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Abstract

Measuring individual circadian phase is important to diagnose and treat circadian rhythm
sleep-wake disorders and circadian misalignment, inform chronotherapy, and advance circadian
science. Initial findings using blood transcriptomics to predict the circadian phase marker
dim-light melatonin onset (DLMO) show promise. Alternatively, there are limited attempts

using metabolomics to predict DLMO and no known omics-based biomarkers predict dim-light
melatonin offset (DLMOff). We analyzed the human plasma metabolome during adequate and
insufficient sleep to predict DLMO and DLMOff using one blood sample. Sixteen (8 male/8
female) healthy participants aged 22.4 + 4.8 years (mean + SD) completed an in-laboratory study
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with 3 baseline days (9 h sleep opportunity/night), followed by a randomized cross-over protocol
with 9-h adequate sleep and 5-h insufficient sleep conditions, each lasting 5 days. Blood was
collected hourly during the final 24 h of each condition to independently determine DLMO and
DLMOff. Blood samples collected every 4 h were analyzed by untargeted metabolomics and
were randomly split into training (68%) and test (32%) sets for biomarker analyses. DLMO and
DLMOff biomarker models were developed using partial least squares regression in the training
set followed by performance assessments using the test set. At baseline, the DLMOff model
showed the highest performance (0.91 /#2 and 1.1 + 1.1 h median absolute error + interquartile
range [MdAE = IQRY]), with significantly (o < 0.01) lower prediction error versus the DLMO
model. When all conditions (baseline, 9 h, and 5 h) were included in performance analyses,

the DLMO (0.60 A2; 2.2 + 2.8 h MdAE; 44% of the samples with an error under 2 h) and
DLMOff (0.62 A%; 1.8 + 2.6 h MdAE; 51% of the samples with an error under 2 h) models

were not statistically different. These findings show promise for metabolomics-based biomarkers
of circadian phase and highlight the need to test biomarkers that predict multiple circadian phase
markers under different physiological conditions.
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Introduction

Shift work, jet lag, and social jet lag are prevalent in modern society and can contribute to
circadian rhythm sleep-wake disorders (CRSWDs) and circadian misalignment, defined as
misalignment between behavioral (e.g., sleep-wake and fasting-feeding cycles) and circadian
(central and peripheral clocks) rhythms (Sack, 2009; Drake and Wright, 2017; Baron and
Reid, 2014; Mason et al., 2020; Sletten et al., 2020). CRSWDs and circadian misalignment
are associated with adverse health outcomes including risk of cardiometabolic (diabetes,
cardiovascular disease, cancer, obesity) and psychiatric (anxiety, depression, schizophrenia)
disorders (Scheer et al., 2009; Baron and Reid, 2014). To treat CRSWDs and related
circadian misalignment most effectively, it is essential to know the individual circadian
phase of a patient (Mullington et al., 2016; Duffy et al., 2021). This knowledge is also
critical for chronotherapy where treatments are administered based on individual circadian
phase. Findings showing time-of-day variation in responses to vaccinations (Long et al.,
2016), surgeries and wound healing (Labrecque and Belanger, 1992; Hoyle et al., 2017;
Montaigne et al., 2018), drug metabolism (Labrecque and Belanger, 1992; Ohdo et al.,
2001; Ruben et al., 2018), cancer treatment (Hrushesky, 1985; Lévi et al., 1997; Innominato
etal., 2012), and heart disease/blood pressure medications (Lemmer et al., 1992; Ruben

et al., 2018; Hermida et al., 2020) support the concept of chronotherapy. In primates,

~82% of protein-coding genes that are drug targets show 24-h time-of-day patterns in
transcription (Mure et al., 2018), suggesting optimal timing of drug administration will
help achieve optimal efficacy. Similarly, in a study of post-mortem human tissues, ~50% of
protein-coding genes were found to cycle in at least 1 of the 13 tissues studied, and 12%

of those cycling genes encoded proteins that are either drug targets or involved in drug
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metabolism, again highlighting the need for precisely timed drug administration based on
individual circadian phase (Ruben et al., 2018). However, circadian phase can vary by 5

to 6 h between healthy individuals maintaining consistent sleep schedules (Wright et al.,
2005; Sletten et al., 2010), and can vary by 10 to 12 h between shift workers (Smith and
Eastman, 2008). Therefore, developing methods for assessing individual circadian phase is
critical to advancing sleep and circadian-based research and medicine (Mullington et al.,
2016; Depner, Cheng, et al., 2020; Duffy et al., 2021).

Multiple methods are used to estimate circadian phase in humans with dim-light melatonin
analysis being the gold standard for assessing the master circadian clock (Benloucif et

al., 2008; Broussard et al., 2017). For dim-light melatonin analysis, the beginning of the
circadian night is defined as the time that endogenous melatonin concentration reaches a
predetermined threshold in blood or saliva, known as dim-light melatonin onset (DLMO;
Klerman et al., 2002; Vessely and Lewy, 2002; Wright et al., 2013). Alternatively, dim-light
melatonin offset (DLMOff), the end of the circadian night (Wehr et al., 2001; Wright

et al., 2013; Stothard et al., 2017), is defined as the time that endogenous melatonin
concentration decreases below the predetermined threshold. DLMO and DLMOff analyses
require frequent samples collected over 24 h in dim-light with controlled timing of food
intake and posture, making clinical implementation a challenge (Alfred et al., 1980; Wright
et al., 2001; Duffy and Dijk, 2002; Broussard et al., 2017). Therefore, developing and
validating methods to assess circadian phase from a single or very few samples will advance
the field.

