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Abstract 29 

Background: Light plays a significant role in regulating various non-visual biological 30 

processes, such as stimulating alertness and cognition. However, the precise 31 

subcortical neural pathways are not fully established, including within the 32 

hypothalamus. In particular, how the hypothalamus processes are modulated by time-33 

of-day and developmental stages, remains poorly understood. Methods: In this study, 34 

we used 7 Tesla functional magnetic resonance imaging to examine in vivo the impact 35 

of different light illuminance (0.16, 37, 92, and 190 melanopic equivalent daylight 36 

illuminance: mel-EDI lux) on the activity of the hypothalamus of healthy young adults 37 

(N=33; 20 women; 24.3 ±3.2y) and adolescents (N=16; 5 women; 16.8 ±1.1y) while 38 

they completed an auditory executive task, in the morning or in the evening. Results: 39 

Performance to the task improved with increasing illuminance irrespective of time of 40 

day and age group. When focusing on time-of-day differences in young adults, we 41 

found that the regional impact of light illuminance on the activity of the hypothalamus 42 

was consistent between the morning and the evening, with the posterior and anterior 43 

hypothalamus, respectively, showing increased and decreased activity with increasing 44 

illuminance. When focusing on developmental stages differences, during the evening 45 

session only, we found similar regional patterns in adolescents and young adult. The 46 

magnitude of the response at the highest illuminance was, however, larger in 47 

adolescents, with a larger deactivation of the superior-anterior and inferior-tubular 48 

hypothalamus. Conclusions: These findings reveal a complex and non-uniform 49 

impact of light on hypothalamus activity and provide novel insights into how light 50 

influences vary with developmental stages.  51 
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Background 52 

Light exerts multiple impacts on human physiology extending beyond vision through 53 

non-image-forming (NIF) effects that regulate key biological processes, including 54 

circadian rhythmicity, sleep-wake regulation, alertness, mood and cognitive function 1. 55 

These NIF effects are largely mediated by intrinsically photosensitive retinal ganglion 56 

cells (ipRGCs) which are maximally sensitive to short-wavelength (blue) light 57 

(~480nm) 2. IpRGCs combine their intrinsic photosensitivity with the signals of rods 58 

and cones to relay light signals to a broad range of brain regions 1.  59 

A critical target of ipRGC signaling is the hypothalamus. Several distinct 60 

hypothalamic nuclei receive ipRGC inputs, including over the anterior part, with the 61 

suprachiasmatic nucleus (SCN), consisting of the master circadian pacemaker, and 62 

the preoptic area nuclei (POA), which promotes sleep, as well as over the lateral and 63 

posterior parts, with the lateral hypothalamus (LH), containing both wake- and sleep-64 

promoting neurons 3–7. These nuclei are considered to play key roles in modulating 65 

light's effects on arousal, alertness, and cognition. Much of our understanding of the 66 

impact of light on hypothalamus nuclei comes, however, from animal studies 1,2, where 67 

neural circuits can be invasively studied and manipulated. Translating these findings 68 

to humans is not straightforward, due to differences in anatomy, physiology, and 69 

complexity of the human cortex 8. The activity of the anterior part of the hypothalamus, 70 

which largely encompasses the SCN, was recently reported to decrease with 71 

increasing illuminance during various cognitive tasks 9 as well as in the absence of a 72 

cognitive task 10 using functional magnetic resonance imaging (fMRI). In contrast, the 73 

posterior part, including part of the LH, showed the opposite pattern during cognitive 74 

tasks, with increasing activity at higher illuminance 9. 75 
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The NIF impact of light varies both with environmental and individual factors 1. 76 

Among environmental factors, time-of-day has an essential impact on the entrainment 77 

of the circadian clock 1 and has been reported to affect the stimulating effect of light 78 

on human alertness and cognition 11,12. In terms of individual factors, age affects light 79 

impact on circadian entrainment, alertness and cognition. Most of the evidence 80 

pertain, however, to older age, while adolescents may also exhibit different sensitivity 81 

and neural responses to light 13. Whether time-of-day and specificities of teenagers 82 

can be detected at the level of the hypothalamus is not known.  83 

In this study, we took advantage of high-resolution 7-Tesla fMRI to investigate 84 

how the regional impact of light illuminance changed within the hypothalamus with 85 

time-of-day and between adolescence and early adulthood. Specifically, we sought to 86 

determine whether the hypothalamic response of young adults (19-30 years) to light 87 

varied from the morning to the evening. We focused on the executive functions, as it 88 

has been repeatedly used successfully to uncover how light affect cognitive brain 89 

function including at different times of day 12. Because of the current concerns about 90 

their evening light exposure 14, we further included a group of late teenagers (15–18 91 

years) who completed the protocol only in the evening. We hypothesized that in young 92 

adults, NIF effects would be larger in the morning, while in the evening, NIF responses 93 

would be larger in adolescents compared to young adults. 94 

Methods 95 

This cross-sectional research is part of a broader investigation that has led to several 96 

publications using part of the adult participants included in the present paper 9,15–17. 97 

All procedures and analyses are the same as those in 9, except for participant groups 98 

and analyses pertaining to group comparisons. The Ethics Committee of the University 99 

of Liège approved the study. All the participants provided written informed consent 100 
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and were financially compensated for their participation. 101 

Participants 102 

This study involved 55 healthy participants aged 15-30 years (22.0 ± 4.6 years; 28 103 

women) recruited between February 2021 and September 2023. The study consists 104 

of between-group comparisons including 3 non-overlapping groups of participants: 20 105 

young adults completed the protocol in the morning (24.2 ± 2.5 years; 13 women; 19 106 

of which were included in 9); 17 young adults completed the protocol in the evening 107 

(25.2 ± 4.0 years; 10 women; 6 of which were included in 9 but with their data collected 108 

in the morning); 18 adolescents completed the protocol in the evening (16.7 ± 1.1 109 

years; 5 women). Due to practical constraints related to school schedules, morning 110 

data collection was deemed too difficult for the adolescent group in the context of our 111 

experiment. 112 

The exclusion criteria for all groups included a Body Mass Index (BMI)>28, 113 

recent psychiatric history, severe trauma, sleep disorders, addiction, chronic 114 

medication use, smoking, excessive alcohol consumption (>14 units/week), and high 115 

caffeine intake (>4 cups/day). Participants were also excluded if they had chronic night 116 

shift work in the past year, transmeridian travel in the past two months, or any history 117 

of ophthalmic disorders. Participants were included if they scored below 18 on the 21-118 

item Beck Anxiety Inventory (BAI) (indicating mild anxiety or less) 18, below 14 on the 119 

Beck Depression Inventory-II (BDI-II) (indicating mild depression or less) 19, below 8 120 

on the Pittsburgh Sleep Quality Index (PSQI) (indicating good sleep quality) 20, and 121 

below 12 on the Epworth Sleepiness Scale (ESS) (indicating normal daytime 122 

sleepiness) 21. Participants also completed questionnaires assessing chronotype 123 

(Horne-Östberg)22 and seasonal mood variation (Seasonal Pattern Assessment 124 

Questionnaire - SPAQ)23, but these questionnaires were not used for participant 125 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 5, 2026. ; https://doi.org/10.64898/2026.01.05.697645doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.05.697645
http://creativecommons.org/licenses/by-nc/4.0/


inclusion. The demographic details of the participants are summarized in Table 5. 126 

