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Abstract  19 

Regulation of biological processes according to a 24-hr rhythm is essential for the normal 20 
functioning of an organism. Temporal variation in brain MRI data has often been attributed to 21 
circadian or diurnal oscillations; however, it is not clear if such oscillations exist. We provide the 22 
first evidence that diurnal oscillations indeed govern multiple MRI metrics. We recorded cerebral 23 
blood flow, diffusion-tensor metrics, T1 relaxation, and cortical structural features every three 24 
hours over a 24-hr period in each of 16 male controls and eight male bipolar disorder patients. 25 
Diurnal oscillations were detected in numerous MRI metrics at the whole-brain level, and 26 
regionally. Rhythmicity parameters in the bipolar disorder patients were similar to the controls for 27 
most metrics, except for a larger phase variation in cerebral blood flow. The ubiquitous nature of 28 
diurnal oscillations has broad implications for neuroimaging studies and furthers our 29 
understanding of the dynamic nature of the human brain.  30 
 31 
Key words: cosinor, MRI, circadian, diurnal, brain disease, bipolar disorder, cerebral blood flow, 32 
cortical thickness, cortical surface area, cortical volume, T1 relaxation, diffusion tensor imaging, 33 
fractional anisotropy, mean diffusivity. 34 

Introduction  35 

Cell-autonomous circadian oscillators and environmental cues such as light, sleep-wake, and 36 
feeding, interact across various animal tissues to produce diurnal rhythmicity1. Circadian and 37 
diurnal oscillations are an integral part of most biological processes including gene expression, 38 
metabolism, hormonal regulation, immune response, sleep, cognition and behavior2,3. Molecular 39 
oscillatory patterns are particularly complex in the brain, where different regions exhibit 40 
substantial variation in amplitudes and phases of oscillating RNA transcripts4,5, metabolites6, and 41 
proteins7. Yet, it is not clear if and how these periodic molecular effects translate into the larger-42 
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scale structural and functional features in the living human brain, which can be measured by 43 
magnetic resonance imaging (MRI). 44 
  In PubMed, we identified over 500 articles matching search parameters: “diurnal OR 45 
circadian AND MRI AND brain”. In many of these publications, scanning the same participants 46 
twice a day detected morning-evening differences in metabolism/cerebral blood flow8,9 47 
brain/parenchymal volume10,11, diffusion metrics12–15 and parameters derived from functional 48 
MRI16,17. These differences were not attributable to known MRI confounders such as technical 49 
differences in scanner type, image acquisition protocols, and data processing pipelines, nor to 50 
subject-related factors10,11. Therefore, it has often been assumed that these time-of-day effects 51 
reflect circadian or diurnal rhythmicity, but, in fact, their presence and parameters remain poorly 52 
understood. Thus far, the most direct experimental evidence for circadian oscillations in human 53 
MRI data comes from a functional MRI study that acquired several scans throughout the morning 54 
and night to test for changes in the brain’s response to an attention task in conjunction with sleep 55 
deprivation18. To the best of our knowledge, no MRI studies to date have performed structural or 56 
quantitative imaging using an optimal design (sampling at evenly spaced intervals around the 57 
clock) to estimate 24-hr oscillations in the human brain. 58 

The primary aim of the present investigation was to determine if 24-hr oscillations were 59 
present in an array of MRI metrics representing structural brain features and cerebral blood flow. 60 
Separation of endogenous (circadian) effects from those induced by environmental changes during 61 
day and night is not a trivial task, therefore we aimed to characterize diurnal rather than circadian 62 
rhythmicity.  63 

Our secondary aim was to investigate if and how the oscillatory parameters differed in 64 
individuals affected by a brain disease. We recently suggested that disease may alter synchronous 65 
epigenomic circadian/diurnal oscillations19,20, and this principle of desynchronosis is applicable to 66 
any other biological oscillator. Therefore, we additionally aimed to test the desynchronosis 67 
hypothesis in brain MRI metrics of patients affected with bipolar disorder (BPD), a common 68 
psychiatric disorder with numerous changes in circadian regulation21. 69 

In this study (Figure 1), we assessed 24 male participants (25-50yrs of age, 16 controls and 70 
eight BPD patients) each scanned every three hours over a 24-hr period, with the first scan 71 
beginning between 8:00 and 9:30. We derived nine MRI metrics from both standard and 72 
specialized MRI protocols (Methods) including arterial spin labeling, diffusion-tensor imaging, 73 
T1-weighted imaging, and T1 relaxometry. Each 30-min MRI session produced metrics of: 74 
cortical thickness (CT), cortical grey matter volume (GMV), cortical surface area (SA), white 75 
matter fractional anisotropy (WM-FA), mean diffusivity of white and grey matter (WM-MD, GM-76 
MD), grey matter cerebral blood flow (CBF), and white and grey matter quantitative longitudinal 77 
relaxation time (WM-qT1, GM-qT1).  78 

Cosinor regression sinusoidal curve fits22 (Methods) were applied to the brain-derived 79 
metrics, at the whole brain and regional level, to detect diurnal oscillations and estimate their 80 
parameters. We examined the MRI metric variation explained by the group-level oscillations and 81 
identified instances where oscillations were not synchronous across subjects. The analyses were 82 
extended to compare the BPD group with the controls.  83 