The preferred approach for developing omics-based sleep and circadian biomarkers, as
outlined by Mullington et al. (2016) in a white paper report, is to first explore the
performance of all omics-based approaches to identify candidate biomarkers using tightly
controlled in-lab protocols with highly phenotyped participants. Then, in large-scale follow-
up validation studies, it is critical to define biomarker performance in the precise context
and population of intended use (Dijk and Duffy, 2020). Several omics-based prediction
methods to assess circadian phase have been developed (Ueda et al., 2004; Kasukawa et

al., 2012; Hughey, 2017; Laing et al., 2017; Braun et al., 2018; Wittenbrink et al., 2018;
Braun et al., 2019; Laing et al., 2019). The performance of these omics-based prediction
methods were quantified under varying protocols of circadian alignment and misalignment
(Hughey, 2017; Laing et al., 2017; Braun et al., 2018), total sleep deprivation with and
without prior sleep debt (Hughey, 2017; Laing et al., 2017; Braun et al., 2018), constant
routine (Kasukawa et al., 2012; Braun et al., 2018; Wittenbrink et al., 2018), and free-living
conditions (Wittenbrink et al., 2018), with published findings focusing exclusively on
DLMO. Recent work demonstrates the physiological relevance of assessing DLMOff in
addition to DLMO, as a greater duration of morning wakefulness during the biological
night, termed “morning circadian misalignment,” is induced by insufficient sleep and is
associated with reduced insulin sensitivity, an established risk factor for diabetes (Eckel et
al., 2015; Depner et al., 2018; Simon et al., 2019). Yet, systematic investigations to develop
and test omics-based biomarkers predicting DLMOff have not been performed and few of
the published findings to date have focused on the potential of metabolomics for developing
biomarkers of circadian phase in humans.

J Biol Rhythms. Author manuscript; available in PMC 2022 May 26.
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Our primary aim was to use small molecule compounds detected by untargeted
metabolomics to identify candidate biomarkers capable of predicting DLMO and DLMOff
in individual participants using a single blood sample, regardless of time-of-day, sleep
history, or fasting status. Our secondary aim was to compare DLMO versus DLMOff
biomarker model performance. We used a crossover, counterbalanced 14- to 15-day protocol
with 3-day baseline (BL) assessments followed by 5-day conditions of 9 and 5 h time-in-bed
to accomplish our aims (Figure 1), consistent with best practices recommended by the field
(Mullington et al., 2016).

Materials and Methods

Participants

Sixteen participants (8 women) aged 22.4 + 4.8 years with body mass index (BMI) 22.9

+ 2.4 kg/m? completed the study (Suppl. Table S1). Of the 16 participants, 13 were
Non-Hispanic White (8 male/5 female), 1 female was Non-Hispanic Asian, 1 female was
Non-Hispanic White and Native Hawaiian or Other Pacific Islander, and 1 female was
Hispanic or Latino. All participants provided written, informed consent, and all procedures
were approved by the Scientific and Advisory Review Committee of the Colorado

Clinical and Translational Sciences Institute, the Colorado Multiple Institutional Review
Board (IRB), and the University of Colorado Boulder IRB. Screening procedures verified
participants were free of medical, psychiatric, and sleep disorders. Inclusion, exclusion, and
demographic information are fully detailed in Markwald et al. (2013).

Study Protocol

Melatonin

Data were collected in a previously described crossover, counterbalanced 14- to 15-day
laboratory protocol with 3-day BL assessments followed by 9 h and 5 h time-in-bed
conditions, lasting 5 days each (Figure 1; Markwald et al., 2013). Participants maintained
consistent ~9-h sleep schedules for 1 week prior to the in-laboratory study, confirmed

by daily sleep diary, time-stamped call-ins, and wrist actigraphy (Markwald et al., 2013).
BL assessments consisted of 9-h sleep opportunities timed according to each participant’s
habitual bed and wake times. Participants consumed investigator-provided energy balanced
diets at home for 3 days prior to the in-laboratory study and during the 3-day in-laboratory
BL assessments. Energy intake was ad libitum in the 9-h and 5-h conditions (Markwald et
al., 2013). Blood was collected every 4 h over the final 24 h of each condition (as indicated
by T1, T5, etc.), with T1 representing 1 h after scheduled waketime (Figure 1). In total, 18
blood sample collections were scheduled for each participant (six samples per each of the
three conditions).