 127 

Table 1: Demographic characteristics of the study sample. 128 
 

Adults_Morning 
(AM) 

Adults_Evening 
(AE) 

Adolescents 
(T) 

Comparison (t-test) 

AM vs AE AE vs T 

Number of Subjects 18 15 16   

Age (mean±SD) 24.0±2.4 24.6±3.8 16.8±1.1 P=0.23 P<0.0001 

Sex: Female (Male) 12(6) 8(7) 6(10) P=0.64 P=0.18 

Body mass index 
(kg/m2) 

21.4±2.3 22.1±2.0 21.8±2.1 P=0.35 P=0.69 

Depression (BD-IIa) 5.6±5.6 6.6±3.5 6.2±4.8 P=0.57 P=0.81 

Anxiety Level 
(BAIb) 

5.3±6.5 5.5±3.3 6.6±7.0 P=0.89 P=0.59 

Chronotype (HOc) 51.8±7.2 43.1±7.3 43.4±7.7 P=0.002 P=0.93 

Sleep Quality 
(PSQId) 

3.6±2.9 4.1±1.9 4.1±1.6 P=0.62 P=0.96 

Habitual daytime 
Sleepiness (ESSe) 

5.7±3.0 6.9±2.4 6.0±4.5 P=0.23 P=0.52 

Season of 
experiment * 

-0.1±0.7 -0.4±0.5 -0.4±0.6 P=0.08 P=0.70 

Seasonality 
(SPAQg) 

1.0±0.8 1.3±0.9 0.7±1.0 P=0.37 P=0.24 

  129 
a. Beck’s Depression Inventory II 130 
 b. Beck’s Anxiety Inventory 131 
 c. Horne and Östberg Questionnaire 132 
 d. Pittsburg Sleep Quality Index 133 
 e. EPWORTH Sleepiness Scale 134 
 f. Seasonal Pattern Assessment Questionnaire 135 
 * Cosine (acquisition day of year*360/365) : 21 December=0° 136 
** All participants in all groups were right-handed. 137 
Bold values indicate statistical significance at the p<0.05 level. 138 
 139 

Study Design and Procedure 140 

To prevent excessive sleep deprivation while maintaining realistic entrained 141 

conditions, participants were instructed to follow a loose sleep‒wake schedule for 142 

seven days prior to their laboratory visit, with bed and wake times restricted to within 143 
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±1 hour of their habitual schedule. Compliance was verified using actigraphy (AX3 144 

accelerometer, Axivity, United Kingdom) and daily sleep diaries. Additionally, 145 

participants were requested to refrain from all caffeine- and alcohol-containing 146 

beverages, as well as extreme physical activity, for 3 days before participating in the 147 

fMRI acquisition. The timing of the experiments varied based on group assignment: 148 

the morning session started approximately 2.5 hours after the participants' habitual 149 

wake-up time, and the evening session started approximately 1 hour before their 150 

habitual bedtime. Upon arrival, all participants underwent a light adaptation protocol 151 

to standardize recent light exposure before the fMRI scan. This involved 5 minutes of 152 

exposure to relative bright polychromatic white light (~1000 lux), followed by 45 153 

minutes of ambient dim light (<10 lux). During this period, the participants received 154 

instructions and completed practice trials of the cognitive task (n-back) on a laptop 155 

(Figure 1-A).  156 

Inside the scanner, an auditory letter variant of the n-back task, a well-157 

established measure of working memory 24, was presented to the participants. In the 158 

letter detection 0-back condition, participants were instructed to respond whenever the 159 

current auditory stimulus matched a predefined target letter (the letter “K”). This 160 

condition served as control for baseline brain activity changes. In the 2-back condition, 161 

participants were required to continuously update and maintain relevant information in 162 

working memory. They had to identify whether the current auditory stimulus matched 163 

the auditory stimulus presented two items earlier. The task was delivered in a block 164 

design, alternating in a pseudo-random manner (ensuring the spread of each task type 165 

over the entire recording) between blocks of 0-back and 2-back tasks (38 blocks in 166 

total consisting of 19 blocks of 0-back and 19 blocks of 2-back), yielding a total task 167 

duration of approximately 28 minutes. The participants responded using an MRI-168 
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compatible keypad held in their dominant hand. Auditory stimuli were delivered 169 

through noise-cancelling, MRI-compatible headphones to ensure clear auditory 170 

perception despite the MRI noise. The n-back task was followed by an emotional and 171 

an attentional task, which will not be discussed in the present paper. 172 

Participants were alternately maintained in darkness (<0.01 lux) or exposed to 173 

blue-enriched cool polychromatic light (6500K) at varying illuminance levels (37, 92, 174 

and 190 mel-EDI lux) and a control monochromatic orange light (590 nm; 0.16 mel-175 

EDI lux), to which ipRGCs are nearly insensitive (Figure 1-B). Orange light was 176 

introduced as a control for visual stimulation for potential secondary whole-brain 177 

analyses. For the present region of interest analyses, we discarded color differences 178 

between the light conditions and only considered illuminance as indexed by mel-EDI 179 

lux. This constitutes a limitation of our study, as it does not, for instance, allow us to 180 

attribute the findings to a particular photoreceptor class. 181 

There were 7 task blocks (each lasting ~30 seconds) for each light condition 182 

and 6 blocks for the darkness condition, totaling 34 light blocks across the experiment. 183 

The N0 and N2 task conditions were presented pseudo-randomly within these blocks, 184 

with each task occurring at least three times under each light condition. Periods of 185 

darkness (~10 s, <0.01 lux) without tasks separated blocks with different light 186 

conditions. In some instances, two same task blocks occurred consecutively under the 187 

same light condition without an intervening darkness period, effectively forming a 188 

continuous ~60-second light segment. In some cases, two same task blocks with the 189 

same light condition were followed by a short (~10 s) rest period under the same light 190 

condition, resulting in a ~70-second light segment. During all the fMRI sessions, an 191 

eye-tracking device (SR-Research, Canada). confirmed that the participants kept their 192 

eyes open during the scan. The entire experiment was designed using OpenSesame 193 
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25. 194 

 195 

 196 

 197 

Figure 1:  Experimental protocol: A) Participants first underwent a structural MRI session, 198 

followed by 7 days of monitored regular sleep-wake schedule and an fMRI session. To 199 

standardize recent light history, participants were exposed to bright white light (1000 lux) for 200 

5 minutes and were maintained in in dim-light for 45-minute (<10 lux) during which they 201 

practiced the fMRI auditory tasks. In the MRI apparatus, participants performed an N-back 202 

working memory task under alternating blocks of polychromatic blue-enriched and 203 

monochromatic orange light, separated with darkness intervals. The duration of each step is 204 

(A) 

(B) 
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indicated below the respective timeline elements. B) Spectral profiles of the four light 205 

conditions used during the N-back task (detailed light characteristics can be found in Table 206 

S1). 207 

MRI Data Acquisition 208 

Structural and functional MRI data were obtained using a MAGNETOM Terra 7 Tesla 209 

(7T) MRI system (Siemens Healthcare, Erlangen, Germany) equipped with a 32-210 

channel receiver and 1-channel transmit head coil (Nova Medical, Mam USA). To 211 

minimize dielectric artifacts, dielectric pads (Multiwave Imaging, Marseille, France) 212 

were positioned between the participants' heads and the receiver coil. A multi-band 213 

