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Abstract

Intelligence Quotient (IQ) is a widely used indicator of cognitive ability and is commonly assessed through
standardized psychometric tests. However, questionnaire-based I1Q assessments may be impractical for certain
populations (e.g., very young children) and can be influenced by non-neural factors. In recent years,
neuroimaging has enabled the investigation of the relationship between brain structure/function and
intelligence. Functional Magnetic Resonance Imaging (fMRI), due to its ability to capture brain activity
patterns, provides an opportunity for building automated IQ estimation or IQ-level classification systems.
Nevertheless, fMRI data are high-dimensional, noisy, and temporally complex, which motivates the use of deep
learning models that can learn sequential dependencies. This study proposes a hybrid framework that
combines Long Short-Term Memory (LSTM) networks with a fuzzy inference engine to improve robustness
under uncertainty and noise. This research uses the ABIDE dataset, which provides resting-state fMRI data
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along with phenotypic information. The Full-Scale IQ (FIQ) is considered as the main intelligence criterion.
Since FIQ is missing for a subset of subjects, it is computed from Verbal IQ (VIQ) and Performance 1Q (PIQ)
using the linear relation reported in the manuscript (Relation (1)).
The pipeline consists of three main stages:
1.Preprocessing: Skull stripping and preparation of brain data, followed by standard fMRI preprocessing
steps including noise removal, normalization, realignment, smoothing, ROI selection using the AAL atlas,
and extraction of ROI-wise temporal BOLD signals.
2.Temporal Feature Learning (LSTM): The extracted ROI time-series are fed to a multi-layer LSTM to
capture temporal dynamics and long-range dependencies. The learned latent representation is mapped
to a normalized score qLSTMq_{\text{L.STM}}qLSTM that summarizes the temporal evidence.
3.Fuzzy Inference (TSK): To manage uncertainty in brain signals and improve decision stability, a first-
order Takagi-Sugeno—Kang (TSK) fuzzy inference system is employed. The fuzzy system uses
qLSTMq_{\text{LSTM}}qLSTM along with additional normalized indices (e.g., connectivity and
structural indicators defined in the manuscript) to infer the final IQ estimate/class. The rule-base (Table
(2)) is used to combine evidence through weighted aggregation of membership degrees.
For evaluation, the data are split into training and test sets, and K-fold cross-validation is used.
Performance is reported using accuracy and class-wise Fl-score (as illustrated in the corresponding
figures), and the proposed method is compared against baseline architectures.
The experimental results indicate that the proposed hybrid LSTM-Fuzzy model achieves higher performance
than the baseline methods implemented under the same experimental setting on ABIDE. In particular, the
proposed approach reaches an accuracy of 83%, demonstrating a noticeable improvement over conventional
deep models and hybrid baselines. The learning curves show a decreasing trend of training and testing errors
across boosting/training rounds, suggesting stable convergence. In addition, the class-wise F1-score analysis
confirms that the proposed method improves classification consistency across 1Q-level categories.
The improvements can be attributed to two complementary factors. First, LSTM effectively models the
temporal variability of resting-state fMRI signals and captures sequential dependencies across ROI time-series.
Second, fuzzy inference provides a principled mechanism to handle ambiguity and noise by translating
numerical evidence into interpretable linguistic rules and aggregating them through membership degrees. This
hybrid design increases robustness when the neuroimaging data contain uncertainty, which is common in
multi-site resting-state datasets. A key practical aspect of this work is the consistent use of FIQ (reported or
computed via Relation (1)), which ensures coherent labeling and evaluation across subjects.
Limitations include dataset heterogeneity (scanner/site effects), computational complexity, and sensitivity to
preprocessing choices. Future work may incorporate domain adaptation, transfer learning, or more advanced
temporal encoders to improve generalization across acquisition sites.
This study presents a hybrid deep learning and fuzzy logic framework for I1Q detection/estimation from resting-
state fMRI. By combining LSTM-based temporal feature learning with a TSK fuzzy inference engine, the
proposed approach improves performance and robustness on the ABIDE dataset. The results suggest that
integrating deep sequential modeling with fuzzy reasoning is an effective strategy for fMRI-based cognitive
score analysis.

