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A minimal model of peripheral clocks reveals
differential circadian re-entrainment in aging
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ABSTRACT

The mammalian circadian system comprises a network of endogenous oscillators, spanning from the central clock in the brain to peripheral
clocks in other organs. These clocks are tightly coordinated to orchestrate rhythmic physiological and behavioral functions. Dysregulation of
these rhythms is a hallmark of aging, yet it remains unclear how age-related changes lead to more easily disrupted circadian rhythms. Using a
two-population model of coupled oscillators that integrates the central clock and the peripheral clocks, we derive simple mean-field equations
that can capture many aspects of the rich behavior found in the mammalian circadian system. We focus on three age-associated effects that
have been posited to contribute to circadian misalignment: attenuated input from the sympathetic pathway, reduced responsiveness to light,
and a decline in the expression of neurotransmitters. We find that the first two factors can significantly impede re-entrainment of the clocks
following perturbation, while a weaker coupling within the central clock does not affect the recovery rate. Moreover, using our minimal
model, we demonstrate the potential of using the feed–fast cycle as an effective intervention to accelerate circadian re-entrainment. These
results highlight the importance of peripheral clocks in regulating the circadian rhythm and provide fresh insights into the complex interplay
between aging and the resilience of the circadian system.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0157524

Circadian clocks are endogenous oscillators that drive behavioral
and physiological processes with a 24-h period. Importantly, the
entraining signal for one tissue (such as light entraining the cen-
tral clock in the brain) may differ from that of another (such
as food entraining the liver clock). Despite this evidence, most
attempts to construct coupled-oscillator models have focused on
a single population of oscillators receiving a single entraining
input. Important gaps remain in our understanding of the syn-
chronization of multiple clocks under conflicting time cues (e.g.,
light and feeding) and its association with aging. In this paper,
we propose a two-population coupled-oscillator model (repre-
senting brain and liver, respectively) and consider the behavior
when these clocks are perturbed (e.g., jet lag). We explore how
recovery from perturbations depends on the coupling between
the clocks (which is thought to diminish with age) and the

strength of the entraining signals. Despite its simplicity, our
model correctly reproduces experimentally observed results and
suggests innovative strategies for interventions to improve circa-
dian entrainment.

I. INTRODUCTION

Circadian clocks are endogenous oscillators that regulate phys-
iological and behavioral processes with a 24 h period. The mam-
malian circadian system consists of a hierarchical network of oscil-
lators, where the central clock in the suprachiasmatic nucleus (SCN)
is thought to orchestrate the peripheral clocks found in nearly
every tissue of the body.1,2 Additionally, each population of clocks
may entrain to different environmental cues (zeitgebers), such as
light, temperature, feeding, or activity.3,4 While the central clock
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primarily responds to the light–dark cycle1,2 and the peripheral
clocks respond to the feed–fast cycle,3,4 the SCN also acts as a
conductor, sending signals to synchronize the peripheral clocks
through the secretion of melatonin. This raises the question of how
the circadian system responds to different zeitgebers, particularly
when they are discrepant.

Circadian misalignment is commonly observed between the
circadian system and the external environment, an experience
shared by jet-lagged travelers and shift workers. Abrupt changes
to one’s daily schedule disrupt the timing of the circadian clock.
Chronic circadian misalignment (such as that induced by social jet
lag and shift work) has been linked to adverse health outcomes,
including cardiovascular disease, obesity, and cancer.5–8 Yet, while
most attention has been focused on the misalignment between the
central SCN clock and the environment, desynchrony can also occur
within the circadian system, between the central clock and the
peripheral tissues. For instance, in humans, eating at night activates
the liver clock at a time when the SCN wants to rest. In a simulated
night shift study, researchers observed that nighttime eating can lead
to a misalignment between the endogenous central clock (core body
temperature) and peripheral clocks (glucose).9

It is well known that the process of aging is associated with
changes in sleep and circadian functions. On the physiological level,
circadian output from the SCN has been reported to decrease with
age,10,11 though the molecular clocks in the aged SCN and in periph-
eral tissues express normal oscillations in vivo.11–13 Previous works
have also shown dampened rhythms in neuropeptides in the SCN
and decreased glucose metabolism.14–16 In addition, the aging of the
eyes also leads to less light reaching the SCN.17 On the behavioral
level, multiple studies in older humans and aged animal models
demonstrate fragmented activity rhythms and a longer latency to
re-entrain under simulated jet lag protocols.18–21 Together, these
findings suggest that aging might result in a circadian system that
is more vulnerable to disruption and misalignment. Yet, despite
the consistent observations of age-related decline in the circadian
system, we still lack a systematic understanding of the complex
interplay between aging and circadian misalignment. For example,
what role do peripheral clocks play in aging-induced circadian dis-
ruption? Are there simple and practical interventions that we can
take to alleviate such disruption?