Gradient-Recalled Echo - Echo-Planar Imaging (GRE-EPI) sequence was used to 214 

collect multislice T2*-weighted fMRI images, with the axial slice orientation and 215 

parameters set as follows: TR = 2340 ms, TE = 24 ms, FA = 90°, no interslice gap, 216 

field of view (FoV) = 224 mm × 224 mm, matrix size = 160 × 160 × 86, and voxel size 217 

= (1.4 × 1.4 × 1.4) mm³. The first three scans were discarded to reduce saturation 218 

effects. To control for physiological noise in the fMRI data, participants' pulse and 219 

respiration were recorded using a pulse oximeter and a breathing belt (Siemens 220 

Healthineers, Erlangen, Germany). Following the fMRI scan, a 2D gradient echo 221 

(GRE) field mapping sequence was used to evaluate B0 magnetic field 222 

inhomogeneity. The acquisition parameters for the field mapping were as follows: TR 223 

= 5.2 ms, TEs = 2.26 ms and 3.28 ms, FA = 15°, bandwidth = 737 Hz/pixel, matrix size 224 

= 96 × 128, 96 axial slices, and voxel size = (2x2x2) mm³, with a total acquisition time 225 

of 1:38 minutes. 226 

For anatomical reference, a high-resolution T1-weighted image was captured using a 227 

Magnetization-Prepared with 2 Rapid Gradient Echoes (MP2RAGE) sequence, with 228 

parameters including TR = 4300 ms, TE = 1.98 ms, FA = 5°/6°, TI = 940 ms/2830 ms, 229 
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bandwidth = 240 Hz, matrix size = 256 × 256 × 224, acceleration factor = 3, and voxel 230 

size = 0.75 × 0.75 × 0.75 mm³. 231 

Data Preprocessing: 232 

Structural MP2RAGE images underwent denoising using Statistical Parametric 233 

Mapping (SPM12) with a method detailed in 26. These denoised images were 234 

subsequently automatically reoriented using SPM and corrected for intensity bias 235 

caused by field inhomogeneity using the bias correction method within SPM 236 

segmentation. Brain extraction was performed on the denoised, reoriented, and bias-237 

corrected images to avoid potential coregistration issues arising from the use of 238 

dielectric pads. This process was carried out using SynthStrip 27. The fMRI time series 239 

preprocessing included 1) realignment and unwarping to correct for head motion and 240 

field inhomogeneities; 2) brain extraction, using SynthStrip; and 3) smoothing, which 241 

was applied with a Gaussian kernel (3 mm full width at half maximum) to improve the 242 

signal-to-noise ratio. 243 

Statistical Analyses 244 

For first-level analysis, each subject's data was analyzed in their native space to 245 

minimize errors from coregistration. The whole-brain univariate analyses consisted of 246 

a general linear model (GLM) computed with SPM12. Task and light blocks were 247 

modeled as block functions and convolved with the canonical hemodynamic response 248 

function. The fMRI time series was high-pass filtered (cutoff = 256 seconds) to remove 249 

low-frequency drifts. Movement and physiological parameters (heart rate and 250 

respiration), which were calculated using the PhysIO Toolbox (Translational 251 

Neuromodeling Unit, ETH Zurich, Switzerland), were included as covariates of no 252 

interest 28. 253 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 5, 2026. ; https://doi.org/10.64898/2026.01.05.697645doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.05.697645
http://creativecommons.org/licenses/by-nc/4.0/


Two separate analyses were completed. The primary analysis aimed to assess 254 

whether brain responses during the task were influenced by overall changes in 255 

illuminance levels. For each task type, the task block regressors were accompanied 256 

by a single parametric modulation regressor reflecting the light melanopic illuminance 257 

levels (0, 0.16, 37, 92, and 190 mel-EDI lux). The contrasts of interest focused on the 258 

main effects of this parametric modulation. In the follow-up post hoc analysis, we 259 

evaluated responses to stimuli under each light condition. Separate regressors 260 

represented each task level under each light condition (0, 0.16, 37, 92, and 190 mel-261 

EDI lux). The contrasts of interest consisted of the main effects of each regressor. 262 

Using a deep learning approach implemented in FreeSurfer 29, we segmented 263 

the hypothalamus into five subregions: inferior-anterior, superior-anterior, posterior, 264 

inferior-tubular, and superior-tubular (Figure 2-A). We then utilized the output masks 265 

from this segmentation to extract regression betas (activity estimates) for each 266 

hypothalamic subregion using the REX Toolbox 30. The activity estimates were then 267 

averaged (means) within each subpart and across both hemispheres. In the main 268 

analyses, this resulted in one activity estimate for each task stimulus type and each 269 

hypothalamic subregion (totaling 10 per individual). In the subsequent analyses, we 270 

obtained five activity estimates for each task stimulus type for each subregion (total of 271 

50 per individual). 272 

Statistical analyses of hypothalamic activity estimates were conducted using 273 

SAS 9.4 (SAS Institute, NC, USA). The analyses employed generalized linear mixed 274 

models (GLMMs), incorporating the subject as a random factor for both the intercept 275 

and slope, and were adjusted for the distribution of the dependent variable. Direct post 276 

hoc tests were adjusted for multiple comparisons using the Tukey method. 277 

Subsequent detailed analyses were treated as post hoc and did not undergo multiple 278 
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comparison corrections (p < 0.05). To identify outliers in the datasets, Cook’s distance 279 

greater than 1 was utilized for exclusion. This process revealed two outliers in the 280 

activity estimates for the evening adult, morning adult, and adolescent groups. Semi-281 

partial R2 (R2β*) values were computed to estimate the effect sizes of significant fixed 282 

effects and statistical trends in all GLMMs 31. 283 

The primary analyses focused on activity estimates modulated by light 284 

illuminance as the dependent variable. The hypothalamic subpart and task stimulus 285 

type (2-back/0-back) were included as repeated measures (with compound symmetry 286 

structure), with age, sex, BMI, and season serving as covariates, along with an 287 

interaction term between hypothalamic subpart and time of day/age group. The 288 

subsequent set of post hoc GLMM analyses examined the activity estimates of the 289 

hypothalamic subparts as the dependent variable and the hypothalamic subpart, 290 

stimulus type, and illuminance levels (0, 0.16, 37, 92, and 190 mel-EDI lux) as 291 

repeated measures (with compound symmetry structure), with age, sex, BMI, and 292 

season as covariates, along with interaction terms between illuminance, hypothalamic 293 

subpart and time of day/age group. 294 

A separate set of GLMMs was employed to assess: (1) whether illuminance 295 

levels influenced task performance, (2) whether time of day and/or age group affect 296 

performance, and (3) whether performance was associated with activity of any 297 

hypothalamic subregions. To address the first two questions two models designed: in 298 

one model, the task performance of all adult participants was analyzed. Task accuracy 299 

under different light conditions served as the dependent variable, with random effects 300 

for each subject (intercept and slope) along with illuminance levels (0, 0.16, 37, 92, 301 

and 190 mel-EDI lux) as repeated measure (autoregressive (1) correlation). The 302 

independent variables were illuminance level, time of day, and their interaction. Sex, 303 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 5, 2026. ; https://doi.org/10.64898/2026.01.05.697645doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.05.697645
http://creativecommons.org/licenses/by-nc/4.0/


