233.88] < 0.001 0.243 0.967

Cerebral white matter Rt. 226.53 [207.38, 241.43] 219.32 [199.33, 235.74] < 0.001 0.241 0.966

FreeSurfer 1.5T-3T

1.5T 3T P Effect size ICC

Cortical gray matter Lt. 201.93 [184.47, 217.77] 206.81 [190.86, 225.31] < 0.001 -0.306 0.937

Cortical gray matter Rt. 201.25 [184.77, 220.52] 208.71 [190.33, 226.66] < 0.001 -0.305 0.930

Cerebral gray matter Lt. 227.76 [208.22, 243.38] 232.35 [213.94, 251.74] < 0.001 -0.284 0.943

Cerebral gray matter Rt. 227.37 [209.61, 246.9] 234.17 [215.82, 252.55] < 0.001 -0.287 0.937

Caudate Lt. 3.38 [3.09, 3.82] 3.33 [3.12, 3.88] 0.342† -0.044 0.943

Caudate Rt. 3.46 [3.24, 3.86] 3.52 [3.23, 3.95] 0.112† -0.084 0.925

Putamen Lt. 4.24 [4.01, 4.60] 4.35 [4.01, 4.75] 0.086† -0.106 0.894

Putamen Rt. 4.30 [4.04, 4.62] 4.42 [4.02, 4.75] 0.084† -0.096 0.915

Pallidum Lt. 1.90 [1.71, 2.06] 1.93 [1.77, 2.13] < 0.001 -0.296 0.869

Pallidum Rt. 1.87 [1.69, 2.01] 1.89 [1.73, 2.12] < 0.001 -0.257 0.900

Thalamus Lt. 6.77 [6.32, 7.39] 6.50 [5.93, 6.98] < 0.001 0.406 0.908

Thalamus Rt. 6.63 [6.17, 7.17] 6.49 [5.93, 7.03] < 0.001 0.214 0.928

Amygdala Lt. 1.24 [1.05, 1.45] 1.36 [1.10, 1.54] < 0.001 -0.307 0.915

Amygdala Rt. 1.49 [1.28, 1.61] 1.52 [1.37, 1.69] < 0.001 -0.288 0.911

Hippocampus Lt. 3.63 [3.20, 3.97] 3.70 [3.14, 4.04] 0.052† -0.071 0.965

Hippocampus Rt. 3.69 [3.30, 4.06] 3.80 [3.38, 4.17] 0.010 -0.103 0.957

Inferior lateral ventricles Lt. 0.72 [0.48, 1.68] 0.82 [0.43, 1.85] 0.207† -0.026 0.989

Inferior lateral ventricles Rt. 0.64 [0.45, 1.40] 0.67 [0.43, 1.47] 0.565† 0.014 0.985

Cerebellum Lt. 61.91 [57.50, 66.02] 61.37 [57.62, 65.45] 0.086† 0.055 0.974

Cerebellum Rt. 61.58 [57.15, 65.85] 61.95 [57.32, 66.11] 0.197† -0.042 0.973

Cerebral white matter Lt. 214.55 [197.71, 233.38] 205.89 [184.1, 221.31] < 0.001 0.409 0.897

Cerebral white matter Rt. 214.55 [196.75, 234.23] 203.96 [184.44, 217.73] < 0.001 0.433 0.890

Table 3. Original volume comparison results between 1.5 T and 3 T. The original volume (median [25th 
percentile, 75th percentile]) at each magnetic field strength and the p-value of the paired t-test for the 
comparison of the brain region volume of each patient, effect size, and ICCs are presented together. The 
volume units are cm3. †Not statistically significant. Abbreviation: ICC, interclass correlation coefficient; Lt, left 
hemisphere; Rt, right hemisphere.
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significant, the effect size is generally small, suggesting that the Neurophet AQUA measures volume numerically 
like FreeSufer. Further visual evaluation confirmed that both FreeSufer and Neurophet AQUA produced 
segmentation results of sufficient quality when compared to GT from an experienced radiologist. However, 
FreeSufer showed less smooth segmentation results than the Neurophet AQUA. In FreeSurfer, the segmentation 
results showed rough and uneven boundary that invaded other regions. In quantitative terms, FreeSurfer 
consistently resulted in larger hippocampal volumes.