To investigate age-related circadian misalignment, we first
develop a mathematical model to describe the circadian clocks in
the SCN and peripheral tissues. Over the years, there have been
a plethora of models that describe circadian clocks with different
levels of granularity, from complex mechanistic models that take
into account the detailed dynamics of specific molecular interac-
tions involving circadian genes and proteins22–33 to more abstract
models with node dynamics that aim to capture the collective
behavior of circadian cells across the SCN.34–45 In general, most of
these studies have focused on the central circadian rhythm and
thus consider a single population of clocks. However, experimental
data clearly demonstrate a hierarchical network of clocks in mam-
malian animals,1,2 and these clocks respond to different exter-
nal stimuli.3,4 For instance, in simulated jet-lag experiments with
mice, the SCN demonstrates rapid adaptation to new light–dark
conditions, whereas peripheral tissues exhibit slower changes.46,47

Furthermore, the SCN coordinates behavioral rhythms, including

feeding. It has been established that feeding cues, which differ from
the light–dark cycle, can alter the phase of gene expression in
peripheral tissues, with the liver clock being particularly sensitive
to food cues.48–50 Consequently, non-circadian feeding paradigms
(evenly distributed food) are generally used to minimize food-
induced entrainment in experimental and clinical studies.51,52 Given
this background, a mathematical framework containing both the
central clock and peripheral clocks is necessary to advance our
understanding of the collective influence of multiple time cues on
the circadian rhythms. Here, we study the interplay between the
SCN and peripheral clocks using a novel model based on two cou-
pled populations of Kuramoto oscillators53 and study how they
integrate disparate zeitgebers. Our model has a number of appeal-
ing properties: its simplicity allows us to perform semi-analytical
analyses of the model through the m2 Ansatz (a modification of the
Ott–Antonsen Ansatz),41,54–58 yet it is sophisticated enough to cap-
ture many intriguing features of the real circadian clocks, such as
the east–west asymmetry of circadian response to jet lag.59,60

We then use this model to investigate the effect of aging by
focusing on three age-associated changes that have been conjectured
to contribute to circadian misalignment: (i) attenuated sympathetic
nervous system from the SCN;12,61 (ii) reduced sensitivity to light;17

and (iii) reduced coupling strengths in the SCN.11,62 We examine
how each condition alters the re-entrainment pattern in a 6-h phase
advance and a 6-h phase delay protocol. Based on these results, we
also propose a simple intervention targeting the peripheral clocks
that can potentially alleviate circadian misalignment.

Our investigations make four high-level contributions. First,
we propose a novel multi-oscillator framework to integrate the cen-
tral clock and peripheral clocks with two different entraining signals.
Second, we find that both attenuated sympathetic pathway signals
and reduced sensitivity to light can lead to longer recovery time
from abrupt shifts in the entraining signal, which also exhibits asym-
metry toward phase delay and phase advance. Moreover, an atten-
uated sympathetic pathway affects the peripheral clocks, whereas
a reduced sensitivity mostly disrupts the central clock. Third, we
find that reduced coupling strength in the central clock is respon-
sible for its reduced output amplitude, but it does not alter the
re-entrainment process. Finally, we highlight the importance of food
stimuli and peripheral clocks: a properly adjusted meal schedule
can significantly speed up the re-entrainment process after circadian
disruption such as jet lag.