Blood was collected in dim-light (< 8 lux maximum in the angle of gaze at eye level) every
hour over the final 24 h of each condition for melatonin analysis during the in-laboratory
protocol (Markwald et al., 2013). The threshold for independently calculating DLMO and
DLMOff was defined as 25% of the three-harmonic fit of the peak-to-trough amplitude

for each participant (Wright et al., 2001, 2013; Markwald et al., 2013). DLMO and
DLMOff were calculated independently for each condition for each participant as the linear
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interpolated point in time when melatonin increased above (DLMO) and decreased below
(DLMOfT) the defined threshold for that given participant. Each sample was assigned to
circadian degrees with DLMO assigned to 0° (Figure 2a). The average duration from DLMO
to DLMOff was 10.7 h, or 161°. Therefore, DLMOff was assigned to 161° (Figure 2b).
Timing of blood sample collection was referenced individually to DLMO and DLMOff for
each participant for biomarker model development, thus DLMO and DLMOff calculations
were independent of each other.

Untargeted Metabolomics

Procedures for sample preparation, liquid chromatography, mass spectrometry, and data
extraction for untargeted metabolomics analyses were conducted similar to prior studies
(Yang et al., 2013; Cruickshank-Quinn et al., 2014; Hughes et al., 2014), as detailed in
Depner, Cogswell, et al. (2020) and described in Supplemental Materials. Prior to biomarker
model development, metabolomics data were filtered by first removing all compounds with
>50% missing values (i.e., missing value is an occurrence when a compound was not
detected in a sample) and then sequentially removing compounds with the largest number of
missing values until the complete dataset had a total of 10% missing values. After filtering,
the 10% missing values were imputed using the Bayesian Principal Components Analysis
module in MetaboAnalyst (Chong et al., 2018). Then the hydrophilic dataset was batch
corrected using the ComBat method (Johnson et al., 2007) within MetaboAnalyst (Chong et
al., 2018) to account for batch effects between mass spectrometry data acquisition days, and
finally all data were log2 normalized. The final data set consisted of 4,209 compounds
derived from 26,301 metabolomics features. We performed tandem mass spectrometry
(MS/MS) on the 320 compounds comprising our DLMO and DLMOff biomarker models

to provide additional information for compound annotation as described in Supplemental
Materials and detailed in Depner, Cogswell, et al. (2020). Hereafter compounds with
annotations are referred to as “annotated compounds” and compounds without annotation
matches are referred to as “unknown compounds.” Compound annotations, ID numbers,
Metabolomics Standards Initiative (MSI) levels, and biomarker model information are in
Supplementary Table S2.

Data Processing

Training and Test Data Sets—The workflow outlining biomarker model development
is presented in Supplementary Figure S1. All plasma samples were randomly assigned into
either the training set (68%) or test set (32%) using the “caret” package in R (3.5.2) (Kuhn,
2008), stratifying by time points so samples from all time points were evenly represented
in the training and test sets. For DLMO, there were 133 plasma samples in the training set
and 68 plasma samples in the test set. The DLMO training set consisted of 66 samples from
females and 67 samples from males, and the test set consisted of 40 samples from females
and 28 samples from males. The training set consisted of 33% from the 5-h condition, 35%
from the 9-h condition, and 32% from the BL condition; and the test set was 30% from the
5-h condition, 40% from the 9-h condition, and 30% from the BL condition. For DLMOff,
there were 112 plasma samples in the training set and 53 plasma samples in the test set.
The training set consisted of 60 samples from females and 52 samples from males, and

the test set consisted of 31 samples from females and 22 samples from males. The training
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set consisted of 39% of samples from the 5-h condition, 31% from the 9-h condition,

and 30% from the BL condition and the test set was 32% from the 5-h condition, 36%

from the 9-h condition, and 32% from the BL condition. This resulted in 201 total plasma
metabolomics samples in our DLMO dataset and 165 total plasma metabolomics samples in
our DLMOff dataset. The number of samples is different for DLMO and DLMOff biomarker
models because missing samples for melatonin analyses differentially affected DLMO and
DLMOff calculations. Missing samples were primarily due to failure of the intravenous
catheter used for blood collection. When missed blood draws impeded the calculation of
DLMO or DLMOff, the corresponding metabolomics data were removed prior to sample
randomization into training and test datasets and therefore such missing samples did not
influence biomarker development or performance calculations.

Confounding Features Affected by Energy Balance—During ad libitum energy
intake, participants on average consumed excess calories and were in positive energy
balance (Markwald et al., 2013). We identified 95 compounds most affected by positive
energy balance and excluded these 95 compounds from all biomarker models, resulting

in 4,114 compounds to construct the biomarker models. The analysis identifying the 95
compounds most affected by positive energy balance was based on area under the receiver
operator characteristic (AUROC) plots when comparing BL with controlled energy balanced
food intake versus 9 h with ad libitum energy intake, facilitating comparison between
energy-balanced conditions versus positive energy balance without the confounding impact
of insufficient sleep. The 95 compounds most affected by positive energy balance are the
compounds with an AUROC = 0.70 when comparing BL versus 9-h samples, as fully
detailed in (Depner, Cogswell, et al., 2020).