Results  84 

 85 

Participants  86 
 87 
Twenty-four participants completed the study (Supplementary Fig. 1). Our inclusion criteria 88 
included both sexes; however, all participants were males. Six females expressed initial interest, 89 
and three were eligible, but due to scheduling challenges and the onset of the COVID-19 90 
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lockdown of the research facility, none participated. Six of the eight BPD patients recruited were 91 
being treated with a mood stabilizer (lithium, carbamazepine, lamotrigine, or valproic acid) at the 92 
time of scanning. One patient was medication-free, but had a history of treatment with valproic 93 
acid, and one patient’s medication information was not disclosed. All patients were in remission at 94 
the time of recruitment and during their scanning session. Their euthymic states were confirmed 95 
using the Young Mania Rating Scale (YMRS)23 approximately 30 days prior to enrolment 96 
(mean[SD]=30[16] days, range=11-58 days). Apart from one Asian in the control group, the 97 
ethnic background of all participants was Caucasian. To ensure a streamlined experience for the 98 
patients, the first four scanning sessions were controls only, the next four sessions included 99 
patients (Methods). Controls and BPD patients were similar in terms of most characteristics, 100 
including their Pittsburgh Sleep Quality Index24 (PSQI) and sleep schedules in the week prior to 101 
scanning (Table 1).  102 
 103 
Technical variation  104 
 105 
CBF or diffusion scans were repeated back-to-back three times at each of the nine time points in 106 
two control subjects per measure. Temporal variation across the 24-hr period was consistently 107 
significantly larger than within time point technical (scan-to-scan) variation for the relevant 108 
whole-brain metrics (CBF, GM-MD, WM-MD, and WM-FA; one-way ANOVA range 109 
F8,18[p]=5.8[9.4x10-4] to 22[7.8x10-8]; Supplementary Table 1).  110 
 111 
 112 
Diurnal oscillations in the whole brain averages of control subjects 113 
 114 
Whole-brain diurnal oscillations were tested with a two-stage cosinor model22 (Methods) with a 115 
24-hr period (Figure 1a). Briefly, a subject-level cosinor regression model (referred to as S-116 
cosinor going forward) was fit to each control subject’s data to obtain subject-specific parameter 117 
estimates for: the midline estimating statistic of rhythm (MESOR), the oscillation amplitude, and 118 
the time of its peak (acrophase). These individual fits are shown in Figure 2a. Then, an average 119 
group-level cosinor model (referred to as G-cosinor going forward) was obtained by averaging S-120 
cosinor parameters22 (Methods). The corresponding G-cosinor zero-amplitude F-test revealed that 121 
four of the nine imaging-derived MRI metrics exhibited significant group-level 24-hr oscillations 122 
(Supplementary Table 2). In order of acrophase time these were: WM-MD (F2,14=10.5, p=0.0017, 123 
acrophase=13hrs), GM-MD (F2,14=9.5, p=0.0025, acrophase=16hrs), WM-FA (F2,14=8.8, 124 
p=0.0034, acrophase=18hrs), and CBF (F2,14=6.8, p=0.0088, acrophase=21hrs). Individual 125 
acrophases and corresponding significant group-level acrophases with their 95% confidence 126 
intervals (CIs) are shown in Figure 2b, and a summary of diurnal oscillation amplitudes and other 127 
related statistics for each significant MRI metric are presented in Table 2. 128 

The proportion of variance explained (R2) by these diurnal oscillations was assessed under 129 
two contexts. First, we proceeded without adjusting for inter-individual variation in subjects’ 130 
MESORs to obtain an unnormalized R2 (R2

UN). Here, we utilized the G-cosinor MESOR, 131 
amplitude, and acrophase to model the data. The CBF G-cosinor model explained the most total 132 
variance (R2

UN=0.020), followed by WM-MD (R2
UN=0.0098), GM-MD (R2

UN=0.0055), and WM-133 
FA (R2

UN=0.0034) (Figure 2c). Second, the proportion of variance explained by diurnal 134 
oscillations was assessed after controlling for inter-individual variation by demeaning the data 135 
within each subject. This effectively set the MESOR to zero, and we utilized only the amplitude 136 
and acrophase estimates of the G-cosinor model. The proportion of remaining variance in the 137 
demeaned data (demeaned R2; R2

DM) explained by diurnal oscillations increased by about an order 138 
of magnitude compared to R2

UN, with the largest in GM-MD (R2
DM=0.20), followed by WM-MD 139 

(R2
DM=0.19), CBF (R2

DM=0.15), and WM-FA (R2
DM=0.084) (Figure 2d). 140 
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No significant group-level diurnal oscillations were found for CT, GMV, SA, GM- and 141 
WM-qT1, which suggested that these metrics were static, or oscillations were too small to be 142 
detected with the current sample size (this is further explored in the BPD section). Alternatively, 143 
within-subject diurnal oscillations may have been real, but out of phase across individuals, i.e., 144 
asynchronous oscillations. In this case, aggregation of widely dispersed individual acrophases 145 
would have led to a G-cosinor amplitude too low to produce significant group-level oscillations 146 
(Figure 1b, II). To test this alternative possibility, we utilized the S-cosinor p-values and Fisher’s 147 
meta-analytic method25 to estimate the accrued evidence for subject-level diurnal oscillations 148 
(Methods). This acrophase-agnostic test was significant for both GM-qT1 (p=0.0042) and WM-149 
qT1 (p=0.042), but not for CT, GMV, and SA (Supplementary Table 2). 150 

To provide context to the observed oscillations in the brain with non-brain metrics known 151 
to oscillate diurnally, we also measured subjects’ body weights prior to each scan session. Weight 152 
exhibited strong evidence for 24-hr oscillations with its acrophase around midnight (G-cosinor 153 
F2,14=32, p=5.7x10-6, acrophase=24hrs, R2

UN=0.00041, R2
DM=0.38, Figure 2e-h, Table 2), which 154 

was very similar to previously published results26. Body weight co-varies with total body water26, 155 
and direct experimental manipulation of water intake results in changes to brain volumes27,28 and 156 
quantitative MRI metrics (SC, 2017, 157 
https://cds.ismrm.org/protected/17MProceedings/PDFfiles/1001.html). Based on such findings, 158 
body weight has been used as a proxy for hydration status14. In our study, including subject weight 159 
as a covariate did not eliminate oscillatory effects; all four MRI metrics remained significant (all 160 
G-cosinor p<0.05; Supplementary Table 3). 161 

 162 
 163 

Diurnal oscillations in brain regions of control subjects 164 
 165 
We partitioned the brain into predefined regions of interest (ROIs) to test whether diurnal 166 
oscillation characterization remained feasible at the regional-level. Briefly, CBF, GM-MD, GM-167 
qT1, SA, CT, and GMV values were obtained from 358 cortical grey matter ROIs using the 168 
Human Connectome Project Multi-Modal Parcellation cortical atlas29 (version 1.0), an additional 169 
14 subcortical ROIs from the Freesurfer automatic segmentation atlas30 were obtained for CBF, 170 
GM-MD, and GM-qT1; WM-MD, WM-FA, and WM-qT1 values were obtained from 46 171 
skeletonized white matter ROIs using the Johns Hopkins University diffusion-based white-matter 172 
atlas31 (Methods).  173 

We found significant evidence of regional diurnal oscillations using identical methods to 174 
whole-brain analysis, for each ROI. S-cosinor regression was first applied for every subject, MRI 175 
metric, and ROI, independently (Figure 3a; Supplementary Fig. 2). Resulting group-level 176 
oscillations were nominally significant (G-cosinor p<0.05) in 5.9% to 85.8% of ROIs across seven 177 
of the nine MRI metrics (Supplementary Table 4). After false-discovery rate (FDR) adjustment, 178 
we obtained significant (q<0.05) regional diurnal oscillations for CBF, GM-MD, and WM-MD 179 
(289, 53, and 3 ROIs, respectively; Figure 3b-c). The acrophases of these ROIs ranged from 18-180 
23hrs in CBF, 14-20hrs in GM-MD, and 8-18hrs in WM-MD. These regional acrophases were 181 
generally within the 95% confidence interval (CI) of their respective whole-brain acrophases; 182 
maximal ROI differences from the whole-brain acrophases were 3hr for CBF (whole-brain CI 183 
spans 3hrs), 4hr for GM-MD (CI spans 4hrs), and a 5hr difference originating from two of the 184 
three oscillating WM-MD ROIs (CI spans 4hrs) (Figure 3c; Table 2). R2

