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Abstract
Aesthetic experience sits at the confluence of perceptual processing, emotional appraisal, and learned cultural schema — yet the neural mechanisms by which the human visual system evaluates compositional balance in non-representational art remain poorly characterised. Abstract Expressionist works, in which compositional structure emerges from gestural mark-making rather than figurative content, provide a uniquely controlled stimulus class for isolating neural responses to low-level balance cues from higher-order semantic processing. This study employs functional near-infrared spectroscopy (fNIRS), a portable neuroimaging modality that measures haemodynamic responses via cortical oxygenation changes, to track real-time blood flow dynamics in the visual cortex, dorsolateral prefrontal cortex, and anterior cingulate cortex as thirty-six participants viewed Abstract Expressionist canvases rated as compositionally balanced or unbalanced by an independent expert panel of art historians and museum curators. Balanced compositions elicited significantly greater oxyhaemoglobin (HbO) increase in bilateral V4 and lateral occipital complex (LOC) relative to control images, with attenuated prefrontal engagement — a pattern consistent with fluent perceptual processing requiring reduced executive monitoring. Unbalanced compositions, by contrast, showed heightened anterior cingulate and dorsolateral prefrontal activation, suggesting conflict detection and effortful attentional reorientation. Critically, these neural signatures were modulated by demographic variables including prior art training (F(2,33)=6.14, p=.006), cultural background, and self-reported aesthetic sensitivity, pointing to the role of learned perceptual schemas in shaping low-level cortical balance processing. A predictive model of aesthetic balance preference — incorporating haemodynamic response magnitude, stimulus symmetry metrics, and participant art exposure — achieved 79.3% accuracy in classifying individual preference ratings. These findings advance empirical aesthetics by providing the first fNIRS-based neural profile of visual balance processing in abstract art and establish a data-driven framework for understanding aesthetic universality and cultural variation in compositional preference.
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1. Introduction
The question of why certain visual arrangements feel harmonious while others provoke unease has occupied artists, architects, and psychologists for centuries, yet its neural basis remains largely uncharted territory. Visual balance — the perceptual sense that compositional elements are distributed in a way that creates equilibrium across a picture plane — is among the most fundamental principles of visual art education, featuring in foundational texts from the Renaissance treatises of Alberti to Arnheim's canonical Art and Visual Perception (1954). Despite its centrality to aesthetic discourse, balance has resisted operationalisation in neuroscientific terms, partly because its investigation requires stimuli that isolate compositional structure from representational content, and partly because portable neuroimaging technology capable of capturing naturalistic viewing in aesthetically appropriate settings has only recently become available.
Abstract Expressionism — the post-war American movement encompassing the gestural abstraction of de Kooning and Pollock, the chromatic fields of Rothko and Newman, and the hybrid practices of Kline and Motherwell — offers an ideal stimulus class for neuroaesthetics research precisely because it decouples compositional organisation from narrative and figurative content. When a viewer engages with a Kline brushstroke composition or a Rothko colour field, perceptual processing is directed to the distribution of mass, line energy, and chromatic weight across the canvas without the confound of object recognition networks activated by representational imagery. This property makes Abstract Expressionist works empirically tractable for isolating the neural correlates of balance perception from those of semantic content processing.
Functional near-infrared spectroscopy provides measurement capabilities particularly well-suited to art viewing contexts. Unlike functional magnetic resonance imaging (fMRI), which requires participants to remain motionless inside a noisy bore, fNIRS optodes are mounted in a wearable cap that permits upright, naturalistic viewing of artworks at gallery-appropriate distances. The technique's spatial resolution (approximately 2-3 cm) is sufficient to distinguish responses in primary visual cortex, higher-order visual areas including V4 and the lateral occipital complex, and prefrontal regions implicated in aesthetic judgment and cognitive appraisal, while its temporal resolution (10 Hz sampling) captures the haemodynamic response function with adequate fidelity for condition-level contrasts. The growing deployment of fNIRS in experimental aesthetics (Vessel et al., 2019; Sbriscia-Fioretti et al., 2013) has established normative response parameters that this study builds upon.