Reliability analysis indicated the robustness of both methods in estimating brain region volumes across 
diverse magnetic field strengths. Significantly, our study showcased that our Neurophet AQUA outperformed 
FreeSurfer in terms of both variability and rate of change, even when confronted with varying magnetic field 
strengths ranging from 1.5T to 3T. With the Neurophet AQUA, the average of AVDP did not exceed 10% in any 
region, but with FreeSufer, the AVDP of the left amygdala (11.15%±7.71%) and the inferior lateral ventricles 
in both hemispheres (14.25%±13.41% in the left hemisphere and 12.61%±15.42% in the right hemisphere) 
exceeded 10%. Although no significant difference in AVDP was observed between the two methods for the 
hippocampus, the Neurophet AQUA generally yielded a more consistent AVDP than FreeSurfer.

This study contributes to the field in that we evaluated the effect of differences in magnetic field strength 
on automated brain segmentation methods according to small brain regions. Additionally, utilizing data from 
multiple hospitals and public databases, our study represents real-world data variability. A thorough reliability 
analysis, considering effect size and ICC, comprehensively assessed segmentation method performance. 
Percentage-based (ADVP) comparisons highlighted the Neurophet AQUA’s superior reliability across various 
brain regions.

However, this study also had several limitations. First, although we included a diverse dataset, we cannot 
rule out the potential influence of other uncontrolled variables, such as variations in image acquisition protocols 
within each magnetic field strength group. Additionally, we did not consider other factors that might have 
impacted the MRI data, such as differences in head position, motion artifacts, or scanner-specific hardware and 
software configurations4. Thus, we evaluated the variability of only the magnetic field strength. In future studies, 
these other factors should be explored in detail. Therefore, the generalizability of our results is limited, and 
they should be interpreted with caution. Second, the observed volume differences between the two automated 
segmentation methods, although statistically significant, may have limited clinical significance. Further research 
is required to determine the clinical relevance of these differences18. The same applies to the visual quality of 
the two methods. In this study, we targeted small brain regions. As visual confirmation of such small brain 
regions is challenging, the accuracy of such assessment may be improved if several experts evaluate the results 
of FreeSurfer and the Neurophet AQUA19.

Neurophet AQUA FreeSurfer

(a) 1.5T-3T (b) 3T-3T (c) 1.5T-3T (d) 3T-3T

Cortical gray matter Lt.1,3 3.93 ± 2.50 2.16 ± 2.23 4.43 ± 3.59 2.73 ± 2.28

Cortical gray matter Rt.1,3 4.58 ± 3.04 2.59 ± 2.78 4.75 ± 3.63 3.01 ± 2.52

Cerebral gray matter Lt.1,3 3.69 ± 2.36 2.07 ± 2.17 4.07 ± 3.27 2.61 ± 2.24

Cerebral gray matter Rt.1,3 4.36 ± 2.87 2.48 ± 2.69 4.35 ± 3.30 2.90 ± 2.45

Caudate Lt.1,2 3.76 ± 3.32 1.98 ± 1.77 5.72 ± 4.68 4.27 ± 3.74

Caudate Rt.1,3 4.82 ± 4.36 2.07 ± 2.22 6.14 ± 5.16 3.65 ± 4.89

Putamen Lt.2,3 2.91 ± 2.48 3.04 ± 2.04 6.04 ± 5.92 4.60 ± 5.02

Putamen Rt.2,3 2.73 ± 2.49 3.21 ± 2.09 5.64 ± 6.44 3.16 ± 2.91

Pallidum Lt.2,3 5.07 ± 4.68 4.09 ± 2.86 7.02 ± 5.38 4.68 ± 3.42

Pallidum Rt.2,3 4.45 ± 3.45 5.07 ± 2.83 6.51 ± 5.21 4.87 ± 4.50

Thalamus Lt.1,2,3 3.38 ± 3.11 2.12 ± 1.67 5.69 ± 4.26 3.56 ± 2.83

Thalamus Rt.1,2,3 4.87 ± 2.80 2.61 ± 2.22 5.05 ± 3.74 5.41 ± 4.48

Amygdala Lt.1,2,3 7.49 ± 6.13 3.75 ± 3.12 11.15 ± 7.71 6.74 ± 6.25

Amygdala Rt.1,2,3 6.99 ± 5.64 3.79 ± 3.04 9.37 ± 7.33 5.58 ± 5.17

Hippocampus Lt.1 4.55 ± 3.68 2.74 ± 2.28 4.16 ± 4.02 3.20 ± 2.39

Hippocampus Rt.1 5.56 ± 4.55 3.29 ± 2.77 4.60 ± 7.38 4.02 ± 4.32

Inferior lateral ventricles Lt.2 9.90 ± 7.80 8.85 ± 8.74 14.25 ± 13.41 14.85 ± 12.44