UN
 effect sizes were 185 

distributed around their observed whole brain R2
UN values, with ROIs reaching R2

UN=0.047, 186 
0.030, and 0.028 for CBF, GM-MD, and WM-MD, respectively. After within-subject demeaning, 187 
ROI R2

DM were lower than their observed whole brain R2
DM on average, yet maximum R2

DM were 188 
near whole brain observations at R2

DM=0.21, 0.21, and 0.13 for CBF, GM-MD and WM-MD, 189 
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respectively (Table 2). These regional diurnal oscillation statistics are shown in Supplementary 190 
Fig. 3. 191 

The remaining metrics did not exhibit group-level oscillations at the regional level. We 192 
observed that the regional acrophases for GM-qT1 (Figure 3a) and WM-qT1 (Supplementary Fig. 193 
2) were clustered within each subject, but these clusters were dissimilar across subjects. This 194 
suggested that individual diurnal oscillations were present regionally, but group-level regional 195 
oscillations were undetectable due to the highly variable acrophases across subjects. The follow-196 
up acrophase-agnostic test detected 40.6% and 8.7% of ROIs with nominally significant evidence 197 
for subject-level diurnal fits in GM-qT1 and WM-qT1, respectively, with 4 ROIs surviving FDR 198 
adjustment (q<0.05) in GM-qT1 (Supplementary Table 4).   199 
 200 
Diurnal oscillations in bipolar disorder  201 
 202 
After establishing diurnal oscillations in controls, we turned our attention to the group of eight 203 
patients diagnosed with BPD. We first established that neither their diurnal actigraphy or body 204 
weight oscillatory parameters differed from the controls (Table 1; Supplementary Fig. 4). Next, 205 
we interrogated the BPD MRI data for evidence of oscillations (Figure 4a), assessed how similar 206 
the detected oscillations were compared to the controls, and then combined the two datasets to 207 
increase the sample size for further oscillation detection (Figure 4a-c). Finally, we followed up on 208 
evidence for desynchronosis in CBF and its related implications to disease studies (Figure 4d-e). 209 

At the whole-brain level, the BPD group exhibited significant 24-hr rhythmicity for GM-210 
MD and WM-FA (G-cosinor F2,6=6.9, p=0.027, and F2,6=21.3, p=0.0019, respectively; Figure 4a). 211 
Acrophase times for the two metrics in BPD (15hrs and 17hrs, respectively) did not differ from 212 
the control group (16hrs and 18hrs, respectively; permutation p=0.77, and p=0.68, respectively; 213 
Methods). Taken together, these findings argue that oscillations were not altered in BPD for GM-214 
MD and WM-FA.  215 

Several MRI metrics did not show evidence for group-level whole-brain oscillations 216 
(BPD: CBF, WM-MD; controls: SA; both: GMV, CT, WM- and GM-qT1). We assumed that 217 
there may have been inadequate power to detect oscillations. If subthreshold oscillatory signals 218 
had similar acrophases, they could become significant when assessed in a combined cohort of all 219 
24 subjects. Combining the groups indeed strengthened the evidence for oscillations in WM-MD 220 
(G-cosinor; F2,22=13.9, p=0.00012 compared to F2,14=10.5, p=0.0017 in controls only) without 221 
changes in the acrophase (13hrs)(Figure 4a). New evidence for oscillations, unseen in the controls 222 
alone, was detected for SA (F2,22=6.7, p=0.0053, acrophase=4hrs). GMV, initially considered to 223 
be arhythmic in both groups, now revealed evidence for oscillations in the combined sample 224 
(F2,22=3.8, p=0.038; acrophase=6hrs). Similar to the control-only analysis, the group-level test in 225 
the combined sample was non-significant for both qT1 metrics, yet the acrophase-agnostic test 226 
further supported the presence of asynchronous diurnal oscillations in GM- and WM-qT1 (χ2=72 227 
and χ2=62; p=0.0013 and p=0.015, respectively). The single remaining arhythmic measurement 228 
was CT, which did not show evidence of synchronous or asynchronous oscillations (Figure 4a; 229 
Supplementary Table 2). 230 

At the brain regional level, the BPD cohort alone produced only five significantly 231 
oscillating ROIs (G-cosinor FDR q<0.05; all in WM-FA), likely due to the cohort’s small sample 232 
size. Adding this cohort to the controls, however, dramatically increased the number of significant 233 
ROIs in many metrics compared to the controls only (Supplementary Table 4). G-cosinor detected 234 
an additional 117 and 8 ROIs for GM-MD and WM-FA (Figure 4b), plus 17 new ROIs for CBF 235 
(despite 24 fewer ROIs overall; Supplementary Table 4) in the combined sample. The acrophase-236 
agnostic test revealed 93 new ROIs (FDR q<0.05) for GM-qT1 (Figure 4c), plus 119, 101, and 2 237 
additional ROIs for CBF, GM-MD, and WM-MD, respectively (Supplementary Table 4). 238 

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

The copyright holder for this preprint (whichthis version posted April 28, 2023. ; https://doi.org/10.1101/2023.04.28.538592doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.28.538592
http://creativecommons.org/licenses/by/4.0/


 
 

6 

Some key whole-brain CBF observations suggested the presence of group-wise differences 239 
and prompted a follow-up analysis. Unlike the controls, CBF in the BPD patients did not show 240 
group-level oscillations (G-cosinor p=0.74), and adding their data to the control data did not 241 
appreciatively change the statistical evidence for oscillations (combined p=0.0090 vs. controls-242 
only p=0.0088). Two explanations for the lack of significance of a CBF group-level oscillation in 243 
the BPD-only analysis were considered: 1) a loss of individual oscillations in the BPD patients 244 
(Figure 1b, III), or 2) a loss of acrophase consistency relative to controls, i.e., desynchronosis 245 
(Figure 1b, II). Our analyses did not detect evidence for the first possibility; individual CBF 246 
oscillation strengths in the BPD patients did not differ from those in the controls (differential R2 of 247 
the within-subject S-cosinor fits; two-sided Welch’s t-test, t(15)=0.39, p=0.70), indicating no loss 248 
of individual oscillations in BPD. In support of the second possibility, the acrophases of the BPD 249 
patients were widely distributed around the clock (Figure 4a). The BPD  acrophase variance was 250 
significantly larger than the controls (acrophase variance=0.77 and 0.32 in patients and controls, 251 
respectively; permutation p=0.017; Methods). Therefore, we concluded that desynchronosis 252 
contributed to the lack of a BPD group-level oscillation. Interestingly, the magnitude of each BPD 253 
patient’s acrophase deviation from the combined cohort strongly correlated with their subjective 254 
sleep quality score (PSQI, Pearson’s r=0.91; two-sided p=0.0015; Supplementary Fig. 5).  255 