The present investigation addresses three questions that remain unanswered in the neuroaesthetics literature. First, what is the neural signature of visual balance processing in abstract art at the level of cortical haemodynamics, and does it align with the fluent processing account — the proposal that aesthetically preferred stimuli elicit more efficient, less effortful neural processing? Second, do neural responses to balance vary systematically with demographic variables including art training, cultural background, and aesthetic sensitivity, and if so, which variables account for the greatest proportion of individual variance? Third, can a computational model integrating neural response features with stimulus-level compositional metrics achieve sufficient predictive accuracy to constitute a validated instrument for aesthetic balance measurement — the published data-driven model of aesthetic perception that represents this study's primary research objective?
2. Materials, Stimuli, and Methods
2.1 Stimulus Development and Expert Rating
Forty-eight high-resolution photographic reproductions of Abstract Expressionist paintings (1947-1968) were selected from the permanent collections of the Museum of Modern Art (New York), the Whitney Museum of American Art, and the Tate Modern (London) with institutional reproduction permissions. Selection criteria excluded works with obvious figurative elements, works smaller than 100×80 cm (to ensure compositional features were legible in reproduction at viewing distances of 150-200 cm), and works where provenance or attribution was contested in the scholarly literature.
An independent expert panel of nine art historians and museum curators (mean 18.4 years professional experience; 6 female, 3 male; 4 nationalities) rated each painting on a 7-point compositional balance scale (1=severely unbalanced, 7=perfectly balanced) in individual sessions conducted without time pressure, following a standardised briefing that defined balance as the sense that compositional elements create visual equilibrium across the picture plane without privileging any one region to a degree that destabilises the whole. Inter-rater reliability (Krippendorff's alpha) was .73, acceptable for aesthetic judgments of this complexity. Twenty-four paintings were classified as balanced (mean expert rating ≥5.0) and twenty-four as unbalanced (mean expert rating ≤3.0) for use as fNIRS stimuli.
2.2 Participants
Thirty-six adults (18 female, 18 male; mean age 29.4 years, SD 6.8; range 21-47) were recruited from Columbia University and the broader New York metropolitan area via stratified sampling to achieve balanced representation across three demographic groups: art-trained participants with formal art education ≥2 years at tertiary level (n=12), culturally diverse participants from East Asian cultural backgrounds with no formal art training (n=12), and art-naive participants with Western cultural background and no formal art education (n=12). All participants had normal or corrected-to-normal visual acuity, no history of neurological or psychiatric diagnosis, and provided written informed consent under Columbia University IRB Protocol #2022-1847. Participants were financially compensated at $25/hour.
2.3 fNIRS Data Acquisition and Processing
Haemodynamic responses were recorded using a 48-channel continuous-wave fNIRS system (NIRx NIRSport2) with optodes arranged in a custom cap providing coverage of occipital, parietal, and prefrontal cortices bilaterally. Source-detector separation was 3 cm, providing cortical sensitivity at approximately 1.5-2.0 cm depth. The modified Beer-Lambert law was applied to convert raw optical intensity changes at 760 nm and 850 nm wavelengths to relative concentration changes in oxyhaemoglobin (HbO) and deoxyhaemoglobin (HbR). Signal processing included motion artefact correction using a wavelet-based algorithm, bandpass filtering (0.01-0.5 Hz), and baseline correction using a 5-second pre-stimulus window. Stimuli were presented on a calibrated display at 150 cm viewing distance in randomised order, each for 15 seconds, with 20-second inter-stimulus intervals to allow haemodynamic return to baseline.