Keywords: 1Q, deep learning, brain fMRI images, LSTM network, fuzzy inference engine.
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(Figure- 2): The amount of training error and test error in
1Q detection on the proposed model
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(Figure-3): 1Q detection using the F1-Score criterion for
each class on the proposed model
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(Table-3): Comparison of the accuracy criteria for the
models implemented on the ABIDE dataset

Jow pb CBS 4y o
o9 <o
ResNet-50 [5] o, OY
VGG16 [5] ao,ye VY
ResNet-50+XGboost [5] oy Fe
LSTM [21] ao,e FY
LSTM+Fuzzy do s AY

P9y (i b oleiinn by 0 8o (1) Jou 5o

@lhale glaulie plxil jshated Cusloads anslie 4l
»+ LSTM 5 VGG16 . ResNet-50 ol sl sloJos
5 oad giluosly M5 [0] iy clalas ol
S ooslital by GleSs luld coo lagby, le
ol e wlad 3018 bl 5,90 ABIDE 6solsac gaze
(09 8y 8yed o heo g (b))l (ol jlre (Aaghy
P o oS bl lecaloads aid 3 ks (o (FIQ) IS
&ye04 FIQ  Jluae ABIDE solsdcgome (sladiges
(V) sl 5loolatul b o jlade canloais )15 eudiue
G () Jooz 0 dewlxo PIQ o VIQ polie yolwl g
b (599 800 (e e 53 Gty Slalllae s 95


http://jsdp.rcisp.ac.ir/article-1-1443-en.html

[ Downloaded from jsdp.rcisp.ac.ir on 2026-09-14 |

[19] S. Polsterl et al., "Prediction of fluid intelligence
from MRL," in MICCAI Workshop, 2019.

[20] S. Srivastava et al., "Predicting fluid intelligence
using ensemble methods," Springer, 2019.

[21]Y. Li et al., "Accounting for temporal variability
in fMRI improves 1Q prediction," Human Brain
Mapping, vol. 44, no. 13, pp. 47724791, 2023.

[22] L. Xiao et al., "Alternating diffusion map-based
fusion," IEEE Trans. Biomedical Engineering,
vol. 66, no. 8, pp. 21402151, 2018.

[23] S. Zhang et al., "Multi-task learning model for
1Q prediction," Environmental Research, 2024.

[24] M. A. Hussain et al., "Deep learning on structural
MRIL," Scientific Reports, vol. 14, 2024.

[25] X. Tong et al., "Connectome signatures from
resting-state fMRL," Translational Psychiatry,
vol. 12, no. 1, 2022.

[26] Y. Sun et al., "Voxel-level brain state prediction
using Swin Transformer," arXiv preprint, 2025.

[27] N. He, C. Kou, "Prediction of IQ from resting-
state fMRL," Int. J. Developmental Neuroscience,
vol. 84, no. 7, pp. 779-790, 2024.

[28] J. A. Thiele et al., "Choosing explanation over
performance," PNAS Nexus, vol. 3, no. 12, 2024.

oS bl et ¢l o6 S s chains [Y4]

dolilad & gomptns gisg)glS s 85 5l ooliiad b

VA Slrio BOF 5 )les ¥ 895 dooshs 5 pidle il
AFLY 54

[29] Motamed, S., Askari, E., "Detection of handgun
using 3D convolutional neural network
(3DCNNSs)," Signal and Data Processing, vol. 2,
no. 56, pp. 69-79, 2023.

[30] M. Hanik et al., "Predicting cognitive scores with
graph neural networks," Brain Imaging and
Behavior, 2021.