The absence of CBF group-level oscillations in BPD patients, but presence of such in the 256 
controls, translated into a novel disease-related time-of-day effect. To put this finding in the 257 
context of cross-sectional studies, we compared the means of the patients and controls at each 258 
time point and showed that the magnitude of CBF differences exhibited a significant oscillation 259 
(cosinor F-test p=0.0025; Figure 4d-e). The differences in whole-brain blood flow in the BPD 260 
group changed two-fold from 9 ml g-1 min-1 below controls at 8hrs to 18 ml g-1 min-1 below 261 
controls at 21hrs. In contrast, for metrics where oscillations did not differ between the two groups, 262 
group-wise differences were stable across the 24-hr period (e.g. GM-MD, cosinor F-test p=0.92; 263 
Figure 4d-e). 264 
 265 

 266 
Discussion  267 
 268 
In this study, we have shown 24-hr oscillations in eight of nine human brain measurements. Many 269 
of these phenomena have been discussed frequently in the literature, but were not formally 270 
identified prior to this study. Two statistical approaches, G-cosinor modeling and the acrophase-271 
agnostic test, identified two facets of oscillation: one where the oscillations were synchronous 272 
across subjects at the group level (G-cosinor), and one where oscillations were strong at the 273 
individual level (S-cosinor), but asynchronous across subjects. The two effects are not mutually 274 
exclusive, and most G-cosinor significant metrics were also significant in the acrophase-agnostic 275 
test. On the other hand, WM- and GM-qT1 exhibited strong subject-level diurnal effects detected 276 
only by the acrophase-agnostic test.  277 
 Diurnal oscillations in the brain exhibited several interesting features across the MRI 278 
metrics, individuals, and brain regions. In the whole brain, a non-negligible proportion of the total 279 
variance was explained by diurnal oscillations across MRI metrics (R2

UN=0.34%-2.0%). On the 280 
other hand, when inter-subject variability in steady-state values was removed, the model 281 
explanatory power improved, and diurnal oscillations were shown to be a substantial source of 282 
within-subject variation (R2

DM=8.4%-20%). All other factors being equivalent, data acquired in a 283 
typical cross-sectional neuroimaging study will reflect the combination of differences in the 284 
MESOR and the presence of oscillations. These effects may vary spatially (Supplementary Fig. 3), 285 
and certain brain regions may show stronger oscillations than others. Considering oscillations 286 
such as these, and their regional variation, can reduce variability and biases in populational MRI 287 
studies. 288 
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Evidence for 24-hr oscillations provides new insights into the common, but previously 289 
experimentally unproven, interpretation that time-of-day effects are fragments of circadian/diurnal 290 
variation e.g., diffusion metrics in WM13. Technical and methodological disparities prohibited 291 
direct comparisons of our findings with the existing time-of-day literature, yet our oscillatory 292 
models may help explain the origins and variability of morning-evening differences. 293 
Demonstrably, if an acrophase (or nadir) occurs around noon (e.g. WM-MD; acrophase=13hrs) 294 
morning-evening differences may be sensitive to scanning time (Figure 5, red arrows). Here, even 295 
small changes in the timing of morning and evening scans can lead to inconsistent results. Time-296 
of-day effects in other MRI metrics may be less sensitive to scan times, e.g., in WM-FA 297 
(acrophase=18hrs), where evening scans would consistently produce a stronger signal compared 298 
to morning scans (Figure 5, black arrows). 299 

Our findings provide a foundation to guide designs (e.g., scan timing and sample sizes) for 300 
future studies of oscillations in the brain. We demonstrated that, after adding the BPD group to the 301 
controls, new oscillating ROIs were identified at the group-level (GM-MD and WM-FA; Figure 302 
4b), and subject-level (CBF, GM-qT1, and GM-MD; Figure 4c). ROI oscillation maps for most 303 
brain metrics, however, remained sparse, indicating that larger studies are necessary for 304 
identification of new diurnal effects at regional and/or voxel-based resolution. 305 

Subject- or population-specific diurnal oscillations of MRI-based brain features may help 306 
to uncover etiopathogenic mechanisms of neuropsychiatric disease. As exemplified by CBF, 307 
oscillation characteristics can differ significantly in BPD patients compared to controls. CBF 308 
desynchronosis points to diurnal shifts in metabolic demand and adds to the numerous molecular21 309 
and behavioral32 facets of circadian/diurnal dysregulation in BPD. A subset of BPD patients, 310 
however, exhibited CBF acrophases within the acrophase range of control subjects, which may 311 
indicate a stable remission. Alternatively, a large acrophase deviation from the norm may indicate 312 
poorly controlled remission or perhaps even a looming relapse of disease. The preliminary link 313 
between objective acrophase measures and the patient-reported sleep quality (Supplementary Fig. 314 
5) may help uncover the mechanisms of disturbed sleep and hallmark BPD relapse33.  315 

There are some limitations of our study, some of which can be addressed in the future. 316 
First, due to restrictions during the COVID-19 lockdown era, we were not able to scan female 317 
subjects and the sample size of BPD patients was limited to eight. Second, we did not control for 318 
the impact of nutrition, exposure to light, seasonal variation, and other Zeitgebers, which could 319 
have differentially impacted the BPD and control cohorts. However, the observed similarities in 320 
diurnal MRI metrics between groups and across subjects argues against substantial externally 321 
induced biases. Third, the array of medications taken by the BPD patients may have affected their 322 
diurnal oscillations. Fourth, our study was not sufficiently powered to perform some comparisons, 323 
such as ROI oscillations, either across regions or across the two groups, both of which are of 324 
critical importance for uncovering the brain disease topography. Finally, waking up multiple times 325 
during the night for scanning disrupted sleep patterns and may have confounded MRI 326 
measurements. This limitation, however, is hard to address when studying the living human brain. 327 