BMI, age and season were included as covariates. A second model focused on 304 

participants scanned in the evening. Again, task accuracy under different light 305 

conditions was the dependent variable, and subject-specific intercepts and slopes 306 

were modeled as random effects along with illuminance level as repeated measure 307 

(autoregressive (1) correlation). This model included illuminance level, age group, and 308 

their interaction as independent variables. Sex and BMI were treated as covariates. 309 

As the final step, activity estimates of each hypothalamic subpart under each light 310 

condition added separately to the previous models to investigate whether there is a 311 

correlation between task performance and activity of any hypothalamic subpart. 312 

Although optimal sensitivity and power estimation methods for generalized 313 

linear mixed models (GLMMs) are still being refined 32, we conducted a prior sensitivity 314 

analysis to approximate the smallest effect size that could be detected in our primary 315 

analyses, given our sample sizes. Using G*Power 3 (version 3.1.9.4; 33), and 316 

assuming a power of 0.8 and an alpha level of 0.05, our sample sizes (N=31, i.e. the 317 

smallest sample size of our analyses , when comparing young adults: N=15 and 318 

adolescents in the evening: N=16) provided sufficient power to detect large effect sizes 319 

(r > 0.47; two-tailed; absolute values; R² > 0.22, R² CI: 0.13–0.71). This analysis was 320 

framed within a multiple linear regression model including one predictor of interest 321 

(group) and at least four covariates (time of day/age group, task, sex, and BMI). 322 

 323 

Results 324 

Forty-nine healthy participants completed the protocol and were included in the 325 

analyses: 18 young adults scanned in the morning (12 women, 24.0±2.4 y), 15 young 326 

adults scanned in the evening (8 women, 24.6±3.8 y), to assess time of day variations 327 

in young adults, and 16 adolescents scanned in the evening (5 women, 16.8±1.1 y) to 328 
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assess age differences in the evening (Table 1). Their hypothalamus was parcellated 329 

into five subparts, inferior-anterior, superior-anterior, posterior, inferior-tubular and 330 

superior-tubular (Figure 2-A), which covered most of the hypothalamus, so brain 331 

activity estimates could be consistently extracted from each of these subparts in each 332 

participant. 333 

 334 
Similar Regional Impact of Illuminance on Hypothalamus Activity in the Morning 335 

and in the Evening 336 

Our primary analysis regarding time-of-day aimed to detect differences in the overall 337 

effects of illuminance changes across the five distinct hypothalamic subparts between 338 

the young adults recorded in the morning and those recorded in the evening. For each 339 

subpart, an index was computed to reflect the influence of illuminance, derived from 340 

the average brain activity estimates that captured how task-related neural activity was 341 

modulated by changes in illuminance. As in our previous publication comprising only 342 

morning recordings 9, the statistical analyses, with the activity of each subpart as the 343 

dependent variable, yielded significant differences between the subparts (p < 0.0001), 344 

indicating that the subparts responded differently to changes in light levels (Table 1; 345 

Figure 2-B). Importantly, however, the analyses did not reveal any time-of-day or time-346 

of-day by hypothalamus subpart interaction (p > 0.59), suggesting that the impact of 347 

light was similar in the morning and in the evening (Figure 2-C). We further observed 348 

a statistical trend for the main effect of task (p = 0.08) and statistically significant main 349 

effect of age (within the young adult group; p = 0.04), while no significant effects were 350 

found for the other covariates. 351 

 352 
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 353 

1- Inferior-Anterior: SCN, SON 
2- Superior-Anterior: POA, PVN 
3- Posterior: MB, LH, TMN 
4- Inferior-Tubular: ARC, VMH, SON, LTN, TMN 
5- Superior-Tubular: DM, PVN, LH 

1 

2 

4

5 

3 

* 
* 

* 
* 

* 
* 

* 
* 

* 

* 

(A) 

(B) 

(C) 
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 354 

Again, similar to our previous publication with morning recordings 9, the post 355 

hoc contrasts revealed that the effect of illuminance variation was consistently greater 356 

in the posterior hypothalamus than in the other subparts (pcorrected ≤ 0.0006), which 357 

did not significantly differ from one another (Table 2). In addition, as indicated by the 358 

Figure 2: Regional hypothalamus response to light in young adults in the morning and 

evening groups. 

(A) Hypothalamus parcellation into five subparts encompassing the nuclei mentioned in 

the right inset. ARC: arcuate nucleus; DMH: dorsomedial nucleus; LH: lateral 

hypothalamus; LTN: lateral tubular nucleus; MB: mamillary body; POA: preoptic area; 

PVN: paraventricular nucleus; PNH: posterior nucleus of the hypothalamus; SCN: 

suprachiasmatic nucleus; SON: supraoptic nucleus; TMN: tuberomammillary nucleus; 

VMN: ventromedial nucleus. 

(B) Linear modulation of activity by illuminance (arbitrary unit – a.u.; median (horizontal 

line), interquartile range (IQR; boxed region), and whiskers extending to Q3 + 1.5 × 

IQR and Q1 – 1.5 × IQR) of each hypothalamus subpart in response to illuminance 

variation (Morning and evening subject together; N=33) showing increased impact of 

light in subpart three (posterior) relative to the other subparts (main effect of 

hypothalamus subpart: p < 0.0001).  

(C) Group comparison of linear modulation of activity by illuminance (a.u. ; median 

(horizontal line), interquartile range (IQR; boxed region), and whiskers extending to 

Q3 + 1.5 × IQR and Q1 – 1.5 × IQR) of each hypothalamus subpart in response to 

illuminance variation in the morning (N=18) vs. in the evening (N=15) (main effect of 

time of day: p = 0.84; interaction of hypothalamus subpart and time of day: p = 0.59) 

The linear modulation of activity by illuminance of the N0 and N2 tasks are averaged 

(task are presented separately in Suppl. Figure S1). 

Asterisks (*) denote significant differences (p < 0.05). 
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absence of a main effect of time-of-day, none of the subparts were significantly 359 

different in the morning vs. the evening groups (Figure 2-C). When the impact of 360 

illuminance was considered separately in evening and morning groups, post hoc 361 

contrasts further indicated that the modulation of the activity of the posterior 362 

hypothalamus by the overall changes in illuminance was significantly greater (pcorrected 363 

< 0.05) than that of the other 4 subparts in the morning group, whereas it was greater 364 

than that of the inferior-anterior and superior-anterior subparts in the evening group 365 

(Figure 2-C, Table 2). Finally, given the significant difference in chronotype between 366 

morning and evening participants, we included chronotype as an additional covariate, 367 

but it had no impact on the outcomes of the statistical model (except that the effect of 368 

age became a statistical trend, p = 0.07). Chronotype was not significantly associated 369 

with hypothalamic subpart activity, neither as a standalone covariate (p = 0.32), nor in 370 

interaction with time of day (p = 0.91), hypothalamic subpart (p = 0.16) or their triple 371 

interaction (p = 0.63). Overall, our main analyses confirm previous findings that the 372 

posterior hypothalamus shows a consistently greater positive modulation by 373 

illuminance than other subparts, while this effect does not differ significantly between 374 

morning and evening.   375 
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Table 2: Output of GLMM comparing hypothalamic response in the morning (N=18) vs. 376 

evening (N=15) groups with activity of each subpart as the dependent variable, along with 377 

outputs of the post hoc test for pairwise comparisons of hypothalamus subparts. 378 