II. DERIVING A MINIMAL MODEL OF THE CENTRAL
AND PERIPHERAL CLOCKS

In our model (Fig. 1), we consider two populations of cells
described by their internal phase φF

k and φL
k —one food-entrained

(e.g., liver cells) and the other light-entrained (e.g., SCN cells)

dφF
k

dt
= ωF

k +
KFF

NF

NF∑

j=1

sin
(

φF
j − φF

k

)

︸ ︷︷ ︸

intralayer coupling
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FIG. 1. Schematic of the mathematical model. The model
consists of two populations of coupled oscillators, where one
population represents the central clock in the brain, entrained
by light, and the other population represents the peripheral
clocks, entrained by food. We assume that all oscillators are
coupled to one another, but the intralayer and interlayer cou-
pling strengths can be different. Moreover, the downward
coupling (from the central clock to the peripheral clocks) is
stronger than the upward coupling.
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. (2)

Here, ωF
k (ωL

k ) is the natural frequency of the kth food-entrained
(light-entrained) oscillator, which is drawn from a distribution g(ω);
α is the homeostatic (physiologically desirable) phase difference
between the populations; F(t) and L(t) denote the stimulus of food
and light, respectively; M(φ) gives the phase response curve of the
food-entrained oscillators; and Q(φ) gives the phase response curve
of the light-entrained oscillators. The phase response curves describe
the change in phase of the various oscillators as a function of the
time at which the zeitgeber stimulus is received. Here, we assume
that the food and light phase response curves have the same shape
but potentially different sensitivity. That is, Q(φ) = cM(φ), where
c is a constant sensitivity ratio. The coupling strengths are given as
Kfrom,to (e.g., KLF is the coupling strength from light-entrained oscil-
lators to food-entrained oscillators), which are normalized by the
number of oscillators in the corresponding layer. Below, wherever
appropriate, we will suppress the population indicator (F and L) to
ease the notation.

In the continuum limit (N → ∞), each oscillator population
can be described by the phase density function f(ω,φ, t), which
gives the density of oscillators with phase φ at time t and have
frequency ω. The time-evolution of f is governed by a continuity
equation (which basically states that the total density or the number
of oscillators is conserved),

∂f

∂t
+

∂

∂φ
(fv) = 0 , (3)

where v = φ̇. Using the integral form of Eqs. (1) and (2) in the
continuum limit, we can express vF = φ̇F as

vF = ω + KFF

∫ ∞

−∞

∫ π

−π

sin
(

φ′ − φ
)

fF
(

ω′,φ′, t
)

dω′dφ′

+ KLF

∫ ∞

−∞

∫ π

−π

sin
(

φ′ − φ + α
)

fL
(

ω′,φ′, t
)

dω′dφ′

+ F(t)M(φ), (4)

An analogous equation can be obtained for vL = φ̇L.
For a large population of coupled phase oscillators, it is useful

to define the Daido order parameters of the phase distribution

Zm(t) = Rm(t)eiψm(t) =
1
N

N
∑

j=1

eimφj(t), (5)

where Rm are the collective amplitudes that measure phase coher-
ence and ψm are the mean phases. The first term, the Kuramoto
order parameter Z1, measures the collective amplitude, with R1 = 0
indicating complete desynchrony and R1 = 1 indicating perfectly
synchronized oscillators. In the limit N → ∞, Eq. (5) can be written
as

Zm(t) =

∫ 2π

0

∫ ∞

−∞

f(ω,φ, t)eimφ dω dφ. (6)

This allows us to write Eq. (4) in a more compact form using the
Daido order parameters

vF(ω,φ, t) = ω + F(t)M(φ) +
1
2i

KFF

(

ZF
1e−iφ − ZF

1eiφ
)

+
1
2i

KLF

(

ZL
1e−i(φ−α) − ZL

1ei(φ−α)
)

. (7)

Next, we consider the Fourier expansion of the phase density
function f,

f =
g(ω)

2π

(

1 +

∞
∑

k=1

ak(ω, t)eikφ + c.c.

)

, (8)

where c.c. stands for the complex conjugate of the expression and
g(ω) is the distribution of natural frequencies of the oscillators.
Moreover, for simplicity, we assume the phase response curves are
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given in the following form:

M(φ) = σF − A1 sin(φ + ζ1) − A2 sin(2φ + ζ2), (9)

Q(φ) = σL − B1 sin(φ + β1) − B2 sin(2φ + β2), (10)

where the parameters σF, σL, A1, A2, B1, B2, ζ1, ζ2,β1, and β2 are coef-
ficients of the truncated harmonic expansion for M(φ) and Q(φ),
respectively. This truncated harmonic expansion is motivated by

empirical measurements and can be fitted to available experimental
data.41,42 We also note that the derivation below can be easily adapted
to other forms of phase response curves.

