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ABSTRACT

Background: Mental health diagnostic approaches are seeking to identify biological markers to work alongside
advanced machine learning approaches. It is difficult to identify a biological marker of disease when the traditional
diagnostic labels themselves are not necessarily valid.

Methods: We worked with T1 structural magnetic resonance imaging data collected from individuals with mood and
psychosis disorders from over 1400 individuals comprising healthy controls, psychosis patients and their unaffected
first-degree relatives including 176 bipolar probands, 134 schizoaffective probands, 240 schizophrenia proband, 581
patients relatives and 362 controls. We assumed there might be noise in the diagnostic labeling process. We detected
label noise by classifying the data multiple times using a support vector machine classifier, and then we flagged those
individuals in which all classifiers unanimously mislabeled those subjects. Next, we assigned a new diagnostic label
to these individuals, based on the biological data (MRI), using iterative data cleansing approach.

Results: Simulation results showed our method was highly accurate in identifying label noise. Both diagnostic and
Biotype categories showed about 65% and 63% respectively of noisy labels with the largest amount of relabeling
occurring between the healthy control and bipolar and schizophrenia disorder individuals as well as in the unaffected
close relatives. The extraction of imaging features highlighted regional brain changes associated with each group.
Conclusions: This approach represents an initial step towards developing strategies that need not assume existing
mental health diagnostic categories are always valid, but rather allows us to leverage this information while also
acknowledging that there are misassignments.
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1. INTRODUCTION

Psychiatry has struggled with identifying a biological basis for mental illness. Current categorization approaches,
including the APA Diagnostic and Statistical Manual (DSM), are not entirely valid [1, 2, 3, 4]. Diagnosis of mental
illness, such as schizophrenia and bipolar disorder, is typically based on unreliable symptom-based measures. It is also
known that among different DSM diagnoses, there is a considerable overlap not only in their clinical symptoms but
also in biological measures including disease risk genes, structural and functional brain measures, electrophysiology
and cognitive functional deficits [5, 6, 7]. Additional challenges include the debate over the validity of additional
“mixed” diagnostic categories such as schizoaffective disorder [5]. Unreliable self-report information regarding
symptoms makes the process of diagnosis more complicated and leads to incorrect labeling. Understanding brain
biomarkers in psychiatry may help to diagnose and treat mental disorders more effectively. Integrating clinical data
with genomics and other patient information such as brain biomarkers help better define valid disease subtypes and/or
categorize subjects more accurately and improve treatment outcomes [8]. The challenge is that applying biological
classification while using traditional psychiatric diagnoses that lack inherent validity as ground truth is unlikely to
prove productive.

Identifying and prioritizing diagnostic categorization is a major challenge in psychiatry which if not carried out
correctly translates into inaccuracies in diagnostic labeling of biological data, such as medical imaging. Addressing
these inaccuracies (which we refer to as label noise in a diagnostic classification problem setup) is an important topic
of great interest that serves the ultimate goal of helping patients [9]. The application of artificial intelligence (AI) can
be leveraged to help with this task and to achieve better results. Multiple studies have shown that there are significant
differences between schizophrenia, bipolar and control regarding their structural imaging data especially in the
cerebellum and temporal lobe regions [10] [11] [12] [13]. Among different forms of Al approaches, classification, the
process of predicting the class of new samples has been broadly used in the realm of machine learning. To compute a
prediction for an unseen sample, a supervised classifier algorithm first learns from data based on the provided labels.
As such, the reliability of the dataset plays a vital role in the performance of the classification models. Therefore, if
there is a label noise in the data set, the prediction accuracy will decrease. However, having a wholly pure and label
noise-free dataset is unlikely in mental health, given the fact that current diagnostic strategies are inaccurate and
diagnoses of questionable validity [14, 1]. Noise in this context refers to anything that obscures the relationship
between the features of an instance and its class [1, 15]. In addition to the label noise, data quality issues e.g. low
SNR, head motion, may corrupt the relationship between the features of an instance and its class as well. We performed
quality control and preprocessing steps help to mitigate this, but we cannot rule it out completely. Previous work has
shown how label noise may affect classification accuracy [1, 16]. Studies show that neural networks are robust in
handling label noise in data [17]; however, deep learning models require large datasets [18] and the minimum amount
of needed clean training data increases with an increase in the label noise level [17].