MAIN GLMM 

Effect F-value P-value Partial R2 

Hypothalamus subpart 10.82 <0.0001 0.14 
Time 0.04 0.84  
Hypothalamus subpart ´ Time 0.70 0.59  
Task 3.20 0.08 0.09 
Age 4.34 0.04 0.09 
Sex 1.72 0.20  
BMI 0.57 0.45  
Season 1.65 0.21  

POST-HOC: PAIRWISE COMPARISON OF HYPOTHALAMUS SUBPARTS 

Contrast T-value Pcorrected(Tukey) 

1 vs. 2 -0.67 0.96 
1 vs. 3 -5.92 <.0001 
1 vs. 4 -1.31 0.68 
1 vs. 5 -1.87 0.33 
2 vs. 3 -5.26 <.0001 
2 vs. 4 -0.64 0.97 
2 vs. 5 -1.20 0.75 
3 vs. 4 4.61 <.0001 
3 vs. 5 4.05 0.0006 
4 vs. 5 -0.56 0.98 

POST-HOC: PAIRWISE COMPARISONS OF HYPOTHALAMUS SUBPARTS IN THE MORNING 
AND IN THE EVENING 
 

Contrast Morning Evening 

 
T-value Pcorrected(Tukey) T-value Pcorrected(Tukey) 

1 vs. 2 0.10 1.0 -1.03 0.84 
1 vs. 3 -4.30 0.0002 -4.08 0.0006 
1 vs. 4 -0.19 1.0 -1.65 0.47 
1 vs. 5 -0.50 0.99 -2.13 0.21 
2 vs. 3 -4.40 0.0002 -3.05 0.02 
2 vs. 4 -0.28 1.0 -0.62 0.97 
2 vs. 5 -0.60 0.98 -1.10 0.81 
3 vs. 4 4.12 0.0005 2.43 0.11 
3 vs. 5 3.80 0.002 1.95 0.29 
4 vs. 5 -0.31 1.0 -0.48 0.99 

 379 

 380 
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Opposite Responses to Increased Illuminance in the Posterior and 381 

Anterior/Inferior Hypothalamus 382 

To assess whether our main analysis did not overlook local non-linear differences in 383 

some subparts, we further investigated the difference in hypothalamic activity across 384 

different subparts by examining the responses of each subpart at different illuminance 385 

levels. As in our previous publication 9, in addition to a main effect of illuminance (p = 386 

0.0003), the statistical analysis confirmed that the activity dynamics across illuminance 387 

levels differed between the five subparts during the executive task (GLMM; 388 

hypothalamus subpart-by-illuminance interaction; p = 0.0013) (Table 3; Figure 3). As 389 

in our main analysis, there were no main effects of time-of-day or interaction terms 390 

with time-of-day, further supporting that the impact of illuminance on the hypothalamus 391 

subparts was similar in the morning and in the evening. 392 

 393 
Table 3: Statistical outputs of GLMM analysis comparing hypothalamic activity in the morning 394 

(N=18) vs. evening groups (N=15) in response to each illuminance. 395 

MAIN GLMM 

Effect F-value P-value Partial R2 

Illuminance 5.34 0.0003 0.02 
Hypothalamus subpart 1.32 0.26  
Hypothalamus subpart ´ Illuminance 2.42 0.0013 0.03 
Time 0.74 0.40  
Time ´ Illuminance 0.38 0.83  
Time ´ Hypothalamus subpart 2.10 0.08 0.02 
Time ´ Hypothalamus subpart ´ Illuminance 0.59 0.90  
Task 3.46 0.06 0.01 
Age 7.08 0.01 0.17 
Sex 0.38 0.54  
BMI 0.10 0.75  
Season 3.17 0.09 0.10 

 396 
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Post hoc analyses were conducted to evaluate the impact of illuminance within 397 

each subpart (Suppl. Table S1). The posterior hypothalamus exhibited increased 398 

activity at the two highest illuminance levels (92 and 190 mel-EDI) compared with 399 

darkness (p = 0.016 and p = 0.005, respectively). In contrast, the inferior-anterior and 400 

superior-anterior hypothalamus exhibited significant decreases in activity (p < 0.05) 401 

under all blue-enriched conditions (37, 92, and 190 mel-EDI) compared with darkness. 402 

Moreover, the inferior-tubular subregion showed reduced activity at the highest 403 

illuminance level (190 mel-EDI) compared with the lowest illuminance conditions (0 404 

and 0.16 mel-EDI; p = 0.01) as well as decreased activity under the two other blue-405 

enriched light conditions (37 and 92 mel-EDI) compared with darkness (p = 0.04). In 406 

contrast, the superior-tubular subpart did not show any significant change in activity 407 

with varying illuminance levels. When we examined the morning and evening groups 408 

separately, we observed similar patterns of activity across both groups: the activity of 409 

the posterior hypothalamus increased with increasing illuminance, whereas the activity 410 

of the inferior-anterior, superior-anterior, and inferior tubular subparts decreased. In 411 

contrast, the superior tubular subpart remained largely unaffected, showing no 412 

significant change across the varying illuminance levels.  413 

Overall, the analyses per illuminance level confirm the main findings by 414 

demonstrating that hypothalamic subregions respond differently to light intensity. This 415 

detailed analysis adds an important layer of insight, revealing that while the posterior 416 

hypothalamus, shows increased activation with higher illuminance, others exhibit 417 

suppression, and one subpart appears to remain unaffected, reinforcing the distinct 418 

impact of light over the hypothalamus subparts. 419 

 420 

 421 
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  422 

         423 

 424 

Figure 3: Activity dynamics across illuminance levels for each hypothalamus subpart. 425 

Changes of activity estimate (arbitrary unit – a.u.) within each hypothalamus subpart with 426 

illuminance in (A) all young adults (N=33), (B) young adult scanned in the morning (N=18) 427 

and (C) young adult scanned in the evening (N=15). 428 

(A) 

(B) (C) 
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In both groups, activity increases with illuminance over the posterior hypothalamus (3), 429 

decreases over the inferior-anterior (1), superior-anterior (2) and inferior-tubular (4), and 430 

remains relatively stable over the superior-tubular (5). Details about the numbers associated 431 

to each hypothalamus subpart, can be found in Figure 2-A. The activity estimates of the N0 432 

and N2 tasks are averaged. 433 

 434 

Adolescents Exhibit Different Hypothalamic Response to Illuminance, over the 435 

Anterior and Tubular Subparts 436 

Our second primary analysis focused on developmental stage. We aimed to 437 

investigate whether the regional response of the hypothalamus to light differed 438 

between adolescents and young adults. Given the concerns about evening light 439 

exposure in adolescents, data were collected only in the evening, approximately one 440 

hour before their habitual bedtime. 441 

As in the first primary analyses, the GLMM yielded a significant main effect of 442 

the hypothalamus subpart (p < 0.0001) but no significant effect of age group or age 443 

group by the hypothalamus subpart interaction (p > 0.5) (Table 4). Post hoc contrasts 444 

further confirmed that, in young adults, the modulation of the activity of the posterior 445 

hypothalamus by the overall changes in illuminance was significantly larger (pcorrected 446 