A Priori Feature Selection for 24-H Time-of-day Patterns—Prior findings indicate
2% to 33% of plasma metabolites in humans (out of 132—281 total metabolites analyzed,;
Dallmann et al., 2012; Chua et al., 2013, 2015; Skene et al., 2018) show circadian regulation
regardless of patterns of food intake or sleep. Because circadian regulated metabolites

are more likely to be circadian biomarkers, our primary outcomes focused on biomarker
models using only compounds (annotated and unknown) that displayed 24-h time-of-day
patterns. We used the MetaCycle package (v1.1.0) (Wu et al., 2016) in R (v3.5.2) to
identify compounds with 24-h time-of-day patterns in at least one condition as described
previously (Depner, Cogswell, et al., 2020). In total, 985 out of 4,114 compounds (~24%)
showed ~24-h time-of-day patterns in at least one condition. Biomarker models based on all
compounds regardless of 24 h time-of-day patterns (Suppl. Figs. S2 and S3; Table S3) and
biomarker models analyzed by timepoint (Suppl. Table S4) are in Supplemental Materials.

Biomarker Model Development

We used partial least squares regression (PLSR; Boulesteix and Strimmer, 2007) to build
biomarker models based on strong performance in previous transcriptomics-based work
(Laing et al., 2017; Kervezee, Cuesta, et al., 2019). PLSR is a supervised multivariate
feature selection technique that uses multiple collinear features (compounds) to predict

a response variable (DLMO or DLMOff). PLSR detects features accounting for most of
the variability in the response variable by reducing the predictor dimensions, maximizing

J Biol Rhythms. Author manuscript; available in PMC 2022 May 26.
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covariance between the predictors and the response, and extracting latent factors that

carry the most absolute “weight” (factors that explain most of the variation), defined as
components. PLSR was used twice on the training set, once to select the optimal number
of features (compounds) and components to include in a biomarker model and once to
generate the biomarker model from the training data using the identified optimal number of
features (compounds) and components using leave-one-out cross-validation (LOOCV). We
tested combinations ranging from 20 to 500 features (compounds) and 3 to 15 components,
resulting in a total of 169 combinations tested for developing each biomarker model. We
then applied each biomarker model to the test set to predict circadian phase for final
performance assessments. We used published code from Laing et al. (2017) for all PLSR
calculations.

Performance Metrics for Biomarker Models

1 The value of /2 was calculated during biomarker model development and
performance assessments.

a. For biomarker development using LOOCYV, the highest /2 was used to
determine the optimal number of features (compounds) and components
for each biomarker model.

b. For performance assessments, /2 was used to determine model fit in the
test set.
2. Median absolute error (MdAE + interquartile range [IQR] in hours) was

calculated as the median of the differences between the observed and predicted
phase of each sample in the test set. We also report the standard deviation

of error (SD) to allow direct comparison with prior findings from circadian
omics-based biomarker studies including from Laing et al. (2017) that also used
the PLSR approach.

3. Cumulative error is reported as the proportion of samples in the test set under a
given amount of error in hours.

Biomarker Model Comparisons

Wilcoxon #tests were applied to the test set to detect significant differences in prediction
error between and within biomarker models for primary and secondary outcomes, to test for
condition order effects within biomarker models (condition order A vs. condition order B),
and for exploratory analyses of sex and time-of-day differences within biomarker models.
Prediction error was calculated as the absolute value of predicted circadian phase minus
actual circadian phase for each sample in degrees. For a priori multiple comparisons
between conditions and time points, we applied modified Bonferroni corrections to maintain
familywise error rate and thus reduce Type | errors (Keppel, 1991).

Pathway and Functional Analyses

Annotated compounds were converted to Human Metabolome Database IDs (HMDB, v4.0)
(Wishart et al., 2018) and searched using the MetaboAnalyst Pathway Analysis tool (Chong
et al., 2018) to match compounds with biochemical pathways from the Small Molecule

J Biol Rhythms. Author manuscript; available in PMC 2022 May 26.
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Pathway Database (Jewison et al., 2014) and Kyoto Encyclopedia of Genes and Genomes
(KEGG; Kanehisa and Goto, 2000). Within MetaboAnalyst, statistical significance was

set at the 10% false discovery rate (FDR) level to correct for multiple comparisons. To
further interrogate biochemical functions associated with the top-performing biomarker
model, we developed a gene-metabolite interaction network using the Network Explorer
module in MetaboAnalyst (Wishart et al., 2018; Depner, Cheng, et al., 2020). Briefly, the
gene-metabolite network consists of first-order neighbors that directly interact with the
uploaded compound HMDB IDs from annotated compounds. Genes and compounds are
represented by the network nodes whereas the interactions among the genes and compounds,
based on the MetPriCNet database, are represented by the network edges. Enriched gene
ontology biological processes associated with the gene-metabolite interaction network were
identified within MetaboAnalyst.

Using annotated and unknown compounds with 24-h time-of-day patterns, we generated
one biomarker model predicting DLMO and one predicting DLMOff (Figures 3 and 4).
The DLMO biomarker model consisted of 5 components and 100 compounds, the DLMOff
biomarker model consisted of 13 components and 300 compounds, and 79 compounds
overlapped between the DLMO and DLMOff biomarker models. At BL, the DLMOff
biomarker model had a lower (p < 0.01) prediction error by ~1.6 h versus the DLMO
biomarker model (Table 1, Figures 3a and 4a). For the 9-h and 5-h conditions and when
assessed with all conditions together, the prediction error for the DLMOff biomarker model
was not statistically different versus the DLMO biomarker model.