To improve categorization or nosology in psychiatry, it is essential to address the challenges in the existing
categorization. One approach is to consider existing categories as ‘noisy’ (i.e., containing mislabeled samples) and
develop approaches to eliminate or at least reduce the impact of this noise during a classification task. In this work,
we identify cases where there is biological evidence that pushes against an existing categorization, that is, cases where
gray matter data looks similar for subjects that are categorized differently or looks different for groups that fall within
the same diagnostic category. Our proposed method includes using a voting approach to estimating individuals that
are labeled (diagnosed) incorrectly, called class noise or label noise. Then, we relabeled noisy subjects with a new
label such that subjects are more similar to each other in the new group. We then repeated these steps until we identified
a specific acceptable amount of label noise in the dataset.

By applying our method, we identify shared features of existing categories in structural MRI data and regroup
subjects that mislabeled or violate the assumption of homogeneity within groups and suggest the new labels similar
to others which leads to having homogeneity within subjects of each category at the end. Results show that there are
homogeneous subsets that fall both within and between existing categories and we suggest that future studies should
focus more on these aspects of the available data.

2. MATERIALS AND METHODS
1. B-SNIP-1 DATASET

We analyzed the bipolar-schizophrenia network on intermediate phenotypes (B-SNIP-1) structural imaging
(structural MRI) dataset [19, 20]. B-SNIP is multi-site NIH-funded consortium of investigators that collected multiple
brain imaging and assessment measures for stable patients within three psychotic disorders (schizophrenia, schizo-
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affective disorder or bipolar disorder with psychosis). The B-SNIP-1 dataset used in this study included 912 subjects
after quality control assessment. Structural MRI three-dimensional acquisitions were carried out on 3T scanners (GE
Signa, Philips Achieva, Siemens Allegra, and Siemens Trio) [21] [22]. High resolution isotropic T1-weighted MP-
RAGE sequences were acquired following the Alzheimer’s Disease Neuroimaging Initiative (ADNI) protocol [21,
23]. Subject demographics are reported in Table 1. More detail of B-SNIP dataset and the scanners described in

supplemental.
Table 1 B-SNIP Dataset Demographic
DSM-IV BIOTYPE
BPD (N=176) SADP (N=134) SZP (N=240) HC (N=362) B1 (N=147) B2 (N=185) B3 (N=218) NC (N=362)
N % N % N % N % N % N % N % N %
SIZE 176/9 19.30 134/9 14.69 240/9 26.32 362/9 39.69 147/9 16.12 185/9 20.29 218/9 23.90 362/9 39.69
12 % 12 % 12 % 12 % 12 % 12 % 12 % 12 %
GENDER (MALE) 6117 34.66 56/13 41.79 164/2 41.79 162/3 44.75 77114 52.38 90/18 48.65 114/2 52.29 162/3 44.75
6 % 4 % 40 % 62 % 7 % 5 % 18 % 62 %
RACE
AFRICAN AMERICAN 34 52 107 99 79 57 57 99
AMERICAN INDIAN - - 1 5] 1 - - 5]
ASIAN 5 2 5 15 - 7 5 15
CAUCASIAN 131 73 112 231 57 114 145 231
NATIVE HAWAIIAN - - - 1 - - - 1
MULTIRACIAL / MIXED 2 6 8 6 6 8] 7 6
OTHER RACE 4 1 7 6 4 4 4 6
UNKNOWN / MISSING - - - 1 - - - 1
Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std
AGE 35.9 13.14 35.88 12.01 34.51 12.33 39.8 52.05 35.52 13.14 35.32 11.91 35.11 12.64 39.8 52.05
PANSS
POSITIVE 29.83 128.0 18.17 52 45.35 165.7 - - 36.61 139.5 47.94 174.6 19.81 66.82
6 3 8
NEGATIVE 29.01 128.1 15.52 4.63 45.41 165.7 - - 29.68 114.3 52.5 188.2 18.39 66.92
5 3 6 7
GENERAL 45.31 126.1 41.74 83.77 56.37 151.5 - - 44.79 112.7 63.87 171.8 39.89 92.89
9 9 9
TOTAL 70.11 123.4 75.14 81.99 96.73 168.7 - - 83.55 133.7 99.21 179.6 68.75 91.15
1 4 9