< 0.05) than that in the other 4 subparts, which did not differ significantly from one 447 

another. In adolescents, the modulation of activity in the posterior subpart by 448 

illuminance was significantly larger (pcorrected < 0.05) than that in the inferior anterior 449 

and superior anterior subparts (Figure 4-A). Overall, this analysis suggests that the 450 

linear effect of changes in illuminance is similar across both age groups. However, this 451 

does not mean that there are no local non-linear differences in some subparts. To 452 

investigate this further, we examined the activity of different hypothalamic subparts at 453 

each level of illuminance.  454 
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Table 4: Output of GLMM comparing hypothalamic response in adolescents (N=16) vs. young 455 

adults (N=15) groups in the evening with activity of each subpart as the dependent variable, 456 

along with outputs of the post hoc test for pairwise comparisons of hypothalamus subparts. 457 

MAIN GLMM 

Effect F-value P-value Partial R2 

Hypothalamus subpart 10.73 <0.0001 0.15 
Age Group 0.45 0.51  
Hypothalamus subpart  ´ Age Group 0.76 0.55  
Task 0.03 0.87  
Sex 0.36 0.55  

BMI 0.54 0.47  
Season 0.13 0.72  

 458 

The GLMM using the activity of each subpart under each illuminance as the 459 

dependent variable, first confirmed distinct changes in activity across subparts under 460 

different illuminances (subpart-by-illuminance interaction, p = 0.0001), along with the 461 

main effects of illuminance (p < 0.0001) and task (p = 0.01) (Table 5). Critically, the 462 

GLMM revealed a significant interaction between illuminance and age group (p < 463 

0.0001), indicating that changes in activity with variations in illuminance were distinct 464 

between adolescents and young adults. 465 

POST HOC: PAIRWASIE COMPARISON OF HYPOTHALAMUS SUBPARTS IN YOUNG 
ADULTS AND IN ADOLESCENTS 

Contrast Young Adults Adolescents 

 T-value Pcorrected(Tukey) T-value Pcorrected(Tukey) 
1 vs. 2 -0.50 0.99 0.05 1.00 
1 vs. 3 -5.52 <.0001 -2.89 0.03 
1 vs. 4 -2.00 0.27 -1.21 0.75 
1 vs. 5 -2.46 0.10 -1.77 0.39 
2 vs. 3 -4.71 <.0001 -2.94 0.03 
2 vs. 4 -1.49 0.57 -1.26 0.72 
2 vs. 5 -1.96 0.29 -1.82 0.36 
3 vs. 4 3.22 0.01 1.68 0.45 
3 vs. 5 2.76 0.04 1.12 0.80 
4 vs. 5 -0.46 0.99 -0.56 0.98 
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Table 5: Statistical outputs of GLMM analysis comparing hypothalamic activity in adolescents 466 

(N=16) vs. young adults (N=15) groups in response to each illuminance in the evening. 467 

MAIN GLMM 

Effect F-value P-value Partial R2 

Illuminance 13.35 <.0001 0.04 
Hypothalamus subpart 1.89 0.11  
Hypothalamus subpart ´ Illuminance 2.88 0.0001 0.04 
Age group 0.01 0.92  
Age group ´ Illuminance 5.98 <.0001 0.02 
Age group ´ Hypothalamus subpart 0.81 0.52  
Age group ´ Hypothalamus subpart ´ Illuminance 0.44 0.97  
Task 6.51 0.01  
Sex 1.47 0.24  
BMI 2.74 0.11  
Season 0.33 0.57  

GROUP COMPARISON BETWEEN OVERALL HYPOTHALAMUS RESPONSE IN ADOLESCENTS 
AND YOUNG ADULTS AT DIFFERENT ILLUMINANCE LEVELS 

Illuminance Contrast T-value Pcorrected(Tukey) 

0 Adolescents vs. Adults 1.27 0.20 
0.16 Adolescents vs. Adults -0.09 0.93 
37 Adolescents vs. Adults 0.92 0.36 
92 Adolescents vs. Adults -0.54 0.59 

190 Adolescents vs. Adults -1.97 0.04 
 468 

 469 

Post hoc analyses indicated that at the highest illuminance level (190 mel-EDI), 470 

overall hypothalamic activity differed significantly between the two age groups, with 471 

adolescents showing lower activity than young adults did (p = 0.04) (Figure 4-B, Table 472 

5). This difference was largely attributed to the anterior-superior (p = 0.04) and inferior-473 

tubular (p = 0.04) subparts, which showed larger deactivation in adolescents than in 474 

young adults in response to the highest illuminance (Figure 4-C, Suppl. Table S2). 475 

Considering the activity of each subpart under each illuminance in each group (Suppl. 476 

Table S3, Supp. Figure S2), we noted that the anterior-inferior subpart significantly 477 
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decreased in activity with increasing illuminance in both groups. In contrast, the 478 

posterior subpart significantly increased only in young adults, whereas the superior-479 

anterior, inferior-tubular and superior-tubular subparts significantly decreased only in 480 

teenagers. Therefore, except for the inferior-anterior subpart, 4 subparts of the 481 

hypothalamus appeared to display distinct dynamics between age groups, but only 482 

between-group differences in the superior-anterior and inferior-tubular subparts 483 

reached significance (Suppl. Table S3). 484 

 485 

  486 
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Figure 4: Group comparison of hypothalamic response between adolescents and young 504 

adults in the evening. 505 

(A) Linear modulation of activity by illuminance (arbitrary unit – a.u.; median (horizontal 506 

line), interquartile range (IQR; boxed region), and whiskers extending to Q3 + 1.5 × 507 

IQR and Q1 – 1.5 × IQR) of each hypothalamus subpart in response to illuminance 508 

variation in adolescent (N=16) and young adult (N=15) groups (main effect of 509 

hypothalamus subpart: p < 0.0001). 510 

(B) Overall activity estimates (arbitrary unit – a.u.; median (horizontal line), interquartile 511 

range (IQR; boxed region), and whiskers extending to Q3 + 1.5 × IQR and Q1 – 1.5 × 512 

IQR) of hypothalamus to each illuminance level in adolescents and young adults. 513 

There is a significant difference between the groups under the highest illuminance level 514 

(190 mel-EDI lux) (Pcorrected = 0.04) 515 

(C)  Activity estimates (arbitrary unit – a.u. ; median (horizontal line), interquartile range 516 

(IQR; boxed region), and whiskers extending to Q3 + 1.5 × IQR and Q1 – 1.5 × IQR) 517 

of each hypothalamus subpart under the under the highest illuminance level (190 mel-518 

EDI lux) in adolescents and young adults. Adolescents show larger deactivation in 519 

superior-anterior and inferior-tubular (p = 0.04). 520 

The activity estimates of the 0-back and 2-back tasks are averaged (task are presented 521 

separately in Suppl. Figure S3). 522 

Asterisks (*) denote significant differences (p < 0.05). 523 

 524 

Performance to the Executive Task Is Improved by Light with No Correlation to 525 

