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Abstract. Accurate and interpretable assessment of cognitive functions
from neuroimaging data is critical for understanding cognitive health.
Existing methods either rely on subjective assessments or struggle to
capture the complex, time-varying interplay between brain regions, hin-
dering both predictive accuracy and neurophysiological interpretabil-
ity. In this paper, we introduce BrainWeaver, a novel framework de-
signed to overcome these limitations by weaving task-relevant neural
patterns from dynamic connectomes. Specifically, BrainWeaver uses an
ROI-guided dynamic multi-graph fusion module to capture spatial de-
pendencies and temporal fluctuations in fMRI data. To enhance inter-
pretability, we integrate neuroscience priors via a hierarchical graph rep-
resentation module that reinforces key ROI contributions. Moreover, we
employ a contrastive learning paradigm to disentangle cognitive pat-
terns from modality-specific noise and inter-subject variability. Exten-
sive experiments on the large-scale HCP S1200 benchmark show that
BrainWeaver outperforms state-of-the-art baselines across three distinct
cognitive domains. Ablation and interpretability analyses further demon-
strate the substantial contribution of neuroscience-guided hierarchical
representation and reveal task-relevant brain network patterns. Code is
available at https://github.com/ZJUDatalntelligence /BrainWeaver!

Keywords: Dynamic brain networks - Graph neural networks - Cogni-
tive assessment

1 Introduction

Accurate and objective assessment of cognitive functions is critical for cognitive
science and clinical neurology. Cognition is multifaceted requiring a robust pre-
dictive framework to generalize across distinct domains. In this work, we focus
on three core dimensions, including working memory for reasoning and decision-
making , inhibitory control reflecting executive attention , and general cogni-
tive status for cognitive impairment screening @ﬂ However, traditional cognitive
assessments heavily rely on behavioral paradigms . These methods are fun-
damentally limited because they rely on indirect behavioral data and are easily
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compromised by subjective factors like participant fatigue [29]. They also lack di-
rect neurophysiological interpretability [35]. Thus, developing objective, robust,
and interpretable cognitive assessment methods based on direct neuroimaging
data remains an urgent challenge.

The advent of neuroimaging coupled with artificial intelligence has enabled
more direct assessment. Early work applied machine learning [24,29] or deep
learning models [27] to functional Magnetic Resonance Imaging (fMRI) and elec-
troencephalography (EEG) signals [2/12] to decode cognitive states or predict
clinical outcomes [28,/29]. Brain connectomes naturally present a high dimen-
sional non-Euclidean graph structure of Regions of Interest (ROIs) and their
connections, making Graph Neural Networks (GNNs) [114/16/31] a superior tool.
GNNs have achieved remarkable success in clinical diagnosis, such as identifying
disease-relevant brain regions [4}/14], enhancing predictive robustness 25|, and
integrating multimodal data for psychiatric diagnosis [6},826}33].

Despite these advances, existing graph-based methods face critical limita-
tions. The first gap is the static assumption. Many GNN-based methods treat
functional connectivity (FC) as static by averaging brain activity over time [27],
ignoring rapid temporal reconfigurations of brain networks driven by sponta-
neous activity. Dynamic graph neural networks [10,19}/23,/36] and recent neu-
roimaging adaptations |15,/32] attempt to capture spatial and temporal features
but overlook neuroscience prior knowledge. The multiple demand (MD) system
theory shows that diverse cognitive tasks rely on a shared neural scaffold primar-
ily anchored in the prefrontal and parietal cortex [5|. Current dynamic models fail
to hierarchically prioritize this domain knowledge. Existing interpretable mod-
els like BrainGNN [17] focus on salient regions but are limited to static graphs.
Lastly, fMRI data’s noisy nature, high inter-subject variability and imaging arti-
facts, hinders the extraction of task-relevant neural signatures. While contrastive
learning |20] enables robust representation learning in neuroscience [3}/18], its in-
tegration with prior-guided dynamic networks remains unexplored.