2. PREPROCESSING

Structural MRI data (1mm isotropic MPRAGE) were collected from all individuals [19, 20]. Images were
preprocessed in SPM (https://www.fil.ion.ucl.ac.uk/spm/) via a unified approach [24] that included tissue
classification, bias correction, image registration, spatial normalization, and resliced to 2x2x2mm. The unsmoothed
gray matter density (GMD) images were then correlated to the gray matter template to access segmentation outliers
and outliers were corrected if possible or removed otherwise. We calculated the correlation of each gray matter
segmentation map to the mean map and removed those that had lower correlation (<0.7). We have found these criteria
to be very helpful in identifying problematic scans. We also centered and scaled the voxels of the subjects in each site
to unit variance and covaried for each site separately.

3. METHOD DESCRIPTION

We used a novel classification-voting filtering method based on a data cleansing approach to eliminate label
noise e.g. noisy, mislabeled subjects based on the structural MRI image dataset. This provided informative patterns
for further investigation and for reassigning labels for identified mislabeled subjects based on the model. Our proposed
model also provides suggested labels for noisy data sets. The method is based on computing 7 number of inner SVM
classifiers that are trained and evaluated via cross-validation. We use super vector classifiers (SVC) from the scikit-
learn python library [25] and we used a one-versus-all approach that has been implemented in the scikit-learn library
in the way that it fits one classifier for each class against all the other classes. These m number of SVM models are
then used to identify mislabeled subjects for different runs of cross-validation sets. Thus, each individual is classified
m-times by SVM for & cross-validation loops totaling m X k classification votes. Based on the m X k predicted labels,
we used consensus voting to determine if a given dataset includes a noisy label if all m X k number of voting labels
are mislabeled. Fig 1 presents a flow diagram of our method. In the following, we discuss more details regarding our
proposed method.
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Fig 1 Visual summary and workflow of different aspects of the proposed method. Preprocessing was done using SPM
on structural MRI data collected at multiple sites. Hyper-parameters optimization and parameter selection among
choosing the best dimension reduction were done using grid search. Then univariate feature selection using ANOVA
was selected as best approach and used for the dimension reduction approach, applied for dimension reduction on
preprocessed data and subsampling was done on dataset to handle imbalanced classes. Cross validated
classification/voting filtering was applied to resampled data. Then noisy labels were identified based on their votes,
cleansed dataset (exclude noise subjects) and unlabeled dataset (noisy subjects with dropped labels) feed to supervised
to evaluate and obtain the new suggested labels. Combining cleansed data and data with new suggested labels make
cleansed and relabeled data. For generalization, using a convergence approach, subsampling, cross-validated
classification voting filtering and relabeling performed iteratively on cleansed and new labeled data till we identified
a specific acceptable amount of label noise in the dataset.
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Simulation: Since there is no ground truth in the neuroimaging data, we first evaluate our method on
handwritten digit images dataset, which enables us to compare our method on data for which there is well-defined
ground truth. We introduce label noise to the dataset by shuffling a proportion of labels of instances randomly. We add
different amounts of label noise and evaluate the model. Simulation studies described in more detail in supplemental.

Grid search: This approach seeks the hyper-parameter space through cross-validation and proposes the best
candidate among possible hyper-parameters values. Grid search and the parameters’ space described in supplemental.

Dimension reduction and feature extraction: The curse-of-dimensionality comes with high dimensional
neuroimaging scan data where the number of features (voxels) is significantly larger than the number of samples (brain
images) [26, 27]. This may lead to overfitting and a lack of generalizability. We used univariate feature selection and
computed a univariate ANOVA F-value between groups based on their assigned labels and used this to select the 100
best feature vectors for each cleansing iteration.

Imbalanced classes and subsampling: To address imbalanced classes we used a random under-sampling
approach for handling imbalanced classes by resampling the majority class randomly and uniformly. This was done
repeatedly until all the instances of the majority classes were visited at least one time.