Hypothalamic Subregion Activity 526 

In the final step, we considered performance to the cognitive task. We focused on the 527 

more challenging 2-back condition of the executive task, known to engage higher-528 

order cognitive processes (Collette et al., 2005). Overall task accuracy was high in all 529 

participants (mean±SD of accuracy on the 2-back task: 90.0%±7.0% across adults 530 
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with morning fMRI; 89.6%±7.5% across adults with evening fMRI; and 87.1%±8.2% 531 

across adolescents), and performance improved with increasing illuminance, with no 532 

impact of time of day or age group (GLMM with all young adults including time of day 533 

as covariate while controlling for age, sex, BMI, season and chronotype; main effect 534 

of illuminance: F = 3.07, p = 0.02, Partial R² = 0.1; Figure 5-A; GLMM with adolescents 535 

and adults scanned in the evening including age group as covariate while controlling 536 

for sex, BMI and season; main effect of illuminance: F = 4.87, p = 0.001, Partial R² = 537 

0.2; Figure 5-B). Post hoc analyses are overall in line with a performance increase 538 

with increasing illuminance (Table 6). When investigating whether illuminance-related 539 

changes in hypothalamus activity were associated with changes in performance, we 540 

found no significant association between the accuracy to the two back task and the 541 

activity in any hypothalamic subregion (p > 0.05; Suppl. Table S4, S5).  542 

Table 6: Post-hoc analysis: Pairwise comparison of performance under different light levels 543 

in adults (pooling data of morning and evening groups) and in the evening (pooling data from 544 

adults and adolescents). 545 

 
ADULTS 

 (MORNING AND EVENING) 
EVENING 

 (ADULTS AND ADOLESCENTS) 

Contrast T-value Puncorrected Pcorrected (Tukey) T-value Puncorrected Pcorrected (Tukey) 

0 vs. 0.16 1.38 0.17 0.64 0.46 0.64 0.99 
0 vs. 37 0.97 0.33 0.87 0.76 0.45 0.94 
0 vs. 92 -1.46 0.15 0.59 -2.10 0.037 0.23 
0 vs. 190 -1.08 0.28 0.81 -2.58 0.011 0.08 
0.16 vs. 37 -0.41 0.68 0.99 0.28 0.78 0.99 
0.16 vs. 92 -2.84 0.005 0.04 -2.56 0.011 0.08 
0.16 vs. 190 -2.46 0.015 0.11 -3.06 0.003 0.02 
37 vs. 92 -2.43 0.016 0.11 -2.78 0.007 0.05 
37 vs. 190 -2.05 0.042 0.25 -3.32 0.001 0.011 
92 vs. 190 0.38 0.70 0.99 -0.46 0.64 0.99 

546 
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         547 (A) 

 548 
 549 

        (B) 550 
Figure 5: Performance on the 2-back task improved with increasing illuminance, with 551 

no significant effect of time of day or age group. (A) accuracy across different illuminance 552 

levels in young adults (left: data pooled from both the morning (N=18) and evening (N=15) 553 

groups; right: performance in the morning and evening groups separately). (B) accuracy under 554 

varying illuminance levels in the evening (left: data pooled from the young adult (N=15) and 555 

adolescent (N=16) groups; right: performance in the morning and evening groups separately). 556 

In both panels, accuracy values are adjusted for the covariate for display purposes.  557 

Box plot showing the median (horizontal line), interquartile range (IQR; boxed region), and 558 

whiskers extending to Q3 + 1.5 × IQR and Q1 – 1.5 × IQR. 559 

 560 

 561 
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Discussion 562 

The precise mechanism of the biological impact of light on NIF brain function has not 563 

been established, particularly in humans, for which translations of findings from animal 564 

studies remain scarce. We focused on the hypothalamus, as it is the brain region 565 

receiving most of the outputs from ipRGCs and because we previously revealed an 566 

opposite response pattern between the anterior and posterior parts of the 567 

hypothalamus in response to illuminance variations, when exposed to light in the 568 

morning 9. Here, we first examined whether the impact of illuminance on the regional 569 

activity of hypothalamic was influenced by time-of-day by comparing data collected in 570 

the morning and evening in two groups of young adults. We further assess whether 571 

illuminance impact varied with developmental stage, by comparing adolescents to 572 

young adults in the evening only. Our results reveal that the opposite response to 573 

illuminance change of anterior and posterior hypothalamus subparts is similarly 574 

present in the morning and in the evening, with the posterior and anterior 575 

hypothalamus, respectively, showing increased and decrease activity as illuminance 576 

increases. In addition, a detailed analysis of hypothalamus subpart activity revealed 577 

distinct dynamics with illuminance change in adolescents vs. young adults, particularly 578 

within the superior-anterior subpart and inferior-tubular subpart, which showed a 579 

significantly larger decrease in activity as illuminance increased in adolescents. These 580 

results suggest that the previously reported time of day differences in the impact of 581 

light on brain activity and performance 12 may not be primarily driven by prominent 582 

regional differences in the hypothalamus. In contrast, previous reports that evening 583 

light may affect the circadian system and behavior in adolescents differently 13 may be 584 

at least in part grounded in regional differences in the response to light across 585 

hypothalamus subparts. These findings will contribute to a deeper understanding of 586 
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the biological effects of light on the brain and offer insights for developing more 587 

personalized light interventions. 588 

As in our initial study 9 achieving individual hypothalamic nucleus resolution in 589 

humans remains unattainable, primarily because of the low contrast between the 590 

nuclei, as highlighted in previous works 34. We nevertheless employed a standardized, 591 

reproducible procedure to parcellate the hypothalamus into consistent subparts 29 592 

considered to include (part of) specific nuclei. Yet, this limitation prevents us from 593 

attributing our findings to a specific nucleus, and we can suggest only a variety of 594 

potential interpretations that would require further investigation. Since we did not 595 

observe any time-of-day differences, the interpretations we proposed for the regional 596 

impact of illuminance across the hypothalamus in the morning still apply to the 597 

evening. We briefly summarize these interpretations in the following lines. The 598 

posterior hypothalamus subpart encompasses part of the LH and the TMN, which 599 

respectively produce orexin and histamine, both known to promote wakefulness, and 600 

animal histology has shown direct projections from ipRGCs to the LH 2,6,7. Light may 601 

enhance wakefulness by activating these wake-promoting circuits, possibly through 602 

an elevated release of orexin and histamine both in the morning and in the evening. 603 

This aligns with previous research linking light exposure to improved alertness and 604 

reduced subjective sleepiness in the evening 9. Orexin is a good candidate for 605 

regulating the circadian signal that promotes wakefulness 35. If we are indeed facing a 606 

change in LH activity with increasing illuminance, this could mean that light similarly 607 

induces orexinergic signaling to promote wakefulness both in the morning, shortly after 608 

waking, and in the evening, around habitual sleep time. 609 

Similarly, the anterior and tubular subparts of the hypothalamus encompass 610 

several nuclei, including two key projection sites of ipRGCs, the SCN and POA, which 611 
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are involved in circadian and sleep regulation, respectively 36, as well as part of the 612 

TMN 3. The decreased activity we detected in these subparts may reflect a reduction 613 

in GABAergic signaling from either of these nuclei 37–39, potentially relieving the 614 

inhibition of their downstream targets and promoting wakefulness. Regardless of the 615 

specific signaling mechanism, the decreased activity we observed in the anterior 616 

hypothalamus during the day 9,10 appears to be consistently present in the evening. 617 

This finding is reminiscent of a previous positron emission tomography (PET) study 618 

that reported decreased glucose uptake in the anterior hypothalamus following light 619 

exposure at night 40. Interestingly, the VLPO has been suggested to deliver inhibitory 620 