To address these combined challenges, we propose BrainWeaver as a novel
framework designed to integrate task relevant neural patterns from dynamic
connectomes by explicitly incorporating neuroscientific priors. BrainWeaver sys-
tematically overcomes these limitations through three components. To capture
the dynamic nature of brain function, we utilize a multi-graph temporal at-
tention fusion guided by ROIs. This accurately models the complex spatial de-
pendencies and temporal fluctuations inherent in the time series data. To in-
corporate domain knowledge, we design a key ROI-specific hierarchical graph
representation method, which leverages neuroscience priors to strategically re-
inforce the contributions of known functional areas enhancing both predictive
performance and model interpretability. We further apply an individual invari-
ance contrastive learning paradigm to disentangle universal cognitive patterns
from modality-specific noise and differences among subjects ensuring a robust
representation. We conduct extensive experiments on the large-scale HCP S1200
benchmark, demonstrating that BrainWeaver achieves competitive performance
against state-of-the-art baselines across diverse cognitive domains, with con-
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Fig. 1. Overview of BrainWeaver for cognitive assessment, consisting of three key com-
ponents: (A) ROI-guided multi-graph temporal attention fusion module processing
dynamic brain networks through self-attention mechanisms, (B) Key ROI-specific hi-
erarchical graph representation module leveraging neuroscience prior knowledge to pri-
oritize critical brain regions, and (C) Individual invariance multi-modal representation
learning module using contrastive learning to reduce modality-specific noise and indi-
vidual differences.

sistent benefits from the proposed prior-guided representation and contrastive
learning modules.

2 Methods

The BrainWeaver framework is an end-to-end framework designed to robustly
predict diverse cognitive scores, as shown in Fig. [} For each subject, we first
model the fMRI data as a sequence of dynamic brain graphs: {G1,Ga, ..., Gy},
where M is the number of temporal graphs. Each graph G; = (V, E;, X;) is
defined over a fixed set of N nodes (ROIs), V = {vy,...,vx }. However, the edge
sets F; (functional connectivity) and node features X; € RV*? (e.g., BOLD
signals) evolve over time. Our goal is to leverage this dynamic, graph-structured
data to predict the subject’s cognitive score.

2.1 ROI-Guided Multi-graph Temporal Attention Fusion

To address the failure of static models to capture brain dynamics, an ROI-guided
multi-graph temporal attention fusion module is designed to learn a unified
representation from the sequence of dynamic graphs. We hypothesize that by
modeling the temporal fluctuations of connectivity, we can capture the task-
relevant neural patterns missed by static averaging.

This module operates via intra-graph spatial attention and inter-graph tem-
poral fusion. For each G,, in the sequence, we compute a node self-attention
matrix A,, to capture the spatial dependencies at that specific time point:
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A, = softmax (Qngl) (1)

Vdy

where Q™ = X™W® and K™ = X™WX. To integrate information across time,
we design a cross-graph attention fusion mechanism. This learns to aggregate
node features (X) and attention weights (A) from all M graphs, assigning higher
importance to the most salient time points. This is achieved by calculating tem-
poral attention scores (8 and 7) to produce a single fused graph representation
G that encapsulates the most critical spatiotemporal information. For each node
vk, we extract its corresponding attention weight vectors from M graphs to
form attention matrices Aq[:, k], A2, k], ..., An[:, k]. Each attention vector is ex-
panded to dimension [N, 1], and then an individual attention network is used to
obtain the inter-graph attention scores S € RM*N for node vy:

Sk =Y Gil::4]© GEL:, v, 4] (2)

j=1

where G} = WJIA. i, Gk = W;A:7k, and WJ € Rés <1 ng € R4*1 agre the
query and key projection matrices for graph attention. d; denotes the hidden
dimension of the graph attention. After normalizing Sj, we obtain the inter-
graph attention weights S;[i], and construct the fused attention weight matrix:

M
Ay = Zﬁk[i] © Ail:, K] (3)
i=1

Similarly, we also fuse node features from multiple graphs. We stack all node
features into a tensor and compute feature fusion weights v through a parallel
attention network. The fused node feature matrix X is calculated as:

m

X = ZV[Z] o X; (4)

Then, we construct a fully connected fused graph G= v, E X ) where every
pair of nodes is connected by an edge with weights derived from the fused at-
tention matrix A. The edge weights in the fused graph are defined as Ejk =Aj
for all node pairs (7, k).