Data cleansing classification/voting filtering: We obtain votes using cross-validated classification. Using
the consensus voting approach, we considered individuals as noisy if all votes are inaccurate labels. Based on this, we
keep all the data but remove the labels for noisy subjects and consider them to be an unlabeled sample for relabeling
steps.

Relabeling using classification: We then trained the SVM model with cleansed data and predicted a new
label for noisy subjects. The classification relabeling approach assumes that when two samples in a high-density region
are similar then their output classification should be similar too. We also evaluated our relabeling dataset using another
model, a deep learning residual model, to elucidate the effect of label noise on the accuracy of the predictive model
by comparing accuracy before and after a data cleansing classification filtering method. The deep model described in
more detail in supplementary and Fig S3.

Convergence: We repeated the process from subsampling step to relabeling step iteratively with new
suggested labeled till the number of label noise identified in filtering step reach to an ad-hoc threshold (e.g. 5%). In
each iteration, subsampling, classification voting filtering and relabeling perform on the cleansed and relabeled
datasets (i.e. the entire dataset with original labels for cleansed data and newly assigned labels for label noise subjects).
By using this iterative step, label noises gradually are detected and the performance of the model increases. Combining
this iteration and randomly chosen partition for training and validating increase generalization of our approach.

Visualization: We performed voxelwise t-tests on gray matter maps to highlight brain regions where different
groups differed significantly. For each pair of groups, we ran statistical t-tests on the original non-zero vectors of
features (voxels) and then used the false discovery rate (FDR) correction for multiple comparisons. We identified
those features that were significantly different between each pair of groups and created images only containing means
of larger group of those features. We also plotted the dataset before and after cleansing on a 2D plot using 2D-tSTE
[28].

3. RESULTS

B-SNIP MRI Analysis: After validating our approach on simulation data (result of simulation in supplemental)
we applied our method on the B-SNIP dataset. For the B-SNIP data, we used a univariate ANOVA F-value to select
the 100 best features among 2,122,945 voxels for 912 individuals. Features extracted were most often found in
amygdala, cerebellum and insula regions bilaterally. Some additional features which recurred included lingual,
occipital, frontal, temporal, fusiform, para hippocampal and hippocampus regions. This was done for each type of
labelling approach (Biotype and DSM). To handle imbalanced classes, we used the subsampling approach described
previously.

Using a grid search approach, the SVM classifier with RBF kernel and penalty parameter 10 and kernel coefficient
0.04 was selected as the best model with optimized hyper-parameters for the B-SNIP dataset. The average accuracy
of classification filtering is shown in Fig 2. The average SVM classifier cross validated accuracy increased from 0.38
to 0.89 for both Biotype and DSM-IV categories using consensus voting.
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Figure 2 Average accuracy of classification filtering cross validation part after 5 iterations. In each iteration, label
noise is identified, and new labels are assigned based on similarities between them and cleansed instances. The
performance of the model increases after each iteration.

Among 912 subjects, 573 subjects (63%) were identified as label noise in the Biotype category and 601subjects
(65%) were identified as label noise in the DSM-IV category. 452 out of 912 labels were identified as noisy for both
Biotype and DSM-IV. Table 2 shows the different proportion and number of noisy labels found after 5 iterations of
cross validation classification filtering and reveals convergence at approximately 90% of data has been cleansed. At
each iteration we removed the labels for the noisy datasets (retaining the labels for the clean datasets) and fit an SVM
model to predict new suggested labels. Fig 3 shows the heatmaps of those identified label noise in different types of
labels. Also using the fit model, we predict the label for the relatives. 435 out of 581 relatives are labeled as Biotype
B3 and normal control in the Biotype category and all of 581 are labeled as controls in the DSM-IV category.