GABAergic and galaninergic inputs to neurons of the TMN, as well as other 621 

components of the ascending monoaminergic arousal system 41. Therefore, the 622 

opposite activation patterns observed in the anterior region (which includes the VLPO) 623 

and the posterior region (which includes the TMN) may be in line with this assumption. 624 

Our findings reveal that the impact of light on hypothalamic activity in young 625 

adults extends into the evening as well as the morning, highlighting the importance of 626 

carefully managing evening light exposure. The observation of similar effects in the 627 

evening raises concerns about the potential disruptive effects of high illuminance 628 

levels, especially those exceeding the recommended maximum of 10 mel-EDI lux for 629 

evening light 42. Such exposure has been shown to disrupt circadian rhythms and 630 

sleep 43. Broadly speaking, our findings suggest that the hypothalamus may maintain 631 

a level of consistency in processing light stimuli across different times of the day. This 632 

finding implies that the differential acute biological effects of light on brain function, as 633 

reported in previous studies 12, may be mediated through other brain regions, such as 634 

the pulvinar in the thalamus 15,44 or the locus coeruleus in the brainstem. 635 
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When comparing adolescents and young adults, only in the evening, we initially 636 

found that the overall impact of illuminance on hypothalamic activity did not differ 637 

between the two age groups. While this result may not be surprising, given that light 638 

likely affects physiology similarly in individuals between the ages of 15 and 30, more 639 

detailed analyses revealed differences that were not captured by the linear regression 640 

model used to assess the overall impact of illuminance. Specifically, the dynamics of 641 

activity changes induced by variations in illuminance appeared to differ across 642 

hypothalamic subparts. One notable exception was the inferior-anterior subpart, which 643 

displayed qualitatively similar patterns of activity in both age groups, suggesting that 644 

the activity of the SCN (or other nuclei within this subpart) and its impact on 645 

downstream targets is unchanged in the evening between adolescents and young 646 

adults. While we observed some distinct dynamics in the posterior hypothalamic 647 

subpart between the two groups, the differences were not statistically significant, so 648 

we will not discuss them further. In contrast, the superior-anterior and inferior-tubular 649 

subparts of the hypothalamus exhibited a sharper decrease in activity in response to 650 

higher light levels, with a more pronounced decrease in adolescents than in young 651 

adults.  652 

Compared with young adults, adolescents may therefore exhibit a stronger 653 

response to changes in illuminance in the evening, at least in some parts of the 654 

hypothalamus. This could contribute to concerns around evening light exposure in this 655 

age group, which could be more sensitive to light due to factors such as larger pupil 656 

size, clearer lens, and/or a later chronotype 13,45–48. This age-related difference in the 657 

hypothalamic response might also arise from ongoing neurodevelopmental changes 658 

that can potentially alter neurotransmitter dynamics, or the density and connectivity of 659 

neural circuits involved in inhibitory responses to light. 660 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 5, 2026. ; https://doi.org/10.64898/2026.01.05.697645doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.05.697645
http://creativecommons.org/licenses/by-nc/4.0/


If we keep a similar interpretation as for adults in terms of the precise 661 

hypothalamus nuclei that may be involved, the age group difference we detect in the 662 

evening over the superior-anterior subpart of the hypothalamus could correspond to a 663 

stronger response of the POA nuclei and, given their important role in sleep regulation 664 

6,41 contribute to sleep disturbances. Similarly, the inferior-tubular subpart could 665 

correspond to part of the TMN and imply a reduced GABAergic (or histaminergic) 666 

output of the nuclei that could disturb downstream sleep regulation. However, a recent 667 

study reported that, while adolescents show greater melatonin suppression by light, 668 

their recovery is faster than that of adults 49. Specifically, once the light was turned off, 669 

the melatonin suppressed by light exposure returned to its pre-exposure level within 670 

approximately 50 minutes in adolescents. These findings suggest that although 671 

adolescents may experience a stronger acute impact from light exposure, potentially 672 

through the specific impacts we detected in the hypothalamus, the effects may 673 

dissipate more quickly than they do in younger adults, indicating that young adults 674 

may actually be more susceptible to NIF effects. 675 

Similar to our previous findings 9, illuminance positively influenced performance 676 

on the executive task. However, unlike our earlier study, which had unexpectedly 677 

revealed a negative correlation between performance and posterior hypothalamic 678 

activity, we found no significant relationship between performance and activity in any 679 

hypothalamic subregion in the current study. This discrepancy may be attributed to 680 

the different in sample size in the morning or to the environmental (time of day) and 681 

individual (age) factors central to the present study and questions the robustness of 682 

this earlier observation. As previously 9, this reminds that although light-induced 683 

performance change is concomitant to light-induced hypothalamus variations, 684 
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performance, which is an output of cortical activity, may not rely directly and solely on 685 

hypothalamus activity. 686 

As with any research, our study bears limitations. The primary limitation is the 687 

between-group design, as opposed to a within-subject design, which would have 688 

imposed a much higher workload and risk of dropout. Moreover, we have a relatively 689 

small sample size within each group, which may have reduced the statistical power of 690 

our analyses. This means that there could be weaker effects in our data that we were 691 

unable to detect. Additionally, data collection for adolescents was not conducted in the 692 

morning because of concerns about school schedule dropout rates, which may have 693 

impacted our ability to capture the full range of potential effects. Hence, whether time 694 

of day affects regional hypothalamus activity in adolescents remains an open 695 

question. We discarded color differences between the light conditions and only 696 

considered illuminance as indexed by mel-EDI lux. This does not, for instance, allow 697 

us to attribute the findings to a particular photoreceptor class and also means that part 698 

of our finding may be attributed to differences in colour. Furthermore, the 5-min 699 

exposure to a bright polychromatic light included upon participant arrival to 700 

standardize recent prior light history across all groups of participants most likely 701 

suppressed melatonin secretion in the evening. Although we cannot exclude it, we 702 

consider it is unlike to have greatly contributed to our findings as this short bright light 703 

exposure was followed by ~60 min in dim light (taking into account participants 704 

installation and fMRI recording preparation), during which melatonin most likely 705 

returned to normal levels 49,50. Finally, we used short light exposures, which may have 706 

produced different results than longer light exposures did, especially in the relationship 707 

between performance and hypothalamus activity.  708 

 709 
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Conclusions 710 

In conclusion, this study contributes to the growing body of literature on the 711 

relationship between environmental light exposure and an important brain structure, 712 

i.e., the hypothalamus, and provides important insights into the differential effects of 713 

illuminance on hypothalamic activity across different subparts, times of day, and 714 

developmental stages. The posterior hypothalamus seems to be a key region in 715 

mediating the arousing effects of light, whereas the anterior hypothalamus may 716 

contribute to the stimulating effects of light by inhibiting sleep-promoting circuits, 717 

especially in the evening. In the evening, we observed a stronger response to light in 718 

adolescents, particularly in subparts of the hypothalamus involved in sleep regulation. 719 

This may reinforce concerns about the disruptive effects of evening light on sleep in 720 

this age group and highlights the need for careful management of light exposure during 721 

key developmental periods. These findings may have important implications for 722 

optimizing light exposure to regulate sleep and wakefulness, as well as for improving 723 

lighting environments in settings such as schools, workplaces, and therapeutic 724 

spaces.  725 
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