Mapping individual-specific rhythms may help address a major drawback of traditional 328 
cross-sectional studies, especially in clinical populations: there is abundant evidence that group-329 
averaged measurements poorly represent individual disease34. MRI desynchronization parameters 330 
may provide the basis from which to establish novel biomarkers, subsequently enabling the 331 
stratification of disease subtypes and explaining the contradicting results of chronotherapeutics35. 332 
Patient-specific brain-regional and/or temporal features of disease may become of particular 333 
importance in the personalization of targeted therapeutic approaches such as deep brain 334 
stimulation.   335 
 336 
  337 
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Methods 338 

 339 
Data Collection 340 
 341 
Participants 342 
Participants were considered for inclusion if they were between 18-50yrs of age and met the 343 
inclusion criteria for their group. Exclusion criteria that applied to all participants were: 344 
pregnancy, blindness, metabolic disease (e.g., diabetes), dieting, and contraindications to MRI. All 345 
assessments were performed at the Centre for Addiction and Mental Health (CAMH) in Toronto, 346 
ON, Canada. 347 

Controls. Individuals were recruited via word-of-mouth referrals, existing study registries 348 
and advertisements. Inclusion criteria were: no history of alcohol or substance use disorders, 349 
psychiatric disorders, neurological disorders or sleep disorders. Smoking was not an exclusion 350 
criterion due to the frequent consumption of nicotine products in the BPD patients.  351 

Patients. Patients were recruited from existing patient registries and databases at CAMH. 352 
The same inclusion/exclusion criteria used for controls applied to the BPD group, with the 353 
exception of a history of psychiatric disorder. To be included, a diagnosis of BPD-I or BPD-II was 354 
required, which was confirmed using the Mini-International Neuropsychiatric Interview36 (MINI). 355 
The Young Mania Rating Scale (YMRS) was administered to confirm the patients were euthymic. 356 

The CAMH Research Ethics Board approved the study, all participants provided written 357 
informed consent prior to commencement of the study, and in accordance with the Declaration of 358 
Helsinki. 359 
 360 
General Procedures 361 
During the week prior to the scanning sessions, participants wore a FitBit Flex™ for a minimum 362 
of 3 days to achieve 3 full days of recordings (see “Actigraphy”). All participants completed the 363 
PSQI at the time consent was obtained. On the day of scanning, participants arrived at the CAMH 364 
imaging facility between 7:00 and 9:00, approximately one hour before their first scan. 365 
Participants changed into a surgical gown/pants and were provided private rooms, which included 366 
a desk and bed for the duration of the ~25-hr study. Each subject was scanned every three hours 367 
for a total of nine ~30-min MRI sessions; scheduled scan start time was assigned to the session. In 368 
between scanning sessions, participants had access to regular meals (9:30-10:30, 13:30-14:30, and 369 
19:30-20:30), snacks, water and coffee (all of which were recorded), and were permitted to go 370 
about their regular activities while on site (including work, leisure, eating and sleeping).  371 

During the preparation phase (September 2017-August 2018), we decided which MRI 372 
metrics should be interrogated, optimized the scan frequency, which initially was set to be every 6 373 
hrs but after preliminary analysis, was changed to every 3 hrs, and resolved various logistical 374 
issues related to the ~25-hr experiment. All scan sessions were performed over 8 weekends, from 375 
Saturday morning to Sunday morning, spread over a 15-month period from November 2018 to 376 
February 2020. Control subjects were scanned from November 2018 to August 2019. Recruitment 377 
of BPD patients was launched in January 2019, after evidence of diurnal oscillations for several 378 
MRI metrics was detected in the controls. Without such evidence, collection of data from patients 379 
would have not been justified. Therefore, BPD patients were scanned from August 2019 to 380 
February 2020. 381 
 382 
Actigraphy  383 

The FitBit data were acquired primarily to confirm self-reported sleep durations and PSQI 384 
(reported in Table 1); we did not attempt to assign a “chronotype” to each person. Upon consent 385 
into the study, participants were provided with a Fitbit Flex 2 (firmware 24.24.30.2) and were 386 
requested to wear the device for 4-5 full days prior to the study date. Upon receipt of the device, 387 
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participants were guided to download the official Fitbit smartphone app from the corresponding 388 
(Android or iOS) app store, and were instructed to synchronize their device data every six hours 389 
with the corresponding account. A final synchronization was performed on the morning of the 390 
study at which time the devices were returned. Device data were extracted from the official Fitbit 391 
website using the "Request Data" export function (February 2020), and were obtained in JSON 392 
format. Sleep-wake cycles and by-minute step data were included in the raw exported data. Step 393 
data were extracted from the raw download step JSON files where 72 hours of contiguous data (3 394 
days starting from midnight) were obtained for each subject. Data were imported as Greenwich 395 
Mean Time (GMT) and converted to their respective Toronto time. One participant's actigraphy 396 
data were collected for the five days following the study visit due to synchronization issues.  397 
 398 
Image acquisition 399 

MRI data were acquired using a 3.0-Tesla GE Discovery MR750 (General Electric 400 
Medical Systems, Milwaukee, WI, USA). Each MRI session included the following acquisitions: 401 
T1-weighted imaging (3D BRAVO, sagittal slices, 0.9 mm3 voxels, echo time: 3.02ms, repetition 402 
time: 6.77ms, flip angle: 8°), 3D pseudo-continuous arterial spin labeling imaging (pCASL, 403 
3.0mm3 voxels, axial slices, echo time: 11.11ms, repetition time: 5050ms, flip angle: 111°, post-404 
label delay: 2025ms), diffusion-weighted imaging (b-value=1000, 2mm3 voxels, 32 diffusion 405 
directions; posterior to anterior encoding direction; four b-value=0, repetition time ~7142ms). An 406 
8-volume non-diffusion weighted sequence was also acquired with the same parameters, but with 407 
the encoding direction anterior to posterior for B0-induced distortion correction. Four acquisitions 408 
were used to calculate calibrated quantitative T1 relaxation time maps with B1 correction37 409 
(sagittal slices, two high resolution (1mm3) fast spoiled gradient echo (fSPGR) scans with whole-410 
brain excitation, echo times: 4.4ms; repetition times 10.6ms; and flip angles of 3°(Flip3) and 14° 411 
(Flip14); two lower resolution (4mm3) SPGR scans with repetition times 50-60ms, echo time 5ms, 412 
flip angles 130° and 150°). 413 