Table 2 Shared label noise using consensus voting

Consensus Biotype Consensus DSM-IV
Clean:460 Noise: 452 Clean: 460 Noise: 452
Bl B2 B3 NC BPD SADP SZp HC
Clean Noise Clean Noise Clean Noise Clean Noise Clean Noise Clean Noise Clean Noise Clean Noise
63 84 78 107 101 117 218 144 89 87 69 65 84 156 218 144

Among the evaluated criteria, the label noise found in DSM-IV showed more irregularity than Biotype criteria
after iterative classification filtering. Among 912 subjects in different groups of DSM-IV, we found that the
schizophrenia group showed the most differences. By comparing given labels and new assigned labels, the proportion
of schizophrenia group reduced from 26% to 4% of total subjects after convergence and only 6% of schizophrenia
subjects remained in the same category after filtering and relabeling. About 62% of schizophrenia subjects were
assigned new labels in schizoaffective and bipolar disorder categories and 32% of them were relabeled as healthy
controls. Also, from 912 subjects, about 6% of the bipolar group, 2% of healthy control and 6% of the schizoaffective
group, were relabeled as schizophrenia. Among different groups of patients in DSM-IV, 50% of bipolar, 20% of
schizoaffective and 42% of schizophrenia control were relabeled as healthy control. 56% of healthy controls remained
in their group and from remaining healthy control noisy subjects, 27% of them categorized as bipolar, 15% relabeled
as schizoaffective and 2% were relabeled as schizophrenia.
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Figure 3 Top: Confusion matrices show label noise subjects related to Biotype or DSM-IV categories separately
after convergence to 90% of cleansed data using consensus voting. Middle: Confusion matrices show shared label
noise subjects among Biotype and DSM-1V categories after convergence. About 50% of Biotype proband 2 (B2) and
45% of Biotype proband 3 (B3) were relabeled as normal control. Among Biotype proband 1 (B1), 81% of instances
identified as noisy label were relabeled as Biotype proband 2 (B2) and Biotype proband 3 (B3). 81% of normal
control noisy subjects were also relabeled as Biotype proband 2 (B2) and Biotype proband 3 (B3). In DSM-IV
category, 71% of bipolar proband noisy subjects were relabeled as healthy controls, whereas 64% and 32 % of
healthy controls were relabeled as bipolar proband and schizoaffective proband respectively. Among schizophrenia
label noise subjects, 38% were relabeled as healthy controls and 34% as schizoaffective proband. Bottom: Confusion
matrices show the result of predicting labels of relatives using updated labels after the above analysis. Most of the
relatives are labeled as Biotype3 (B3) and normal controls in the Biotype categories or as healthy controls in the
DSM-1V category.


https://doi.org/10.1101/2020.05.06.081521
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.06.081521; this version posted May 30, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

On the other hand, for the Biotype groups, about 32% of subjects remained in their original Biotype patient
groups and 45% of normal controls remained in their group. Normal controls and Biotype category 3 (B3) changed
subjects between each other more than any other two groups in the Biotype criterion. This may because Biotype
categories are more based on neuromarkers than clinical symptoms and Biotype category 3 is biologically most similar
to normal controls [22]. For the Biotype cleansed relabeled dataset, 51% of relatives were categorized as Biotype B3,
24% of them were labeled as normal control, 17% of them were categorized as Biotype B2 and 8% were categorized
as Biotype B1.

T-SNE 2D-projection of original and new labels shows how well subjects categorized based on their labels.
First, 100 features were extracted from nonzero voxels using the univariate feature selection method. Next, these
features were projected in the 2D plot using tSNE. Fig 4 shows the t-SNE 2D-projection of the original dataset with
label noise in the left panel, and projection using the new suggested labels in the right panel.

Voxel-wise t-tests were run on non-zero voxels between each category. Then FDR correction was applied to
correct for multiple comparisons. Voxels showing significant differences at a significance level a=0.05 were identified.
Fig 5, 6, 7, 8 show the results of statistical testing between each group. Fig 5, 6 show gray matter brain maps results
using Biotype cleansed labels and Biotype original given label (old label) containing noise. Fig 7, 8 show gray matter
brain maps results using DSM-1V cleansed labels and DSM-IV original diagnostic labels. Results who more voxels
showing significant differences when using the cleansed data, and more voxels showing significant differences in the
DSM compared to the Biotype data. Importantly the regions that are shown are consistent with previous work [10]
[11] (for example in schizophrenia we find reductions in bilateral temporal and insula regions as well as medial
frontal).

Table 3 shows regions where the statistical tests are significantly different after FDR multiple comparisons
correction on the p-values. When using the original dataset, we did not find differences in as many regions. There
were significant differences in some regions between healthy controls and schizophrenia and bipolar probands and
schizophrenia. Significantly different brain regions for the relabeled data are indicated with @ and by ¢ in the original
dataset.