2.2 Key ROI-specific Hierarchical Graph Representation

To enhance the interpretability, we design a hierarchical structure guided by a
priori knowledge of the brain’s functional architecture. As neuroscience literature
[5] confirms, diverse cognitive tasks rely on a shared core network known as the
MD system which is primarily anchored in the prefrontal cortex and posterior
parietal cortex. We define a set of these key nodes R = {rq,...,rk }.

We assign an initial importance coefficient to each brain region. Key ROI
nodes are initialized with a value of 1, while other nodes are assigned a small
value e. A multilayer perceptron then learns to dynamically adjust the impor-
tance weight s; of each node based on the fused input representation z;:
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o(MLP(z;)), if ieR (5)
si = .
€-0(MLP(z;)), otherwise

where o is the sigmoid function. Using key brain regions as core nodes, we form K
clusters by selecting neighbors based on edge weights and neighbor importance.
The cluster assignment probability for node j to cluster k is defined as:

Pj—k = o(Wjk - 5;) (6)

where wjy;, is the edge weight between node j and the core node of cluster k.

Cluster representations are then generated using a Graph Attention Network
(GAT). Then, each cluster is treated as a single node, and multi-head attention is
applied to compute the attention from unclustered nodes to each cluster. During
the graph pooling stage, we introduce local and global residual connections. The
original unclustered node features and the global average pooled representation
of all nodes are added to the final output to preserve fine grained spatial details
and global structural context.

2.3 Individual Invariance Multi-modal Representation Learning

To address the high data noise and inter-subject variability, we design the indi-
vidual invariance multi-modal representation learning module to reduce modality-
specific noise (e.g., fIMRI scan artifacts, behavioral sensor variations) and inter-
individual differences to improve model robustness. Following recent advances
in cross modal semantic alignment [3}/13,/20], we treat fMRI representations and
clinical metadata as positive pairs for the same subject. All other combinations
within a training batch are considered negative pairs. We project both the brain
network representations and the encoded metadata into a shared embedding

space as u; and v; respectively. We optimize the alignment using a symmetric
InfoNCE loss ](\Jfleﬁned as:
fon = L3 (1og cxplsmluse/r) o explsim(vi,ug)/7) )
N &~ > =1 exp(sim(u;, v;)/7) > =1 exp(sim(vj, u;)/7)
(7)
where 7 is a temperature hyperparameter and sim denotes cosine similarity. A
prediction head maps the final graph embedding to the estimated cognitive score
7;. The entire framework is trained end to end by minimizing a joint objective
function that combines the mean squared error (MSE) of the prediction and the
contrastive alignment loss:

L = Lyse + ALcL (8)

where A controls the regularization strength of the contrastive objective. To
avoid leakage, metadata excludes all cognitive scores.

3 Experiment

3.1 Experimental Settings

Data. We validate our framework on the large-scale HCP S1200 dataset, which
provides multimodal neuroimaging data from healthy young adults [30]. Follow-
ing NeuroGraph [15[22], we use resting-state fMRI dynamic graphs constructed
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Table 1. Performance comparison across three cognitive tasks.

Model ‘ ‘Working Memory Inhibitory Control General Cognitive Status
RMSE MAE MAPE RMSE MAE MAPE | RMSE MAE MAPE
GCN 1446 o077 11.53 o068 11.54 +071 | 12.54 056 10.16 051 10.15 045|247 008 1.92 007 6.65 £022
GIN 14.90 040 11.85 033 11.63 046 | 14.17 =111 11.77 097 11.30 £0.94| 3.79 £ 0.65 3.47 067 11.87 +2.32
GAT 14.78 082 11.69 071 11.61 o082 | 14.59 + 1.08 11.58 + 088 11.61 + 082 |2.75 +043 2.12 £ 0314 7.33 +1.19

GraphSAGE| 14.99 077 11.92 050 11.92 +053 | 13.15 068 10.60 +0.61 10.73 064 |2.44 + 013 1.90 £ 009 6.60 + 0.34