 414 
Technical variation 415 

To measure variance due to scanner performance (technical variation), DTI and ASL 416 
measurements were each repeated three times (15-18 minutes of acquisition time) at each of the 417 
nine time-points. On the same scanning day, DTI and ASL were repeated for two separate pairs of 418 
subjects (Diffusion: C027 and C029; CBF: C028 and C031). For those subjects, the quantitative 419 
T1-mapping protocol was dropped to accommodate the extra scans, and their second DTI or ASL 420 
scans were used for all other analyses.  421 
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 422 
Image Processing 423 
T1-weighted. Following N4 bias correction38, unbiased (equidistant from all sources) within-424 
subject T1-weighted templates were created using all T1-weighted images for each subject (nine 425 
images per subject) to create 24 individualized templates with the Freesurfer (version 7.1.1) 426 
mri_robust_template script39. Each subject’s T1-weighted image was linearly registered to their 427 
respective template image using Advanced Normalization Tools (ANTs) version 2.3.3 428 
(http://stnava.github.io/ANTs)40. For each registered T1-weighted image, brain extraction was 429 
performed using the antsBrainExtraction.sh script and the OASIS-30 Atropos template41. Cortical 430 
reconstruction was performed on all T1-weighted images using the Freesurfer image analysis suite 431 
(http://surfer.nmr.mgh.harvard.edu). After Freesurfer’s recon-all step1, the ANTs brain extracted 432 
mask was applied to Freesurfer’s watershed brain mask to provide a tighter brain extraction for 433 
surface creation. Each brain extraction was manually checked, and the final steps of recon-all 434 
were performed.  435 

Diffusion. Diffusion-weighted images (DWI) were processed using FSL 6.0.3. Eddy 436 
current correction and echo-planar B0-induced imaging distortion correction were performed 437 
using the phase-encode reversed non-DWIs (b=0) with ‘topup’ and ‘eddy’42. FSL’s ‘dtifit’ was 438 
used to calculate fractional anisotropy (FA) and mean diffusivity (MD). For registration purposes, 439 
unwarped average non-DWIs were calculated, and within-subject unbiased non-DWI templates 440 
were created using the mri_robust_template. Subject-specific tract-based spatial statistics 441 
(TBSS)43 skeletons were created using a modified version of TBSS 442 
(https://github.com/trislett/ants_tbss) that implements ANTs linear and non-linear transformations 443 
for skeletonization instead of FSL’s FLIRT and FNIRT. For the mean FA image, a FA cutoff of 444 
0.2 was applied to create the mean FA skeleton. The unbiased, within-subject non-DWI template 445 
also underwent linear and non-linear transformations to the subjects’ N4-corrected T1-weighted 446 
image to transform the MD images into native T1-weighted space. Technical issues were 447 
identified for C063, session 2, so all of their MRI metrics were reduced to 8 time points. 448 

Cerebral blood flow. The default CBF maps calculated by the scanner software were used 449 
for analysis. The ‘difference images’ (untagged-tagged) generated by the scanner software first 450 
underwent linear and non-linear registration to the brain-extracted non-DWI (b=0) template for 451 
each subject. The CBF maps were then transformed to non-DWI template space, and the CBF 452 
maps were transformed to the unbiased T1-weighted volume using the same transformation used 453 
to move the subject’s MD images to T1-weighted space.  454 

Quantitative T1 mapping. All four SPGR images used to create the qT1 maps were first 455 
reoriented and transformed into the space defined as halfway between the Flip3 and Flip14 images 456 
using the “halfway_flirt” command from FSL’s SIENA pipeline. The transformed Flip3 image 457 
was brain-extracted using FSL’s ‘bet’ (Brain Extraction Tool) and the resulting mask was used to 458 
extract the brain of the reoriented Flip14 image. B1 maps were generated using the two high flip 459 
angle scans via the method of slopes44, and qT1 maps were computed using the variable flip angle 460 
method with a B1 correction44 and calibration procedure37. Linear and non-linear transformations 461 
of the qT1 maps to the unbiased T1-weighted subject images were performed and the qT1 maps 462 
were transformed to template space using the T1-weighted unbiased subject to MNI152 1mm 463 
space linear and non-linear transformations. qT1 data quality was deemed to be not usable due to 464 
participant motion for one subject (C056) on their ninth scan, so their qT1 data were reduced to 8 465 
time points. 466 
  467 
Regions of Interest  468 
Grey matter ROIs. The Human Connectome Project Multi-Modal Parcellation atlas29; version 1, 469 
HCP_MMP1) was applied to the Freesurfer cortical tessellation to generate 358 cortical regions of 470 
interest (ROIs) to extract regional cortical thickness (CT), surface area (SA), and grey matter 471 
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volume (GMV). To generate mean regional CBF, GM-MD, and GM-qT1 values, ROIs from the 472 
HCP_MMP1 atlas were transferred into each subject’s T1-weighted space using multiAltasTT 473 
(https://github.com/faskowit/multiAtlasTT) incorporating FreeSurfer gaussian classifier surface 474 
atlases45. For GMV, GM-MD, CBF, and GM-qT1, 14 additional subcortical regions were obtained 475 
using Freesurfer’s automatic segmentation (aseg) of bilateral thalamus, caudate, putamen, 476 
amygdala, pallidum, and accumbens30. Bilateral hippocampus was included in both the 477 
HCP_MMP1 and the Freesurfer atlases; the Freesurfer parcellation was used. Mean CT, mean 478 
GMV, and total SA from the Freesurfer vertices were used to generate the measures for whole-479 
brain analyses. A whole-brain cortical grey matter mask was derived from all HCP_MMP1 atlas 480 
regions and was used to calculate mean grey matter values for CBF, GM-MD, and GM-qT1. The 481 
whole-brain mean grey matter measures do not include the Freesurfer subcortical parcels. 482 

White matter ROIs. The parcellations from the Johns Hopkins University DTI-based 483 
white-matter ICBM atlas46; JHU ICBM DTI-81; JHU_ICBM) were used to define 46 white matter 484 
ROIs on the TBSS skeleton and to extract regional and whole-skeleton mean white matter MD 485 
(WM-MD), FA (WM-FA), and WM-qT1 (Supplementary Fig. 6). Note that bilateral tapetum was 486 
not included due to missing data in some subjects. For all metrics, data were obtained from the 487 
TBSS skeleton and ROIs in native T1-weighted space. For consistency with the description of the 488 
grey matter whole-brain results, whole-skeleton measures are referred to as ‘whole-brain’ in the 489 
main text. 490 
 491 
Units 492 
Unless otherwise indicated, metrics are in units as follows: CBF, ml g-1 min-1; GMV and 493 
subcortical volume, 103 mm3; SA, 103 mm2; CT, mm; FA, unitless [1]; MD, 0.1 mm2s-1; qT1, ms. 494 
 495 

Data Analysis and Statistical Methods 496 
 497 
Subject-level oscillations (S-cosinor) 498 
For each subject, cosinor linear regression was fitted with a 24-hr period to detect diurnal 499 
oscillations22. The data were modeled by linear cosine and sine transformations of MRI 500 
acquisition time (t) to arrive at a model for MESOR, amplitude, and acrophase, starting with the 501 
following formula:  502 