4. DISCUSSION

Current diagnostic categories for mental illness are not biologically based and exhibit considerable
heterogeneity within diagnosis and overlap across diagnoses [29, 30]. Most imaging biomarker studies do not
surprisingly use the DSM categories as the ground truth, which, while informative, does not help us move beyond the
known validity issues. In this work, we present a first towards addressing the known problems with existing labeling
schemes but providing a way for them to be updated by biological data (e.g. brain imaging). The approach we use
uses a current categorization approach as input but then updates are using additional biological data by assuming there
is noise in the assignment process. We show that the MRI data is pushing against the labeling assigned via two different
diagnostic categorization approaches (DSM & biotypes). Then using existing categories, we ask how the data should
be categorized within each scheme to reduce the label noise. We are currently exploring extending this work via semi-
supervised approaches and to nominate new categories based on the biological data alone. This is an extremely difficult
task which has been underexplored in the context of brain imaging data and we hope to contribute more on this going
forward.

Many studies have been done to address label noise issues in different domains such as medical imaging [31,
32,33, 34, 35, 36]. However, label noise is still an open question in computer-aided diagnosis systems. It is arguably
made worse by the use of advanced approaches like deep learning, which also typically require a ground truth [32].
The problem is very difficult for mood and psychosis disorder, which share symptoms. It is often challenging to obtain
reliable labels for the classification task and in reality, because of many reasons such as insufficient information or
even expert’s mistakes or poor data quality [1] we have to deal with labels that are polluted by label noises [2].
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Figure 4 Left panel shows t-SNE 2D-projection of original dataset with label noise and right panel shows 2D-
projection using new suggested labels. Top: 2D-projection using Biotype labels. Bottom: 2D-projetion using DSM-1V
labels. In both categories of Biotype and DSM-1V, affinities between data points shows subjects in different group of
disease and healthy control overlap in noisy data. After identifying label noise and relabeling, the similarity between
data points is more obvious and subjects with the same labels are close together. Embedded data into 2D space using
original labels does not support the fact that subjects labeled based on their similarities. It is hard to interpret how
groups differentiate from each other using original label, because there is considerable overlap between subjects.
Cleansed dataset with new suggested label shows there is gradient pattern in both DSM-IV and Biotype categories
from healthy/normal control to most severe cases of Biotype Bl or schizophrenia probands contain other mild cases
in between.
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Figure 5 Gray matter map results of voxel wise t-tests between 4 Biotype groups after data cleansing using
classification voting filtering. Top row) NC vs. Bl, NC vs. B2, NC vs. B3. Bottom row) Bl vs. B2, Bl vs. B2, B2 vs.
B3. Gray matter contrast between normal controls and Biotype probands shows they have differences with different
levels in overlapped regions after cleaning and relabeling individuals. Gray matter differences between normal control
and Biotype proband 1 (B1) have strongest separation among the other comparison tests. The gray matter contrast is
lower between healthy controls and Biotype proband 3 (B3). Biotype proband 2 (B2) and Biotype proband 3 (B3) show
the fewest differences.
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Figure 6 Gray matter map results of voxel wise t-tests between 4 Biotype groups on given labels. Top row: NC vs. B,
NC vs. B2, NC vs. B3; Bottom row: Bl vs. B2, Bl vs. B2, B2 vs. B3. Gray matter contrast between normal controls
and Biotype probands only shows significant difference in some regions between normal controls and Biotype proband
1 (B1) using original labels. Gray matter density group differences between other groups do not show differences.

10


https://doi.org/10.1101/2020.05.06.081521
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.06.081521; this version posted May 30, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

BPD > SADP BPD < SADP BPD>SZP BPD<SZP SADP >SZP SADP < SZP

Figure 7 Gray matter map results of voxel wise t-tests between 4 DSM-IV groups after data cleansing using
classification voting filtering. Top row) BPD vs. HC, HC vs. SADP, HC vs. SZP. Bottom row) BPD vs. SADP, BPD vs.
SZP, SADP vs. SZP. Gray matter contrast between healthy controls and DSM-1V probands shows they have differences
with different levels in some overlapped regions after cleaning and relabeling individuals. Gray matter difference
between healthy control and bipolar proband (BPD) has strongest separation among the other. The gray matter
contrast shows differences between healthy control and schizophrenia and schizoaffective probands as well. Also,
group differences could be observed between the bipolar proband group vs. schizophrenia and bipolar proband group
vs. schizoaffective proband groups. However, schizophrenia and schizoaffective groups did not separate after data
cleansing and relabeling.