Within the DLMO biomarker model, there were no significant differences between
conditions (Table 1 and Figure 3). When assessed with all conditions together, /2 was 0.60,
MdAE was ~2.2 h, and 44% of the test samples had an error under 2 h (Table 1 and Figure
5). In addition, there were no significant differences between time points (Suppl. Table S4)
or sex (Suppl. Table S5), but there was an order effect where participants completing the
5-h condition first had a lower (P < 0.05) prediction error by ~1.2 h versus participants
completing the 9-h condition first (Suppl. Table S5).

Within the DLMOff biomarker model, the BL condition had a lower (p < 0.001) prediction
error by ~2.9-h versus the 9-h condition and showed a non-significant trend for a lower (p

= 0.10) prediction error by ~2.0 h versus the 5-h condition (Table 1 and Figure 4). When
assessed with all conditions together, /2 was 0.62, MdAE was ~1.8 h, and 51% of the test
samples had an error under 2 h (Table 1 and Figure 5). In addition, there were no significant
differences between time points (Suppl. Table S4), sex, or condition order (Suppl. Table S5).

Functional analyses focused on the DLMOff biomarker model because of the higher
overall A2 and significantly lower prediction error in the BL condition of the DLMOff
biomarker model versus the DLMO biomarker model. HMDB 1Ds were available

for 65 out of 300 compounds in the DLMOff biomarker model, thus subsequent

results are based on these 65 annotated compounds. Pathway analysis identified
Glycerophospholipid Metabolism (KEGG pathway entry hsa00564) as the only significant

J Biol Rhythms. Author manuscript; available in PMC 2022 May 26.
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(FDR = 0.018) pathway associated with the annotated compounds in the DLMOff biomarker
model. Within Glycerophospholipid Metabolism, there were five KEGG Metabolite hits
(Phosphatidylethanolamine [PE], Phosphatidylcholine [PC], Lysophosphatidylethanolamine
[LysoPE], Lysophosphatidylcholine [LysoPC], and Choline). These five KEGG Metabolite
hits corresponded to 19 annotated HMDB compound IDs from our DLMOff biomarker
model consisting of choline, 2 PEs, 9 PCs, 3 LysoPEs, and 4 LysoPCs. We also developed

a gene-metabolite interaction network from the annotated compounds in the DLMOff
biomarker model. The top 10 gene ontology biological processes associated with this
network are listed in Supplementary Table S6. Several gene ontology biological processes
associated with the DLMOff biomarker model overlapped with Glycerophospholipid
Metabolism from the pathway analysis. Of the top 10 gene ontology biological processes
associated with the DLMOff biomarker model, alcohol metabolic process, cellular biogenic
amine metabolic process, response to drug, cellular amino acid metabolic process, response
to steroid hormone stimulus, and carboxylic acid metabolic process do not directly

overlap with Glycerophospholipid Metabolism. No pathway hits associated with the DLMO
biomarker model were below the 10% FDR significance level.

Discussion

We applied untargeted metabolomics analyses to human plasma samples collected under
varying conditions of sleep duration and food intake to develop and test candidate biomarker
models of the circadian phase markers DLMO and DLMOff. At BL, the DLMOff biomarker
model had significantly lower prediction error versus the DLMO biomarker model, but
when based on all three conditions, performance metrics were similar between the DLMOff
and DLMO biomarker models. Within the DLMOff biomarker model, the BL condition

had significantly lower prediction error versus the 9-h condition and showed superior
performance metrics (A2, MdAE, and IQR) versus the 9-h and 5-h conditions. Within the
DLMO biomarker model, prediction errors and performance metrics were similar across
conditions. Although preliminary, our findings show promise for predicting DLMOff using
metabolomics and highlight the importance of considering DLMO and DLMOff as circadian
phase biomarkers in future studies.

To date, findings from just one known study have described a metabolomics-based
biomarker predicting DLMO (Kasukawa et al., 2012), with no known findings using any
omics-based platform to predict DLMOff. The DLMO biomarker model from Kasukawa
et al. consists of 58 metabolomic compounds and predicts circadian phase with ~3 h of
error when using two antiphase blood samples during constant routine conditions with total
sleep deprivation. These findings from Kasukawa et al. are based on three participants

in the development phase and the same three participants were used (plus an additional
three participants) in the validation phase. In addition, all participants were male, thus the
generalizability of this biomarker model has not been tested. In comparison, our biomarker
models use one sample to predict melatonin phase in males and females within ~2 h of error
using 100 compounds and 300 compounds for DLMO and DLMOff, respectively.