 503 
where t is MRI acquisition time, τ is the period (24-hr). The intercept coefficient (β0) is the 504 
MESOR. β1 and β2 are regression coefficients that were used to calculate the amplitude (A) and 505 
acrophase as: 506 

   507 
Such that y = β0 + A cos((t - acrophase)2π/τ) + error. Each subject’s p-values for the significance 508 
of diurnal oscillations were determined by the F-test comparing the cosinor model to an intercept-509 
only (null) model and were used for the acrophase-agnostic test (described below). R2 of these 510 
within-subject models were obtained for each subject and used for the CBF differential oscillation 511 
strength test.  512 
 513 
Group-level oscillations (G-cosinor) 514 
The population-mean cosinor22 approach was applied with the aim to make inferences regarding a 515 
populational average rhythm for each group, and is referred to as G-cosinor throughout the text. 516 
This is a two stage model where first stage estimates were obtained by fitting each subjects’ data 517 
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to the S-cosinor model described above. Next, across subjects, the coefficients were averaged to 518 
obtain: β0

* (MESOR), β1
* and β2

*, and the following group-level model: 519 
 520 

 521 
 522 
Where “*” indicates a population mean estimate, and A*

 and acrophase* were derived from β1
* and 523 

β2
*. In this procedure, S-cosinor [β1,β2] values were considered jointly. A single hypothesis test 524 

was performed with the null that the true population mean values are zero (i.e., [β1
*,β2

*] = [0, 0]) 525 
or equivalently, that A*=0. The p-value was obtained by the corresponding multivariate F-test22 526 
and is referred to as G-cosinor p-value throughout the text. In the regional analyses, for each 527 
metric, correction for multiple comparisons was performed using the Benjamini-Hochberg false 528 
discovery rate (FDR)47. 95% confidence intervals for A*, acrophase*, and β0

* were estimated by 529 
population-mean cosinor methods48 deriving from the multivariate F-test.  530 

Variance explained. A proportion of variance explained was calculated as R2
UN=1-531 

SSR/TSS where the G-cosinor model was used to obtain: 532 

  533 
R2

DM was calculated identically to R2
UN except y was first mean subtracted within each 534 

individual’s data, effectively setting each subject’s β0 to zero and controlling for interindividual 535 
variation in β0. Therefore β0

* of the G-cosinor models was also set to zero and we proceeded to 536 
calculate R2

DM. One oscillating ROI in the GM-MD combined analysis had a low magnitude 537 
negative R2

UN estimate which was set to zero for clarity. 538 
Differential acrophase. When BPD and control groups each had significant G-cosinor 539 

oscillations, a difference in their acrophases was tested with permutation testing. Acrophase* was 540 
obtained for both BPD (acrophase*

BPD) and control (acrophase*
CONTROL) groups. The minimum 541 

difference between them (minimum circular arc length) was then calculated. A permuted null 542 
distribution was generated by obtaining the same acrophase difference 10,000 times after 543 
shuffling BPD/control labels among subjects and recalculating group-wise acrophase* estimates. 544 
The two-sided permutation p-value was the proportion of instances where an absolute acrophase 545 
difference from a permuted trial was larger than the real difference. 546 

  547 
Acrophase-agnostic test for asynchronous subject-level diurnal oscillations 548 
We implemented a method to complement the G-cosinor test to better utilize the variance 549 
explained by each individual within-subject S-cosinor fit. The S-cosinor F-test provided 550 
significance for each subject’s fitted cosinor curve. As such, individual tests were not influenced 551 
by the amplitude/acrophase of other subjects, and were evaluated only by the degree to which they 552 
explained the within-subject data. We considered the global null hypothesis that no subjects 553 
showed oscillations. Under this null, p-values should follow a uniform distribution, and Fisher’s 554 
combined probability test25 considers a likely distribution of p-values (as they would be if the 555 
global null were true) with the statistic: 556 

 557 
Where it follows a �2 distribution with 2k (k=number of subjects) degrees of freedom. The test is 558 
conditional on the independence of subjects and is unweighted with respect to within-subject 559 
sample size. 560 
 561 
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Acrophase variance 562 
Utilizing standard circular statistics49, with a list of acrophases (θ in radians), an estimate of their 563 
mean and variance was obtained by representing each of them as a point, u(C,S), on the unit circle 564 
as: 565 

 566 
The mean (centroid)  of these points was obtained as: 567 

 568 
Then, the length of  is a measure of acrophase consistency: 569 

 570 
where 1 indicates all acrophases were identical, and conversely, circular variance is  and is 571 
bounded from 0-1. The mean acrophase was obtained from the direction of  as 572 

. 573 
Differential acrophase variance. Acrophase variance for both BPD ( BPD) and control 574 

( CONTROL) groups were calculated as above. The difference between them (BPD  controls) 575 
was calculated. A permuted null distribution was generated by obtaining the same acrophase 576 
variance difference 10,000 times after shuffling BPD and control labels among subjects and 577 
recalculating group-wise acrophase variance estimates. The one-sided permuted p-value was the 578 
proportion of instances where the permuted acrophase variance difference was greater than the 579 
real difference.  580 
 581 
Plotting conventions 582 
Approximate dark times are shown as midnight to 8:00 for all relevant visualizations.  583 

Code Availability 584 

Statistical analysis was performed in R ver. 4.1.3. The code archive fully implements the 585 
statistical methods and will be made publicly available upon publication. 586 

Data Availability 587 

Processed ROI data, and whole brain mean values will be made available upon publication on a 588 
suitable platform (e.g. Figshare, Zenodo, Dryad) along with intermediate statistics of individual 589 
subject fits and ROI fits. Actigraphy data and weight data will also be made available upon 590 
publication.  591 
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717 
Table 1 | Participant characteristics.  718 
Continuous data are summarized as “mean (SD) #missing” and were tested for group-wise differences with 719 
a two-sided Welch’s two sample t-test, while binary outcomes were tested with a two-sided Fisher’s exact 720 
test. “Consumed caffeine” - the participant consumed some caffeine (coffee, tea, soda) at various times and 721 
amounts during the on-site portion of the study. “Is smoker” - participant was a smoker/vaper; none 722 
consumed nicotine during the scanning session. Exercise and sleep duration were self-reported. Weight 723 
diurnal oscillation parameters were estimated for each subject with a S-cosinor model (Methods). 724 
Actigraphy-based subject-specific diurnal parameters were estimated from log transformed actigraphy step 725 
data and average recorded total daily time-in-bed was obtained directly (Supplementary Fig. 4; Methods).  726 
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Table 2 | MRI metrics showing significant G-cosinor results.  727 
G-cosinor parameters and statistics are presented for controls only, BPD patients only, and the combined 728 
group. Supplementary Table 2 and Supplementary Table 4 provide statistics and summaries for all metrics.  729 