BPD > SADP BPD < SADP BPD >SZP BPD <SZP SADP >SZP SADP < SZP

Figure 8 Gray matter map results of voxel wise t-tests between 4 DSM-1V groups on given labels. Top row: BPD vs.
HC, HC vs. SADP, HC vs. SZP. Bottom row) BPD vs. SADP, BPD vs. SZP, SADP vs. SZP. Gray matter contrast was
only significant in some areas between healthy controls and schizophrenia proband using the original labels. Group
differences between other groups were not found.
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Table 3 Area of containing voxels obtained by statistical significant test on the relabeled data e and original data ¢

B1 B1 B2 NC NC NC BDP BDP BDP HC HC SADP
Vs. Vs. Vs. Vs. Vs. Vs. Vs. Vs. Vs. Vs. Vs. Vs.
B2 B3 B3 B1 B2 B3 HC SADP Szp SADP Szp Szp
Area
Angular Gyrus . . . .
Anterior Cingulate . LX) . . . . . X4
Caudate . .
Cerebellar Lingual °
Cerebellar Tonsil . (X0 . (X . . . . . . 0 .
Cingulate Gyrus LX) ] . L X0 L X9
Claustrum .
Culmen . . (X . . . . . (XY LX) .
Cuneus LX) . . . . . . LX)
Declive LX) . . . . . 0
Extra-Nuclear . . X . . . . . 0 0 .
Fusiform Gyrus . . . . . °( .
Inferior Frontal Gyrus . LX) LX) . . . . . . X4 .
Inferior Occipital Gyrus . . ° L XY
Inferior Parietal Lobule °0 . . ° .
Inferior Temporal Gyrus . . . . . . ° .
Insula . . (X0 . . . LXo LX) .
Lateral Ventricle 0 . . ° .
Lentiform Nucleus [ . . . . . X9 £X%
Lingual Gyrus LX) . . . ] . . .
Medial Frontal Gyrus . . LX) . . . . . X4
Middle Frontal Gyrus LX) . . . . . .
Middle Occipital Gyrus LX) . . LXo LX9
Middle Temporal Gyrus LX) . . . . ° X4
Nodule [ X . LX) . 0
Paracentral Lobule . [ X . . . . . . .
Parahippocampal Gyrus . . . LX) . . . . . X9 X4 °
Postcentral Gyrus LX) . . . X4
Posterior Cingulate . . . ° ° °
Precentral Gyrus . . X9 ° . ° ° °
Precuneus (X" . ° ° . LXo LX%
Pyramis . . LX) . . ° ° ° °
Sub-Gyral . . LX) . . . . . X9 £X%
Subcallosal Gyrus ] ] . . . . . . . .
Superior Frontal Gyrus LX) . . . . ° ° 0
Superior Parietal Lobule . . . .
Superior Temporal Gyrus ° (X9 . . . ° . o LX)
Supramarginal Gyrus . ° ° °
Thalamus . LX) . (X0 . LX9 0 .
Transverse Temporal Gyrus . . . ° °
Tuber LX) . . . . . .
Uncus [ X9 . . . ° . L X9 LX) L X9
Uvula XY ° ° ° ° ° 0

Additionally, data acquisition, quality control and preprocessing steps can have an impact on the estimated
label noise, though we do careful quality control in order to mitigate these aspects as much as possible. Mislabeled
instances may be included in any proportion of data i.e., training, validation and testing dataset which affect the
performance of model evaluation and produce unreliable results. Also, there is often considerable overlap among the
subjects and no clear boundaries between the groups. For all these reasons and a lack of ground truth in neuroimaging
studies, identification of label noise becomes extremely difficult.