3. Results
3.1 Cortical Haemodynamic Responses to Balanced versus Unbalanced Compositions
Balanced compositions produced significantly greater HbO increases in bilateral V4 (mean peak amplitude 0.31 μM, 95% CI [0.24, 0.38]) and lateral occipital complex (0.28 μM, 95% CI [0.21, 0.35]) relative to unbalanced compositions (V4: 0.19 μM; LOC: 0.17 μM), with paired t-tests yielding t(35)=4.82, p<.001 and t(35)=4.51, p<.001 respectively after Bonferroni correction. HbR showed corresponding decreases, confirming neurovascular coupling rather than artefactual signal. This pattern is consistent with the fluent processing hypothesis: balanced stimuli elicited stronger engagement of higher-order visual areas specialised for object and scene structure processing, suggesting more efficient recruitment of the neural resources relevant to compositional evaluation.
Unbalanced compositions showed significantly elevated activation in the anterior cingulate cortex (ACC: 0.22 μM versus 0.09 μM for balanced, t(35)=5.61, p<.001) and left dorsolateral prefrontal cortex (dlPFC: 0.19 μM versus 0.08 μM, t(35)=4.23, p<.001), consistent with conflict detection and effortful attentional reorientation in response to perceptually unresolved compositions. Early visual cortex (V1/V2) responses did not significantly differ between conditions, confirming that balance effects emerged at the level of higher-order visual processing rather than at the primary retinotopic level.
3.2 Demographic Modulation of Neural Balance Responses
Art-trained participants showed significantly larger HbO responses in LOC for balanced relative to unbalanced compositions compared to art-naive participants (interaction F(2,33)=6.14, p=.006, partial η²=.27), suggesting that formal art training amplifies cortical sensitivity to compositional balance cues, potentially reflecting expertise-driven perceptual learning that sharpens neural discrimination of balanced and unbalanced compositional configurations. Interestingly, participants from East Asian cultural backgrounds showed a distinct pattern: equivalent LOC engagement for balanced compositions but significantly reduced ACC activation for unbalanced compositions relative to Western participants (t(22)=2.84, p=.009), consistent with cross-cultural differences in tolerance for asymmetry documented in the behavioural aesthetics literature.
Self-reported aesthetic sensitivity (Aesthetic Sensitivity Scale; Chatterjee et al., 2010) correlated positively with LOC response magnitude to balanced compositions (r=.54, p=.001) and negatively with dlPFC response to unbalanced compositions (r=-.41, p=.013), providing neural validation for the ASS as an instrument sensitive to differences in cortical balance processing. Gender did not significantly predict haemodynamic response magnitude after controlling for art training and cultural background.
Table 1. Summary of fNIRS Haemodynamic Responses by Brain Region and Experimental Condition
	Brain Region
	Balanced HbO (μM)
	Unbalanced HbO (μM)
	t-statistic (df=35)
	p-value
	η²

	V4 (bilateral)
	0.31
	0.19
	4.82
	<.001
	.39

	Lateral Occipital Complex
	0.28
	0.17
	4.51
	<.001
	.37

	Anterior Cingulate Cortex
	0.09
	0.22
	5.61*
	<.001
	.47

	Left dlPFC
	0.08
	0.19
	4.23*
	<.001
	.34

	Primary Visual Cortex (V1/V2)
	0.24
	0.22
	0.81 (ns)
	.423
	.02


HbO = oxyhaemoglobin concentration change relative to baseline; *higher values for unbalanced > balanced; dlPFC = dorsolateral prefrontal cortex; ns = non-significant. Bonferroni correction applied for multiple comparisons across five ROIs.
3.3 Predictive Model of Aesthetic Balance Preference
A logistic regression model incorporating three neural predictors (LOC HbO peak amplitude, ACC HbO peak amplitude, and the LOC:ACC HbO ratio) and two stimulus-level compositional metrics (radial frequency spectrum asymmetry index and bilateral symmetry coefficient computed from grayscale representations of the stimulus paintings) achieved 79.3% cross-validated accuracy (leave-one-out, 36 folds) in classifying individual participant preference ratings as consistent with expert balance classifications. The LOC:ACC ratio was the strongest single predictor (standardised β=0.61, p<.001), outperforming either metric alone, confirming that the balance between engagement of higher-order visual processing and conflict monitoring is more diagnostically informative than either measure in isolation.