Inferior lateral ventricles Rt.2 8.78 ± 9.21 11.22 ± 15.70 12.61 ± 15.42 13.76 ± 14.05

Cerebellum Lt.2,3 1.84 ± 1.83 1.73 ± 1.72 2.89 ± 2.20 1.61 ± 1.47

Cerebellum Rt.2,3 2.13 ± 1.58 2.15 ± 2.12 2.73 ± 2.56 2.35 ± 2.27

Cerebral white matter Lt.1,2,3 3.26 ± 2.54 1.72 ± 1.69 6.99 ± 4.42 2.16 ± 2.94

Cerebral white matter Rt.1,2,3 3.42 ± 2.43 2.03 ± 2.16 7.18 ± 4.58 2.20 ± 3.37

Table 4. Comparisons of AVDP obtained via the Neurophet AQUA and FreeSurfer in each subgroup. The 
AVDP units are %. 1Statistically significant difference between (a) and (b). 2Statistically significant difference 
between (a) and (c). 3Statistically significant difference between (c) and (d). Abbreviation: AVDP, average 
volume difference percentage.
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Fig. 2. Bland–Altman plots at 1.5T and 3T X-axis: mean brain volume at 1.5T and 3T. The unit of volume on 
the X-axis is cm3. Y-axis: AVDP between 1.5T and 3T. The mean, lower (− 1.96 SDs), and upper (+ 1.96 SDs) 
limits of agreement are indicated by dotted lines. A negative difference on the y-axis indicates that the brain 
volume measured via 1.5T was smaller than that measured via 3T. Abbreviations: Lt, left hemisphere; Rt, right 
hemisphere; AVDP, average volume difference percentage; SD, standard deviation.
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We demonstrated that MRI datasets with different magnetic field strengths can be used to obtain robust 
measurements of brain volume, using both the latest version of the widely used automatic segmentation 
software20, FreeSurfer, and our proposed Neurophet AQUA. Both methods yielded high accuracy and reliability 
across different brain regions. However, the strengths and weaknesses of the two methods differ and should be 
considered in their selection. FreeSurfer yields a small difference in the original volume between 1.5T and 3T 
MR images, but considered as a variable percentage, the difference is larger than that of the Neurophet AQUA, 
the operation time is 1 h per image, and some image failures occurred. The Neurophet AQUA has a relatively 
large difference in the original volume, but the AVDP percentage is significantly smaller than that of FreeSurfer, 
and the SD is small; therefore, it yields more consistent results. In addition, segmentation with the Neurophet 
AQUA was possible within 5 min per image, and no segmentation failures occurred.

These results provide valuable insights for clinicians and researchers who use automated segmentation 
methods in various settings. The exceptional reliability of the Neurophet AQUA in specific brain regions suggests 
its potential advantages for specific applications. Further research on 7T over 1.5T and 3T MRI is needed to 
improve the accuracy and reliability of automated brain segmentation in clinical practice and research21.

Methods
Study participants
A graphical representation of the participant inclusion process is provided in Fig. 3. Data were sourced from 
three domestic hospitals and five publicly available databases. The following exclusion criteria were applied 
to participants within these datasets: (1) contraindications to MRI (e.g., a pacemaker or metal in the body), 
(2) history of head trauma, and (3) own or first/second-degree family history of neurological or psychiatric 
disorders22. After applying these exclusion criteria, the data of 233 patients were evaluated in this study, 
comprising 112 patients with images obtained with both 1.5T and 3T magnetic field strengths (the 1.5T–3T 
dataset) and 121 with both images obtained with a magnetic field strength of 3T (3T–3T dataset). To ensure data 

Fig. 3. Flow chart of the study population. The flow chart of this study is organized from initial collection 
to final analysis. Abbreviations: CN, cognitive normal; MCI, mild cognitive impairment; AD, Alzheimer’s 
disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative database; OASIS3, Open Access Series of Imaging 
Studies 3 database; SIMON, Single Individual volunteer for Multiple Observations across Networks database; 
C-BIRD, Connectivity-based Brain Imaging Research Database at Beijing Normal University; PIN, Precision in 
Neuroimaging database.
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quality, we excluded images that failed the analysis in FreeSurfer and those that were blurry from the analysis, 
resulting in the inclusion of 223 patients in the study.