Ad, o) 06 515 dwdze 1yl
sian ish IS bl oo
&9 .CA..«J‘OO; s.,\SL’)») \Yar JL..J BN
e 098 kol STen
Cawl Sl g egd axly oDl olﬂ oKy ygualS

alal (B30 (Lgae Gher linl degh sleaiw;
ol ole lal ALy slas

sara.motamed@iau.ac.ir

TSR FTNNE T JER
FoeelS gwige w3 oulin)ls
S 0e5 el IS S 0w (g9 onl
ol axly Ll ol51 olKidls

29bas (B335 (S (SR ladine) Cuslos,S 23k )
Sl el o jle lagl &L, s
_eghdami6 1 @gmail.com

7-References &= oV

[1] G. O. Adebayo, R. V. Yampolskiy, "Estimating
intelligence quotient using stylometry and
machine learning techniques: A review," Big
Data Mining and Analytics, vol. 5,n0. 3, pp. 163—
191, 2022.

[2] P. Thilakavathy, B. Diwan, "Semi-automatic
framework for estimating intelligence quotient
(IQ) using MRL," Archives of Clinical and
Biomedical Research, pp. 2087-2101, 2021.

[3]F. Liu, Y. Shi, Z. Chen, "Intelligence quotient test
for smart cities in the United States," Journal of
Urban Planning and Development, vol. 147, no.
1, p. 04020053, 2021.

[4] F. Ke, H. Liu, M. Zhou, R. Yang, H.-M. Cao,
"Diagnostic biomarker exploration of autistic
patients with different ages and verbal
intelligence quotients using random forest," /EEE
Access, vol. 9, pp. 123861-123872, 2021.

[5] A. Arya, M. Manuel, "Intelligence quotient
classification from human MRI brain images
using convolutional neural network," in Proc.
12th Int. Conf. Computational Intelligence and
Communication Networks (CICN), IEEE, 2020,
pp- 75-80.

[6] L. Wang, C. Y. Wee, H. I. Suk, X. Tang, D. Shen,
"MRI-based intelligence quotient estimation with
sparse learning," PLoS Omne, vol. 10, no. 3, p.
e0117295, 2015.

[71 Y. Li et al.,, "Brain anatomical network and
intelligence," PLoS Computational Biology, vol.
5, no. 5, p. 1000395, 2009.

[8] M. McDaniel, "Big-brained people are smarter: A
meta-analysis of brain volume and intelligence,"
Intelligence, vol. 33, no. 4, pp. 337-346, 2005.

[9] K. Supekar et al., "Neural predictors of individual
differences in response to math tutoring," Proc.
Natl. Acad. Sci. USA, vol. 110, no. 20, pp. 8230—
8235,2013.

[10] S. Frangou, X. Chitins, S. C. Williams,
"Mapping IQ and gray matter density in healthy
young people," Neurolmage, vol. 23, no. 3, pp.
800-805, 2004.

[11] "MRI from picture to proton," American Journal
of Neuroradiology, vol. 29, no. 6, p. €50, 2008.

[12] M. A. Balafar et al., "Review of brain MRI
image segmentation methods,"  Artificial
Intelligence Review, vol. 33, no. 3, pp. 261-274,
2010.

[13] Y. Roy et al, "Deep learning-based EEG
analysis: A systematic review," Journal of Neural
Engineering, vol. 16, no. 5, 2019.

[14] S. S. Yadav, S. Jadhav, "Deep CNN-based
medical image classification," Journal of Big
Data, vol. 6, no. 1, pp. 1-18, 2019.

[15] M. A. Hussain et al., "Can deep learning predict
human intelligence from structural MRI?,"
bioRxiv, 2023.

[16] T. Shen, "Classifying brain using convolutional
neural networks," M.Sc. Thesis, University of
Manchester, 2020.

[17] Y. S. Vang, Y. Cao, X. Xie, "Deep learning and
gradient boosting for intelligence prediction," in
ABCD-NP Challenge, MICCAL, 2019.

[18] A. El Boustani et al., "MRI brain classification
using CNN," in AI2SD, Springer, 2020.

Y 2l ) 5L VFed Jlw

¥


mailto:sara.motamed@iau.ac.ir
mailto:alipour@ubonab.ac.ir
http://jsdp.rcisp.ac.ir/article-1-1443-en.html
http://www.tcpdf.org