Voting filtering is one approach that has been proposed to try to identify label noise and involves removing
an instance when all learners agree [1] [34] [37]. We approach this from a data cleansing perspective, that is, we first
identify the noisy labels. One advantage of a data cleansing approach is it reduces the complexity of the model. It also
increases the performance of the classifier; however, as we saw, it may remove a large number of cases. Indeed, if
those cases are truly noisy (either because the label or the labeling system is inaccurate or incomplete), then they
should be excluded. To avoid overcleansing problems and mitigating removing minority instances using classification
filtering in imbalanced datasets, we used a subsampling approach. We used a random under-sampling approach to
handle imbalanced classes and resampled the majority class randomly and uniformly. This was done repeatedly till all
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the instances of the majority classes were visited at least one time for each cross-validation iteration. Future studies
will explore the other possible approaches for addressing imbalanced data.

Simulation study (described in supplemental) supports our view that one of the consequences of label noise
is that it decreases the performance and accuracy of the model. The presence of label noise can disrupt the underlying
patterns we are trying to discover. Our analysis of real data also proves this fact that label noise blurred the underlying
patterns. The 2D projection using original labels shows lack of similarities between each subject in the 2D space
within groups. This does not support the fact that there is a relationship between probands belonging to the same
group. However, the cleansed 2D projection shows there is a gradient pattern between groups from healthy controls
to the most severe Biotype case Bl or from healthy controls to schizophrenia for DSC. Results were promising, but
additional work is needed. For example, some of the results suggest a gradient pattern between groups from healthy
controls to more several patients. Thus the use of additional subcategories or using dimensional information (as
suggested in the NIMH RDoC approach)instead of a categorical approach may provide a more meaningful
representation of relabeled subjects and underlying relation between them. More detailed mood disorder diagnoses
will lead to more effective treatments [38]

Cleansed data showed many more significant voxels than did the original data. In addition, the DSM-IV
cleansed data showed more significant voxels than the Biotype cleansed data. Interestingly, the cleansed dataset
showed many more significant differences, providing possible support for our approach. Reclassified relatives had the
same distinct features in brain regions more similar to DSM-IV healthy control and Biotype B3 and Biotype normal
control in the cleansed dataset.

Reclassifying subjects does not suggest a patient is not actually sick or a healthy person had mental disorders.
Relabeling just shows how the subjects can be grouped in more homogeneous categories based on the SMRI features.
However, it shows very clearly that categories are not reflecting the underlying biology (as measures by sMRI) well.
In addition, the fact that 1) the relabeled data showed a clear gradient from the most to least severe categories, and 2)
there were more voxelwise group differences in regions that were consistent with what might be expected, in the
cleansed data, provides intriguing evidence and supports continued work in this direction.

Also, the main reason for choosing unsmoothed images was to avoid removing relevant information. Indeed,
if we smooth the images, the classification results are lower. Future work can include incorporating multiple types of
data (e.g. EEG, structural MRI and functional MRI). In addition, allowing the approach to developing new categories
(e.g. via splitting and merging) is another interesting topic for future work. Another interesting and important avenue
of study is to investigate the individuals who were identified as having noisy labels in more depth (i.e. the boundary
cases). We are planning to do this in future work. Ultimately the results need to be validated clinically.

5. CONCLUSION

In this paper, we proposed a novel approach to estimate label noise prevalent due to incorrect diagnostic
classification. We used iterative classification voting filtering using an SVM model. We applied our method to brain
imaging in the context of a multi-label imbalanced data from various psychosis disorders and healthy controls. Overall
accuracy increases and converges after iterating classification filtering and relabeling steps. The proposed method
provides a promising approach for feature extraction of brain images even on noisy datasets by assigning new labels
to those inconsistently diagnosed/labeled individuals over multiple iterations. This method identified noisy label
samples and suggested new labels for them with the current noisy dataset without requiring extra clean samples in any
classification domain by estimating appropriate models and finding optimal hyper-parameters for each classification
task. Our method shows that although there was a similar proportion of label noise in multiclass Biotype and DSM-
IV categories, label noise distributions were more irregular in DSM-IV than in Biotype categories; however, DSM-IV
data showed more significant voxels when evaluating group differences on cleansed data. Our method showed a
transparent gradient from the most to least clinically severe groups. Our hope is that this represents an initial step
towards a semi-blind categorization approach that is both informed by clinical as well as high-dimensional biological
data.
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