Informed consent
Use of the data obtained from the hospitals in Korea were reviewed by each institutional review board (Yonsei 
Severance Hospital: 1-2021-0025, Yeouido St. Mary’s Hospital: SC20DSDP0121, and Boramae Hospital: 30-2020-
325) according to ethical research practices. All patients provided informed consent for the use of their data for 
research, and we strictly adhered to Korean data protection and privacy regulations, ensuring confidentiality and 
security of the data throughout the research process.

Image acquisition
MRI data were acquired using scanners from three well-known manufacturers in the field of MRI technology: 
Philips, SIEMENS, and GE, representing a wide range of instrument models, according to the multicenter nature 
of the study. The image acquisition protocols are summarized in Table 5. We believe that this dataset effectively 
mirrors the variability that occurs in in clinical practice.

Automated methods for image volumetry processing
T1-weighted volumetric images were processed using automated segmentation. Each patient’s brain MRI was 
uploaded to the server of the software tool, and both methods employed a cross-sectional pipeline for test-
retest analysis. This approach involved processing the scans at every time point independently for each patient, 
allowing for a comprehensive evaluation of the brain structures in each MRI session.

FreeSurfer
The FreeSurfer software version 7.1.0 (https://surfer.nmr.mgh.harvard.edu, Harvard University, Boston, MA, 
USA) uses a template-driven approach for volumetric and surface-based segmentation11,23. The processing 
involved automated steps for quantification of brain region volumes and detection of potential abnormalities. 
Initially, data preprocessing, including motion correction, skull stripping24, and intensity normalization, was 
performed to enhance image quality and consistency. Subsequently, the brain was inflated to a spherical shape 
for precise alignment to a common spherical space by using Talairach atlas coordinates. FreeSurfer’s advanced 
segmentation algorithms were used to identify various brain regions, such as cortical structures, subcortical 
structures, and ventricles. The software provided 110 volume labels, and additional cortical or cerebral gray 
matter volumes were calculated using the provided formulae. However, image volumetry processing with this 
software demonstrated relatively low efficiency, with a processing time of 3 h per patient.