Now, substituting the Fourier expansion of f [Eq. (8)] and the
expression for v [Eq. (7)] into the continuity [Eq. (3)], then col-
lecting the coefficients in front of eikφ for each k, we arrive at a
set of infinitely many coupled integral-differential equations for the
Fourier coefficients {aF

k} and {aL
k},
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k

k
+
(
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k +
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(11)
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k
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(
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2

(
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+
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,

(12)

where

HF
1(t) = A1e

−iζ1F(t), HF
2(t) = A2e

−iζ2F(t),

HL
1(t) = B1e

−iβ1L(t), HL
2(t) = B2e

−iβ2L(t).

To make further progress, we now make the standard assump-
tion that the intrinsic frequencies of each oscillator population
follow a Cauchy (Lorentzian) distribution

g(ω) =
1
π

γ

(ω − ω0)
2 + γ 2

with mean frequency ω0 and dispersion parameter γ . Due to the
orthogonality of the Fourier basis functions, in the continuum limit,

the Daido order parameters Zm can be given by

Zm(t) =

∫ 2π

0

∫ ∞

−∞

f(ω,φ, t)eimφ dω dφ =

∫ ∞

−∞

am(ω, t)g(ω) dω .

(13)

The Cauchy distribution assumed for g(ω) enables us to evaluate
Eq. (13) analytically through contour integration, simplifying Zm to

Zm(t) = am(ω0 − iγ , t). (14)

Using Eq. (14) and setting ω = ω0 − iγ in Eqs. (11) and (12), we
can replace the Fourier coefficients with Daido order parameters,
yielding

ŻF
k

k
=
(

−γF + iωF
0 + iσFF(t)

)
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k +

KFF

2

(

ZF
1ZF

k−1 − ZF
1ZF

k+1

)

+
KLF

2

(

ZL
1ZF

k−1e
iα − ZL

1ZF
k+1e

−iα
)
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,

ŻL
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(
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(
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)

+
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)

+
1
2

(
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)

.

In particular, k = 1 represents the equations of motion for the
Kuramoto order parameters ZF

1 and ZL
1 .

However, these equations are not closed due to the presence of
ZF

2 and ZF
3 (ZL

2 and ZL
3) on the right-hand side.

To close the equations for ZF
1 and ZL

1 , we invoke the m2

Ansatz (a modification of the Ott–Antonsen Ansatz41)), Rm = Rm2

1
and ψm = mψ1, which forms a low-dimensional flow-invariant
manifold under Eq. (3) and has been shown to be globally

attracting under weak conditions.55,58 Applying the Ansatz and
rewriting the equations in polar coordinates yields a four-
dimensional system describing the phase coherence RF,L and mean
phase ψF,L of each cluster:

ṘF = −γFRF +
KFF

2

(

RF − R5
F

)

+
KLF

2
RL

(

1 − R4
F

)

cos(ψL − ψF + α)

+ UF(RF,ψF), (15)
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ψ̇F = ωF
0 + σFF(t) +

KLF

2
RL

(

1
RF

+ R3
F

)

sin(ψL − ψF + α)

+ VF(RF,ψF), (16)

ṘL = −γLRL +
KLL

2

(

RL − R5
L

)

+
KFL

2
RF

(

1 − R4
L

)

cos(ψF − ψL − α)

+ UL(RL,ψL), (17)

ψ̇L = ωL
0 + σLL(t) +

KFL

2
RF

(

1
RL

+ R3
L

)

sin(ψF − ψL − α)

+ VL(RL,ψL), (18)

where the stimulus terms are given by

UF(RF,ψF) =
A1

2
F(t)

(

1 − R4
F

)

cos(ζ1 + ψF)

+
A2

2
F(t)RF

(

1 − R8
F

)

cos(ζ2 + 2ψF), (19)

VF(RF,ψF) = −
A1

2
F(t)

(

1
RF

+ R3
F

)

sin(ζ1 + ψF)

−
A2

2
F(t)

(

1 + R8
F

)

sin(ζ2 + 2ψF), (20)