Compared with these metabolomics approaches, recent transcriptomics approaches have
produced better performing circadian phase biomarkers to date. Hughey et al. developed

J Biol Rhythms. Author manuscript; available in PMC 2022 May 26.
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Zeitzeiger that predicts DLMO within 2.1 £ 2.8 h (MdAE % IQR) of error using 15 genes
in 60 participants under controlled conditions of sleep restriction, forced desynchrony,

and 1 night of total sleep deprivation. However, these findings used sunrise to estimate
circadian phase and are based on average DLMO per condition for one dataset, as opposed
to individual DLMO data. Laing et al. used transcriptomics to predict DLMO using

PLSR and achieved an /2 of 0.74 using one blood sample and an /2 of 0.90 using

two antiphase blood samples and 100 transcripts under controlled conditions of sleep in
and out of phase with the circadian clock, and total sleep deprivation with and without
prior sleep debt. We achieved a similar /2 of 0.91 when using one blood sample to

predict DLMOff in the BL condition (adequate sleep with controlled energy balanced food
intake) with 300 compounds; however, our validation dataset had less variability in sleep
conditions compared with the data from Laing and colleagues. Braun et al. published a
transcriptomics-based prediction algorithm using elastic net regularization and achieved
MdAESs ranging from 1 h 12 min to 1 h 51 min under controlled conditions of adequate
and insufficient sleep that occurred in and out of phase with the circadian clock. This
algorithm works well and is generalizable, but the within-participant normalization step
will not work unless there are two blood samples to calculate the mean over a circadian
period, and the two blood samples must be taken 10 to 14 h apart. The BodyTime
approach published by Wittenbrink et al. (2018) used the Zeitzeiger algorithm followed

by a migration of the chosen transcripts to the Nanostring platform. This migration step

is unique and improved the accuracy of the biomarker, indicating future research should
focus on improving analysis platforms and statistical tools. The final Bod)y Time method
uses two genes to predict DLMO from two blood samples with an error of 0.8 h+ 1.1
(MdAE = IQR), and 14 genes to predict DLMO from one sample also with an error of 0.8 h
+ 1.1 (MdAE % IQR) following conditions of “free-living” adequate sleep in individuals
with early morning or late chronotypes. Considering our success with DLMOff, the
accuracy of transcriptomics approaches to predict DLMOff warrant investigation. Because
these transcriptomics approaches generally produced superior circadian phase biomarkers
compared with metabolomics approaches, it may suggest that circadian regulation of gene
expression is stronger than circadian regulation of plasma metabolites, consistent with
prior findings showing plasma metabolites are heavily influenced by the behavioral cycle,
and especially fasting-food intake patterns (Skene et al., 2018; Kervezee, Cermakian, and
Boivin, 2019). Still, all these omic biomarkers published to date require further large-scale
validation studies to fully quantify their performance in the precise setting and population
of expected use such as shift workers, individuals with CRSWDs, chronotherapy, research
settings, older age, and different racial/ethnic backgrounds. Such validation studies are

a critical next step in the biomarker development pipeline following these initial studies
designed to identify candidate biomarkers (Mullington et al., 2016; Dijk and Duffy, 2020).
Although we did not detect sex differences in our biomarker models, it is important for
future studies to include men and women and analyze for potential sex differences given the
known sex differences in intrinsic period of the human circadian system (Duffy et al., 2011).

Biomarkers using other methods such as actigraphy, temperature, blue light, and heart rate to
predict circadian phase have been developed. Cheng et al. (2021) used wrist actigraphy data
to develop a model that predicted DLMO in night shift workers with an absolute mean error
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of 2.88 h. Stone et al. (2019) built artificial neural network models using wrist temperature
and blue light sensors to predict urinary aMT6s acrophase. This model predicted phase
within 41 + 32 min (MdAE = IQR) on a fixed sleep schedule, but accuracy decreased when
generalizing to night shift work. Findings from another study (Gil et al., 2013) based on

an autoregressive model to predict DLMO using light and heart rate showed a prediction
error of 2 h £ 40 min. From a clinical perspective, the most convenient biomarker approach
is likely a single blood sample. These other approaches could be useful in a range of

other settings, especially where tracking changes over consecutive days is needed, such

as research with active duty military personnel or in the transportation industry (Depner,
Cheng, et al., 2020).

Functional analyses consistently showed phospholipid/glycerophospholipid metabolism was
associated with the DLMOff biomarker model. Phospholipids have a range of functions
including stabilizing cell membranes, acting as cofactors, and providing a reservoir for
signaling molecules (Lagace and Ridgway, 2013), and some have well characterized

24-h time-of-day variations (Ang et al., 2012; Kervezee, Cermakian, and Boivin, 2019).
Many lysophospholipids show strong 24-h time-of-day patterns during circadian alignment,
but lose their rhythmicity during circadian misalignment, suggesting some regulation by
behavioral cycles such as fasting-food intake or sleep-wake (Kervezee, Cermakian, and
Boivin, 2019). Notably, previous findings show phospholipid metabolism in humans is
also affected by insufficient sleep, suggesting regulation by the behavioral cycle (Weljie
et al., 2015; Depner, Cogswell, et al., 2020). Because there are several thousand species
of phospholipids, targeted lipidomics analyses and utilization of circadian protocols (e.g.,
forced desynchrony, constant routine, simulated shift work; Broussard et al., 2017) are
required to dissect behavioral versus circadian regulation of phospholipid metabolism,
which could help refine the selection of specific phospholipids most appropriate for
circadian phase biomarkers. Furthermore, because altered phospholipid metabolism has
been linked to risk of metabolic (Funai et al., 2016; Meikle and Summers, 2017) and
neurodegenerative disorders, including Alzheimer’s Disease (Mapstone et al., 2014), a
more complete understanding of wake-sleep/food intake-fasting and circadian regulation
of phospholipid metabolism could help identify mechanisms underlying increased disease
risk associated with sleep and circadian disruption.