ASTGCN | 13.80 +037 10.95 039 11.01 045 | 10.70 033 876 +034 890 +033 [1.72 011 1.33 £008 4.62 +032

DySAT 14.84 <124 11.84 =105 11.73 +1.20 | 12.07 £3.04 10.09 +280 9.92 £243 [ 246 £1.55 2.29 160 7.85 +545
EvolveGCN | 1347 + 031 10.74 042 10.69 + 046 | 10.74 045 890 051 880 +047 |1.85 040 1.66 +0.39 5.66 +1.33
TGCN 13.63 028 10.89 035 10.56 040 | 10.53 032 8.70 £ 040 8.63 038 | 1.34 006 1.17 006 4.00 +022

STAGIN 13.62 £025 10.88 £034 11.05 042 | 11.12 028 892 +042 9.16 +036 | 1.38 £ 027 1.12 +028 3.93 +£0.95
STNAGNN | 13.63 052 10.84 +052 10.63 + 048 | 12.49 + 088 10.52 +0.87 10.12 £ 078 | 3.94 + 076 3.80 £ 079 12.98 + 272
Neurograph | 13.60 + 049 10.81 +051 10.50 + 0.43| 10.30 025 847 027 862 +024 |1.13 015 0.93 £0.15 3.26 +0.52
BrainWeaver|13.38 + 0.40 10.66 +0.53 10.77 +0.66 {10.26 + 0.28 8.40 + 0.28 8.55 + 0.31|1.06 + 0.08 0.81 + 0.03 2.85 = 0.14

after brain parcellation, scanner-drift removal, motion correction, and signal nor-
malization. Each graph uses 100 Schaefer ROIs as nodes, with edges defined by
the top 10% positive Pearson correlations within each sliding window. The ROI
time series is cropped to 150 time points and segmented with a window length
of 50 and stride of 3, yielding M = 34 graph snapshots per subject.

Implementation Details. Our framework is implemented using PyTorch and
PyTorch-Geometric. We employ the Adam optimizer with a learning rate of
0.008 and a weight decay of 1e-5. Training proceeds for 100 epochs with a batch
size of 16 and an early stopping strategy based on the validation MSE. Model
performance is evaluated using three standard regression metrics, including root
mean squared error (RMSE), mean absolute error (MAE), and mean absolute
percentage error (MAPE).

Baselines. We compare our BrainWeaver against two categories of established
graph models. Static graph models include GCN [16], GAT |31], GIN [34], and
GraphSAGE [11]. Dynamic models include EvolveGCN [19], DySAT |23|, T-
GCN [36], ASTGCN |[10], STAGIN [15], and STNAGNN [32]. We also include
the standardized Neurograph evaluation baseline [22].

3.2 Results

Baselines Comparison. Table [I] presents the predictive performance across
the three cognitive assessment tasks. Our BrainWeaver achieves the best over-
all performance, with the lowest prediction errors across all evaluated cognitive
tasks and metrics. We also observe three insights. First, dynamic graph mod-
els consistently outperform static configurations. Models incorporating temporal
processing significantly reduce prediction errors, confirming the necessity of cap-
turing temporal fluctuations for cognitive decoding. Second, BrainWeaver fur-
ther reduces prediction errors, while advanced dynamic models like EvolveGCN
and TGCN achieve relatively low error margins by modeling spatiotemporal
dynamics, demonstrating the distinct advantage of the incorporation of hierar-
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Table 2. Ablation study on component contributions across three cognitive tasks.

Modules ‘Working Memory Inhibitory Control General Cognitive Status
FusionPrior CL| RMSE MAE MAPE RMSE MAE MAPE RMSE MAE MAPE

x v v [13.53 034 10.84 + 040 10.92 + 046 [10.61 + 0.20 8.63 + 0.24 8.81 +0.26{1.08 + 0.10 0.84 + 0.06 2.95 + 0.23

v v ox (1413 048 11.30 + 047 11.47 059 [11.11 £ 0.78 8.97 + 064 9.19 £ 0.65({1.19 + 0.18 0.94 + 0.12 3.30 + 044

v x v [13.98 £079 11.22 £ 066 11.03 £031|12.02 £ 056 9.88 + 045 9.98 £ 057 |1.36 £ 041 1.14 + 037 3.97 £ 132

v v 13.38+ 0.4010.66+ 0.5310.77+ 0.66/10.26+ 0.288.40+ 0.288.55+ 0.31|1.06+ 0.080.81+ 0.032.85+ 0.14
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Fig. 2. Spatial distribution of top contributing anatomical regions identified by learned
attention weights. The upper panels display normalized importance maps projected
onto anatomical templates, while the lower panels list ranked top contributing ROIs.