Dataset Site Magnetic field strength Manufacturer Model RT ET ST FA

1.5T–3T pair

SEV
1.5T Philips Achieva 7.274 3.287 1 8

3T Philips Ingenia CX 7.127 3.253 1 8

ADNI

1.5T Philips Achieva 8.619 4.003 1.2 8

3T Philips Achieva 6.807 3.161 1.2 8

1.5T Siemens Sonata 3000 3.540 1.2 8

3T Siemens Allegra 2300 2.910 1.2 9

1.5T Philips Intera 8.614 4.001 1.2 8

3T Philips Intera 6.800 3.158 1.2 8

1.5T Siemens Trio 3000 3.610 1.2 8

3T Siemens Symphony 2300 2.940 1.2 9

OASIS3
1.5T Siemens Sonata 1.900 0.004 1 15

3T Siemens Trio 2.400 0.003 1 8

SIMON
1.5T Siemens Sonata 3.000 0.004 1 8

3T Siemens Trio 2300 2.980 1 9

3T-3T pair

YID
3T Siemens Skyra 1860 2.530 1 9

3T Siemens Magnetom VIDA 1860 2.520 1 9

BRM
3T Philips Ingenia CX 6.503 2.976 1 9

3T Siemens Magnetom VIDA 2300 2.980 1 9

C-BIRD
3T Siemens Trio 2530 3.390 1.33 7

3T Siemens Trio 2530 3.390 1.33 7

PIN
3T GE Discovery MR750 7.360 3.050 1 11

3T GE Discovery MR750 7.360 3.050 1 11

Table 5. Site-specific image acquisition. Abbreviation: RT, repeat time; ET, echo time; ST, slice thickness; FA, 
flip angle; SEV, Yonsei Severance Hospital; ADNI, Alzheimer’s Disease Neuroimaging Initiative; OASIS3, Open 
Access Series of Imaging Studies 3; SIMON, Single Individual volunteer for Multiple Observations across 
Networks; YID, Yeouido St. Mary’s Hospital; BRM, Boramae Hospital; C-BIRD, Connectivity-based Brain 
Imaging Research Database; PIN, Precision in Neuroimaging.
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Neurophet AQUA
For the purpose of AQUA segmentation, we used the training data of 746 T1-weighted images with a high quality 
of 300, a medium quality of 363 and a low quality of 83. The training data also gathered considering multi-
center and multi-vendor data as described in previous study25. Based on the Nested U-Net26, we developed a 
deep learning-based segmentation algorithm using the SAU-Net architecture25. As part of preprocessing, image 
resampling was performed with 1 mm iso-cubic and right-anterior-superior reorientation. A histogram-based 
intensity regularization was applied before the images were cropped to local patches by using uniform sampling. 
The local patches were fed into the network and the network was iteratively trained using data augmentation 
techniques such as Gaussian noise, random blur, bias field, affine transformation, and elastic deformation. In the 
next step, we used the 3D ResNeSt block with a channel-wise attention module and an Evolving Normalization-
Activation (EvoNorm) layer in each convolution block. After this, we performed hierarchical transfer learning 
with freeze the weights except for the normalization and output layers using a level-wise training dataset for 
image quality (Fig. 4). Then, the predicted results from the 3D local patches were segmented and combined 
with a fixed size and overlay to segment the entire MR image more efficiently (Fig. 4). With these processes, 
approximately 100 regions of interest (ROIs) were obtained in the cortex and subcortex in approximately five 
minutes.

Statistical analysis
Statistical analysis was performed using R version 4.2.2 and Python 3.10.12 to assess brain region volumes 
and identify significant differences between groups. Parametric and non-parametric statistical tests were used 
according to the results of normality (the Shapiro–Wilk test) and equal variances (Levene’s test) tests.

We determined the differences in volume measurements by region between the two automated segmentation 
methods by subdividing the 1.5T and 3T datasets for each method and obtaining the original volume for each 
region. The volume difference between the segmentation methods for the entire dataset was deemed more 
important than the volume difference per patient; therefore, an independent t-test was conducted.

Reliability was evaluated for both the 1.5T-3T dataset and the 3T-3T dataset. The reliability result of the 
3T-3T dataset was used as reference during evaluation of the 1.5T-3T dataset reliability. The evaluation largely 
comprised a comparison of the original volume and a comparison of volume percentages.

First, we used paired t-tests to evaluate the deflection of the original volume that occurred as a function of 
the field strength for each automated segmentation method. The ICC and effect size were calculated for accurate 
interpretation, considering not only the statistical significance of the differences but also their magnitude and 
concordance27. The reliability of each method for each magnetic field strength was assessed as the absolute 
agreement of single measurements by using a two-way mixed-model ICC. We interpreted the ICC values 
according to the following guideline: values less than 0.50, between 0.50 and 0.75, between 0.75 and 0.90, and 
greater than 0.9 are indicative of poor, moderate, good, and excellent reliability, respectively28. Cohen’s d was 
calculated as indicator of effect size to determine the practical significance of the observed differences in brain 
region volume. The following guidelines were used to interpret effect sizes: an effect size ≤ 0.2 is small, 0.5 is 
medium, and ≥ 0.8 is large29.

The non-parametric Kruskal–Wallis test was used to compare AVDP distributions between multiple groups, 
and the Holm test for post hoc analysis was performed to identify specific between-group differences. We 
conducted a more comprehensive evaluation of these disparities via Bland–Altman plots, focusing on critical 
regions. These plots provide a visual representation of the potential systematic biases and extent of variability 
among the measurements. A mean difference of approximately zero in the plot implies the absence of systematic 
bias. Additionally, the compactness of the agreement limits reveals the degree of disparity between the 
measurements at 3T and 1.5T.

Fig. 4. Illustrations of hierarchical transfer learning using a level-wise training dataset for image quality.
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All statistical analyses were two-sided and performed with the significance level set at p < 0.05. The results of 
the statistical tests were interpreted to draw meaningful conclusions regarding the impact of the studied factors 
on brain region volume.

Data availability
The data that support the findings will be available on request from the corresponding author. The data are not 
publicly available due to privacy or ethical restrictions.
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