Gene ontology biological processes associated with the DLMOff model include amino acid
metabolism, biogenic amine metabolism, and carboxylic acid metabolism. Using targeted
metabolomics and a simulated night shift-work protocol, Kervezee, Cermakian, and Boivin
(2019) identified seven circadian influenced metabolites and class over-representation
analysis of these metabolites overlaps with our findings for amino acids and biogenic
amines. Although we did not conduct a circadian protocol, the overlap in enriched pathways
with a circadian protocol (simulated night shift work) lends support to our findings that
metabolites related to these pathways could be used to predict circadian phase and that the
circadian clock has a role in regulating these pathways.

Two lipoprotein remodeling pathways—(1) high-density lipoprotein (HDL) remodeling
and (2) plasma lipoprotein assembly, remodeling, and clearance—were associated with
the DLMOff biomarker model. The circadian system is implicated in regulating various
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lipoprotein functions, such as absorption, storage, and transport in coordination with feeding
and resting cycles (Gooley and Chua, 2014). Circadian oscillations of very low-density
lipoprotein (VLDL) triacylglycerol levels in plasma caused by lipoprotein lipase activity and
VLDL secretion rates have been reported (Marrino et al., 1987), as well as daily patterns in
HDL phospholipids (Mirani-Oostdijk et al., 1985). These prior findings and our data support
the concept that lipoprotein metabolism and transport are, in part, under circadian control
and related plasma metabolites could play a role in predicting circadian phase.

Beyond these functional analyses, two annotated compounds (MSI 2 level) warrant
discussion. First, cortisol was in the DLMO biomarker model. Given the well-established
circadian regulation of cortisol (Buijs et al., 1999; Broussard et al., 2017), this supports the
concept that circadian regulated metabolites will most likely produce the best performing
biomarkers of circadian phase in humans. This finding also suggests there are potential
benefits of including cortisol in other omics-based biomarkers of circadian phase, especially
biomarkers of DLMO, and warrants further investigation as other omics biomarkers of
circadian phase also show enrichment in glucocorticoid signaling pathways (Kasukawa
etal., 2012; Laing et al., 2017). Second, glycoursodeoxycholic acid, a secondary bile

acid produced by modification of the gut microbiome, was in the DLMO and DLMOff
biomarker models. This finding suggests secondary bile acids may, in part, be regulated by
the circadian system, consistent with previous data from rodent models (Zhang et al., 2011,
Eggink et al., 2017). Because changes in bile acid metabolism have been linked to adverse
cardiometabolic risk (Tripathi et al., 2018), targeted profiling of the known secondary bile
acids in humans is needed to fully understand the potential circadian regulation of secondary
bile acids, their utility in predicting circadian phase, and the effect of circadian misalignment
on secondary bile acids (Parkar et al., 2019; Withrow et al., 2021).

Our study has some limitations. Given the protocol, we were unable to determine if
metabolites with 24-h time-of-day patterns were regulated by the circadian or behavioral
cycles. Prior data indicate the majority of 24-h time-of-day patterns in targeted blood
metabolomics analyses are driven by the behavioral cycle (food intake/fasting, wakefulness/
sleep; Skene et al., 2018; Kervezee, Cermakian, and Boivin, 2019). An important next

step in the biomarker development pipeline is to determine if metabolite biomarkers

using exclusively circadian regulated metabolites improves overall biomarker performance.
Circadian protocols designed to identify specific circadian regulated metabolites rather than
metabolites with 24-h time-of-day patterns regulated by circadian or behavioral cycles are
required to achieve this next step. It is evident that positive energy balance under conditions
of ad libitum energy intake influences the plasma metabolome and this likely affected

the training/development of our biomarker models. This is highlighted by the fact that