chical neuroscience priors. Finally, BrainWeaver shows relatively low standard
deviations across metrics, suggesting stable prediction performance across re-
peated runs and indicating that individual-invariance contrastive learning may
contribute to more robust cognitive representations.

Ablation Study. We evaluate the individual contributions of the BrainWeaver
components by systematically removing the ROI-guided multi-graph temporal
attention fusion module (Fusion), the key ROI-specific hierarchical graph repre-
sentation module (Prior), and the individual invariance multi-modal represen-
tation learning module (CL). Table [2| demonstrates that excluding the Prior
module causes the most severe performance degradation, particularly for the
inhibitory control and general cognitive status assessments. This highlights the
importance of explicitly incorporating prior knowledge from neuroscience into
the model. Removing the CL module results in the second largest error in-
crease, which confirms the critical function of contrastive learning in mitigating
modality-specific noise and high inter-subject variability inherent in fMRI data.

Brain Network Interpretability Analysis. To verify the neurobiological
specificity of learned representations, we visualize regional importance weights
on three tasks in Fig. [2] Distinct spatial patterns demonstrate that BrainWeaver
captures functionally meaningful and behaviorally relevant neural configurations.

For working memory, importance weights are mainly distributed across dor-
solateral, ventrolateral prefrontal cortices (PFC), posterior parietal cortex, and
dorsal attention regions, together with default mode network (DMN), forming
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a strong fronto-parietal integration pattern consistent with sustained executive
control and active information manipulation. For inhibitory control, the model
highlights frontoparietal control and salience-related regions, including lateral
PFC and frontal eye fields, showing a more distributed and balanced interaction
pattern that reflects large-scale coordination during interference resolution. In
contrast, general cognitive status shows a shift toward widespread default mode
and associative cortical regions, particularly medial prefrontal and posterior cin-
gulate areas, suggesting dense large-scale network coordination that supports
global cognitive integrity rather than domain-specific executive processing.

\f

LN B
=l

(a) Working Memory (b) Inhibitory Control (¢) General Cognitive Status

Fig. 3. Topological comparison of learned brain network connectivity across three cog-
nitive domains.

We also present the topological comparison of learned brain network connec-
tivity across three tasks as shown in Fig. [3] The working memory task exhibits
a hub-centric topology centered on left prefrontal regions with strong fronto-
parietal connections, reflecting the dependence on prefrontal executive control.
The inhibitory control task shows a balanced mesh topology with bidirectional
connections between frontal eye fields, prefrontal cortex, and parietal regions,
embodying the collaborative nature of attention networks. The general cognitive
status task presents a highly interconnected dense network with strong intra-
DMN connections, reflecting the multi-domain characteristics of comprehensive
cognitive assessment.

4 Conclusion

In this study, we introduce BrainWeaver, a novel framework designed for com-
prehensive and interpretable cognitive assessment. To overcome the limitations
of static connectivity assumptions and generic graph structures, our model lever-
ages an ROI-guided temporal attention module to capture the spatiotemporal
dynamics inherent in functional brain networks. By explicitly integrating neu-
roscience priors into a hierarchical graph representation, the model strategically
reinforces task-relevant neural pathways, thereby enhancing both predictive ac-
curacy and neurophysiological interpretability. Furthermore, the incorporation
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of an individual invariance contrastive learning paradigm effectively disentan-
gles core cognitive signatures from modality-specific noise and inter-subject vari-
ability. Extensive experiments demonstrate that BrainWeaver establishes a new
SOTA performance across three distinct cognitive domains, i.e. working memory,
inhibitory control, and general cognitive status. Future investigations will extend
this framework to clinical populations to evaluate its diagnostic utility for early
cognitive impairment screening and personalized psychiatric interventions.
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