Addition of the demographic covariates (art training years, ASS score, cultural background dummy codes) improved model accuracy to 83.1% (LRT χ²(4)=8.42, p=.038), confirming that individual difference variables contribute independent predictive variance beyond the neural and stimulus-level features. The final model's area under the receiver operating characteristic curve (AUC-ROC) was .87, indicating strong discriminative performance suitable for deployment as a validated instrument in future empirical aesthetics research.
4. Discussion
The finding that balanced Abstract Expressionist compositions reliably elicited stronger haemodynamic responses in V4 and the lateral occipital complex — regions associated with mid-level visual feature integration and object structure processing — relative to unbalanced compositions provides the first fNIRS-based evidence that visual balance in abstract art engages higher-order visual processing in a manner consistent with the fluent processing account of aesthetic preference (Reber et al., 2004). The fluency account predicts that stimuli processed more efficiently — requiring less effortful perceptual organisation — will generate stronger affective reward signals and be rated as more aesthetically pleasing. The concurrent attenuation of ACC and dlPFC responses for balanced compositions, consistent with reduced conflict detection and executive monitoring, supports this interpretation: balanced compositions appear to be perceptually resolved more readily, requiring less top-down effortful engagement to achieve a stable perceptual interpretation.
The modulation of these neural signatures by art training is theoretically significant. The significantly amplified LOC balance-discrimination response in art-trained participants aligns with expertise literature demonstrating that perceptual training sharpens neural selectivity in domain-relevant regions — analogous to the enhanced face-selective responses observed in prosopagnosia research and the category-specific expertise effects documented with chess masters and ornithologists (Gauthier et al., 1999). The implication for aesthetics education is that formal instruction does not merely instil propositional knowledge about compositional principles but appears to modify the cortical architecture of balance perception itself, producing measurable differences in the neural response profiles of trained versus untrained viewers.
The cross-cultural difference in ACC activation for unbalanced compositions — with East Asian participants showing significantly reduced conflict responses relative to Western participants — is consistent with Higuchi et al.'s (2016) behavioural finding that East Asian aesthetic traditions, which encompass the asymmetrical principles of wabi-sabi, ma (negative space), and ikebana's deliberate off-centre balance, cultivate higher tolerance for compositional asymmetry. The neural data suggest this cultural aesthetic habituation is reflected not merely in conscious preference ratings but in the automatic conflict-detection responses of the ACC, raising the possibility that culturally shaped aesthetic schemas modulate subcortical and early cortical processing rather than acting solely through late-stage appraisal.
The predictive model's 79.3% cross-validated accuracy — rising to 83.1% with demographic predictors — represents a practically meaningful instrument for aesthetic balance assessment. While it falls short of the accuracy achievable in simpler perceptual categorisation tasks, the complexity of aesthetic judgment — which integrates low-level perceptual features, cultural schemas, emotional associations, and art historical knowledge — makes sub-90% accuracy at the individual level a theoretically interpretable rather than a methodological failure. The model establishes a validated baseline for future work employing higher-density fNIRS systems, additional compositional metrics derived from computational aesthetic analysis, and larger demographically diverse samples.
5. Conclusion
This study provides the first fNIRS characterisation of neural responses to visual balance in Abstract Expressionist painting, demonstrating that balanced compositions engage bilateral V4 and lateral occipital complex more strongly than unbalanced compositions while reducing anterior cingulate and prefrontal conflict-monitoring activation — a pattern consistent with fluent perceptual processing. These neural signatures are systematically modulated by art training, cultural background, and aesthetic sensitivity, establishing that compositional balance perception is shaped by experiential and cultural factors that are reflected in cortical haemodynamics rather than solely in late-stage conscious appraisal. The published predictive model integrating neural features, stimulus-level compositional metrics, and demographic covariates achieves 83.1% accuracy in classifying individual aesthetic balance preferences, providing a validated empirical instrument for future neuroaesthetics research. These findings advance the empirical science of aesthetic experience by grounding a foundational art-theoretical concept — visual balance — in measurable cortical responses, and by mapping the demographic variables that generate individual variability in that response.
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