our DLMOff biomarker model performed best in the BL condition with controlled energy
balanced food intake and adequate sleep opportunities. We previously reported a condition
order effect for food intake where participants who completed the 9-h condition first had
similarly elevated food intake in the 9-h and 5-h conditions, whereas participants who
completed the 5-h condition first decreased their food intake when transitioning from the 5-h
to 9-h condition (Markwald et al., 2013). This condition order effect potentially contributed
to the condition order effect observed in our DLMO biomarker model. Although the impact
of increased food intake and positive energy balance is a perceived limitation, our findings
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highlight the importance of biomarker validation under varying conditions including ad
libitum energy intake and sleep duration as these reflect “real-world” conditions. As an
additional limitation, we did not have a completely independent validation cohort and the
same participants were present in the training and test sets, potentially leading to overfitting
of our biomarker models. Ultimate performance assessments will require a completely
independent validation cohort. There are also limitations to the metabolomics platform. For
example, ~75% and 73% of the compounds were not annotated (unknown compounds) in
the DLMO and DLMOff biomarker models, respectively, and MS/MS analyses identified
potential redundant annotations for 29 compounds. Validating each of these annotations will
require confirmed standards and/or targeted assays. Our best performing biomarker used
300 compounds. To consider a biomarker for clinical use, it would be preferred to use a
smaller cluster of compounds. Finally, our findings are based on a relatively homogeneous
cohort of young healthy adults, limiting applications to other populations. Prior data show
factors such as BMI, age, racial and ethnic background, and chronic disease status can
influence the human plasma metabolome (Shen et al., 2013; Isherwood et al., 2017;
Sebastiani et al., 2017; van Valkengoed et al., 2017; Vardarajan et al., 2020). Thus, further
biomarker development and performance assessments across these various populations could
help create a more robust biomarker and are a critical next step for clinical and research
implementation of any biomarker of circadian phase in humans.

In summary, our findings show plasma metabolomics can be used to discover biomarker
candidates that predict circadian phase with a single blood sample, especially for predicting
DLMOff under controlled conditions. Current transcriptomics work is also promising, but
none are yet ready for clinical implementation. In addition, circadian biomarker efforts have
focused on healthy adults, and no omics-based biomarker to date, ours included, has been
tested in children or adults with chronic health conditions, and as biomarker efforts progress,
a combination of platforms (transcriptomics, proteomics, metabolomics, wearable light, and
actigraphy data) and different circadian phase markers (DLMO, DLMOff, temperature, heart
rate) should be tested. Ultimately, developing a validated and easily implemented biomarker
of individual circadian phase in humans is a high research priority of the sleep and circadian
fields. When successful, such a biomarker will serve to advance sleep and circadian science
and medicine.
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Figure 1.

Study Protocol. Colored boxes represent scheduled sleep and underlines represent scheduled
wakefulness. The black box on study day 14 indicates a recovery sleep opportunity required
for participants in condition order A before discharge from the lab. Blood draws for
metabolomics analyses are represented by T1, T5, T9, T13, T17, and T21, where the number
refers to hours since scheduled waketime (e.g. T5 = 5 hours since scheduled waketime).

All protocol events were scheduled according to each participant’s habitual bedtime. For
example, the T1 blood collection for a subject would occur at 10:00am if their wake time
was scheduled for 9:00am, while another subject’s T1 blood collection would occur at
8:00am if their wake time was scheduled for 7:00am.
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Figure 2.
24h Melatonin Profile. Dim-light melatonin data are referenced to DLMO (A) and DLMOff

(B). DLMO was assigned to 0°. Sleep opportunities are shown separately for each condition
represented by the black (BL), orange (5h) and blue (9h) rectangles. Data are mean = SEM.
Data are double plotted. DLMO, dim-light melatonin onset; DLMOff, dim-light melatonin
offset.
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Figure 3.
Performance of the Biomarker Model Predicting DLMO. The X-axis represents the observed

circadian degree of the sample and the Y-axis represents the predicted circadian degree of
the sample. (A) baseline samples in test set; (B) 9h samples in test set; (C) 5h samples in
test set; (D) all samples from all conditions in test set. The line of identity through the center
indicates a perfect prediction. BL, baseline.
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Figure 4.
Performance of the Biomarker Model Predicting DLMOff. The X-axis represents the

observed circadian degree of the sample and the Y-axis represents the predicted circadian
degree of the sample. A) baseline samples in test set; (B) 9h samples in test set; (C) 5h
samples in test set; (D) all samples from all conditions in test set. The line of identity
through the center indicates a perfect prediction. BL, baseline.
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Figure5.
Cumulative Error for DLMO and DLMOff Biomarker Models. Data are plotted as

proportion of samples versus cumulative hours of error. MdAE, median absolute error; TOD,
time of day; DLMO, dim-light melatonin onset; DLMOff, dim-light melatonin offset.
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Table 1.

DLMO and DLMOff biomarker model performance metrics for overall model and by condition.

R2 MDAE (hours) SD of error (hours) QR (hours)

DLMO Prediction (100)

All conditions (overall) 0.60 22 2.7 2.8
Baseline Condition Only 061 22 2.7 1.9
9h Condition Only 060 21 29 3.0
5h Condition Only 056 2.6 25 4.2

DLMOff Prediction (300)

All conditions (overall) 062 18 2.8 2.6
Baseline Condition Only *t 091 11 0.9 11
9h Condition Only 0.44 37 2.6 4.5
5h Condition Only 050 33 34 2.8

DLMO, dim-light melatonin onset; DLMOff, dim-light melatonin offset; MdAE, Median Absolute Error; SD, Standard Deviation; IQR,
Interquartile Range. Numbers in parentheses refer to the number of metabolites included in each model.

*
P<0.001 versus 9h condition within the DLMOff biomarker model

fP< 0.01 versus baseline condition in the DLMO biomarker model.
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