UL(RL,ψL) =
B1

2
L(t)

(

1 − R4
L

)

cos(β1 + ψL)

+
B2

2
L(t)RL

(

1 − R8
L

)

cos(β2 + 2ψL), (21)

VL(RL,ψL) = −
B1

2
L(t)

(

1
RL

+ R3
L

)

sin(β1 + ψL)

−
B2

2
L(t)

(

1 + R8
L

)

sin(β2 + 2ψL). (22)

III. NUMERICAL SIMULATIONS OF RE-ENTRAINMENT
DYNAMICS

Several studies in both human and animal models have demon-
strated that aging results in a longer latency to re-entrain fol-
lowing abrupt phase shifts. A primary goal of our study is to
unravel the complex interplay between aging, the central clock, and
peripheral clocks in the re-entrainment process. We consider the
re-entrainment process is complete when the following two criteria
are met:

1. The collective phase of each clock becomes stable, that is, the
fluctuations in each clock do not exceed 0.1 radians (about 5.73◦

or 0.4 h) between consecutive days.
2. The difference between the collective phase of the central clock

and the collective phase of the peripheral clocks returns to
approximately the same after the shift. That is, the fluctuations
in the phase gap of two clocks do not exceed 0.1 radians before
and after the shift.

To facilitate our analysis, we start with a default parameter
set for the model to represent a typical young and healthy person.

TABLE I. Default parameter set used in numerical simulations to model the circadian
clock of a young and healthy adult.

Parameters Value

KLL, KFF 0.065
KLF 0.065
KFL 0.0005
γ F 0.03
γ L 0.024
α 1
A1, B1 0.4
A2, B2 0.2
ζ 1, β1 0.2
ζ 2, β2 −1.8
σ L, σ F 0.05

Since previous studies have developed and validated the physi-
ological model of the SCN, the parameters of the central clock
(γL,ωL, KLL, Q(φ)) in our model are chosen according to published
studies.41,42 However, less is known about the peripheral clocks and,
in particular, the phase response curve to food has not been estab-
lished. Here, we choose the parameters of the peripheral clocks
according to the following observations and assumptions:

1. Peripheral clocks express self-sustained 24-h oscillations.63

2. There is a phase lag of ∼4 h for the coupling between the cen-
tral clock and peripheral clocks (since the peaks of mPER2
rhythms in the SCN and peripheral tissues differ from 3 h to 9 h
in mice63).

3. The downward coupling from the brain to the peripheral organs
is stronger than the upward coupling because of the hierarchical
nature of the circadian system and the brain–blood barrier.

4. The shape of the phase response curve to food in peripheral
clocks is the same as the phase response to light in the cen-
tral clock51,64 (the shape of phase response curve is shown in
supplementary material, Fig. S1.

Based on these assumptions, we choose our default parameter set as
shown in Table I. Later, we will vary certain parameters to mimic
different aspects of aging-induced change in circadian physiology.

Next, we assume the light–dark cycle of each day consists of
12 h of light and 12 h of darkness. Empirical evidence shows that the
feed–fast cycle is more important than the light–dark cycle for cir-
cadian oscillations in peripheral clocks, so we minimize the effect of
the feeding cues by providing scheduled feeding four times per day
at equally spaced intervals, as in the constant routine experiments.9,61

Under this condition, we study the effect of an abrupt shift of
light schedule (e.g., caused by traveling across time zones) on the
circadian system.