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

The copyright holder for this preprint (whichthis version posted April 28, 2023. ; https://doi.org/10.1101/2023.04.28.538592doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.28.538592
http://creativecommons.org/licenses/by/4.0/


 
 

 730 
Figure 1 | Pipeline for estimating diurnal oscillations in MRI metrics. 731 
a) Image acquisition (left): Scanning schedule and metrics derived from imaging protocols. Grey brains: 732 
grey matter metrics (cortical ribbon, subcortical structures); white brains: metrics from white matter 733 
skeleton. Image processing (centre): Following registration to template, whole-brain aggregate values 734 
were obtained for the whole cortical ribbon and white matter skeleton (Supplementary Fig. 6) as well as 735 
parcels based on grey and white matter brain atlases. Rhythm statistics (right): Top: for each individual 736 
and metric, cosinor modeling produced estimates of the acrophase, amplitude, and MESOR. Bottom: G-737 
cosinor test and an acrophase-agnostic test characterized group-level and subject-level oscillations, 738 
respectively and estimated proportion of variance explained by oscillations. b) Three rhythmicity 739 
scenarios: I) oscillations were present and synchronous across subjects, II) oscillations were present but 740 
asynchronous across subjects, and III) oscillations were absent. Asterisk (*): qT1 was acquired for all 741 
patients, and 12 of the 16 control subjects. Dagger (†): Additional freesurfer automatic segmentation 742 
subcortical ROIs were obtained for these metrics.   743 
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Figure 2 | Diurnal oscillations in the whole brain.  744 
a) Metric values (y-axis) over a 24-hr period (x-axis) for each subject (columns) for each of the nine MRI 745 
metrics (rows). S-cosinor fit lines are shown with residuals connecting dots to the fit. b) Circular plots of 746 
S- and G-cosinor acrophases. Rotational axis: time of day (0-24hrs). Brown dots: acrophase for each 747 
subject. Radial axis: inverse S-cosinor p-values (1-pS) ranging from zero to one. Blue lines: significant 748 
(p<0.05) G-cosinor acrophase estimates with corresponding 95% CI. Plot panel titles indicate the G-749 

cosinor p-values (pG). Panel centres: Star (✩) indicates metrics where the acrophase-agnostic test was 750 
significant (p<0.05). c) Metric values as in (a), grouped by metric, with S-cosinor fit lines in brown, as in 751 
(a); G-cosinor curve shown in blue where the blue bracket and shading indicate peak-to-peak amplitude 752 
(2*A) of the G-cosinor model. Plot panel titles indicate the proportion of variance explained by the G-753 
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21 

cosinor model in these data (R2
UN). d) Within-subject demeaned values (dots) reveal oscillatory effects of 754 

the G-cosinor model, represented as thick lines (black, p>0.05; blue, p<0.05). The S-cosinor fits are shown 755 
as brown lines. Plot panel titles indicate the proportion of variance explained by the G-cosinor model on 756 
the demeaned data (R2

DM). a-d) qT1 was not acquired for four subjects. e-h) Identical methods as in (a-d) 757 
applied to body weight data. 758 
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 759 
Figure 3 | Regional cosinor statistics for control subjects.  760 
ROI-wise results for CBF, GM-MD, and WM-MD to illustrate significant group-level oscillations, and 761 
lack of such in GM-qT1. Each metric is shown in one row as indicated by centre titles. a) Left: Subject-762 
level (S-cosinor) acrophase estimates are plotted as vertical ticks for each ROI (x-axis), individually for 763 
each subject (y-axis). For each metric, subjects are sorted according to their whole brain subject-level 764 
acrophase (brown dots). Blue tick: significant whole-brain G-cosinor acrophase estimate. Right: Red bars 765 
indicate each subject’s acrophase variance across all ROIs (Methods). b) Colour-coded G-cosinor 766 
acrophase times for significant ROIs (FDR q<0.05) displayed on brain surfaces. Grey regions were not 767 
significant. c) Blue dots: estimates of the G-cosinor acrophase for each ROI shown on the rotational axis in 768 
polar coordinates where the radial axis is the negative logarithm of the G-cosinor p-value. Blue intervals: 769 
significant whole brain acrophases and 95% CI. Panel centres: the number of significant ROIs to total 770 
ROIs. All 9 MRI metrics are presented in Supplementary Fig. 2.  771 
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 772 
Figure 4 | Diurnal oscillations in BPD, control, and the combined group.  773 
a) Acrophases of whole-brain oscillations (G-cosinor p<0.05) and confidence intervals shown on outer 774 
orbit. S-cosinor acrophases for each subject are shown as ticks. Each arrow points in the direction of the 775 
mean acrophase across control subjects (orange arrow), BPD patients (purple), or both (black) and its 776 
length represents a measure of acrophase consistency across subjects (1 − acrophase variance). The 777 
significant difference in acrophase consistency between patients and controls for CBF is indicated in the 778 
panel title. b) Acrophases of regional oscillations (G-cosinor FDR q<0.05) for GM-MD and WM-FA in the 779 
combined group (as in Figure 3b) illustrating the increased number of oscillating ROIs relative to controls-780 
only. c) Significant ROIs for GM-qT1 in the combined group (acrophase-agnostic test FDR q<0.05) 781 
coloured according to their log transformed p value. d) S-cosinor models (thin lines) on the demeaned data 782 
in CBF and GM-MD with G-cosinor model (thick line). Top of each panel: S-cosinor acrophases shown as 783 
ticks overlaid on probability density plots (circular normal) estimated for each group. e) Between-group 784 
differences in CBF and GM-MD at each of the nine scanning sessions, highlighting the impact of the 785 
oscillation differences between BPD patients and controls (x-axis: average session time). A cosinor fit to 786 
the differences is shown as a black line. 787 
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 788 
Figure 5 | Group-level cosinor models for FA and MD in the white matter skeleton (controls only). 789 
For WM-MD (red), acrophase was at mid-day (13hrs). For WM-FA (black), acrophase was in late 790 
afternoon (18hrs). Arrows indicate possible time-of-day effects. Solid arrows: Scans at 7:30 and 21:30; 791 
Dash-dotted arrows: Scans at 7:30 and 17:00; Dotted arrow (MD only): Scans at 7:30 and 18:30. 792 
Acrophases from Table 2. 793 
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