A. Attenuated input from the sympathetic pathway

In Fig. 2, we demonstrate the re-entrainment process to a 6-h
shift of the light–dark cycle with the potential age-associated effect
on the sympathetic pathway. Briefly, we simulate the above system
with the baseline light:dark cycle and regular feeding for 2 days. We
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FIG. 2. Effect of an attenuated sympathetic pathway on the re-entrainment process. Estimated phase markers of the peripheral clock (blue dot) and the central clock (red dot)
are plotted against the pattern of the light–dark cycle and feed–fast cycle. The light–dark cycle is composed of 12 h of light (yellow) and 12 h of darkness (gray). The feed–fast
cycle consists of four equally distributed meals a day, where the black bar represents the food availability. The subjects are initially entrained to a 12:12 light:dark cycle. On
day 0, the schedule shift occurs. Two schedules, a 6-h phase delay and a 6-h phase advance are compared. Times during re-entrainment are colored in magenta. (a) and (b)
represent the re-entrainment process for a young subject using the default parameter set. We can see that both the central clock and the peripheral clock in a young subject
complete the phase-delay re-entrainment in 5 days and complete the phase-advance entrainment in 6 days. To model an age-associated decline in the sympathetic nervous
system, we reduce the strength of the downward coupling KLF from 0.065 (default parameter set, a and b) to 0.035 (c and d). With a reduced value of KLF , the central clock
(red dots) is not affected, but the peripheral clock (blue dots) exhibits slower adjustment compared to (a) and (b). As a result, an attenuated sympathetic pathway leads to
longer re-entrainment processes—7 days for phase delay and 9 days for phase advance.

then abruptly shift the light:dark cycle by 6 h and continue the sim-
ulation to examine the phase of the central and peripheral clocks
(ψL andψF) as they re-entrain to the new conditions. In the baseline
entrainment, days −2 to −1 show a light–dark schedule of 12 h of
light and 12 h of darkness. At day 0, we assume a transition occurs
[e.g., going from Paris to New York for Figs. 2(a) and 2(c); from New
York to Paris for Figs. 2(b) and 2(d)]. In Fig. 2, each new line repre-
sents a subsequent day. Gray denotes darkness, and yellow denotes
light. As a phase marker, we choose the time at whichψ = π to rep-
resent the phase of each clock. A blue dot shows the predicted phase
of the peripheral clocks, and a red dot shows the predicted timing
of the central clock. Times during re-entrainment are marked in
magenta. We consider the system fully re-entrained to the new light
schedule when the fluctuations in both the individual clock and the
phase gap between clocks do not exceed 0.1 (in radians) between
consecutive days.

Empirical evidence suggests that peripheral clock input
from the sympathetic nervous system is attenuated as aging
progresses.12,61 The strength of this input can be modeled in our
framework by the coupling term KLF. Figures 2(a) and 2(b) show
the re-entrainment process when the downward coupling is strong
(KLF = 0.065), as it might be for young healthy adults. We can
observe that re-entrainment takes 5 days for a westward trip (6 h
phase delay) and 6 days for an eastward trip (6 h phase advance).
This asymmetry is due to asymmetries in the phase-response curve,

and is consistent with observations that westward travel is generally
easier than eastward.59,60,65 Thus, for a young adult represented by
the default parameter set, re-entrainment time to 6-h phase advance
and 6-h phase delay differ by one day. To investigate the effect of a
weaker sympathetic pathway, we reduce KLF from 0.065 to 0.035.
This results in a less synchronized state in the peripheral tissues
and a slower adjustment of the peripheral clock at the beginning of
the transition. (As expected, the central clock is unaffected by the
change in KLF, see supplementary material, Fig. S2.) This change
prolongs the overall recovery (time for both clocks to be synchro-
nized to the new environment) but does so asymmetrically. We find
that lower KLF adds two days to the overall recovery time in the 6 h
phase delay condition (that is, a total of 7 days for both clocks to be
synchronized again). On the other hand, the same reduced value of
KLF prolongs the recovery time for the 6 h phase advance by 3 days
(to a total of 9 days). Figure 3(a) shows that reduced sympathetic
coupling accounts for the increasing difficulty of jet lag recovery as
people age. It also suggests that the asymmetry of phase adjustments
may worsen with age, where phase advance (eastward travel) has a
much slower recovery time than phase delay (westward travel).

B. Decreased photic resetting

Changes with age in the cornea, lens, and pupils of the eyes
have been well established.17 As a result, the strength of light
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FIG. 3. Effect of sympathetic pathway coupling (a), photic sensitivity (b), and coupling within the central clock (c) on recovery time. For each case, we vary one parameter
and keep the remaining parameters at their default values as in Table I. Green and purple dots represent numerical simulations for 6-h phase delay and phase advance,
respectively, where KLF and KLL are equally sampled at 0.002 apart, and c is equally sampled at 0.01. We also fit a smooth curve (solid lines) to the numerical simulations
(dots) via least squares. (a) and (b) show that both an attenuated sympathetic pathway and reduced sensitivity to light account for a slower recovery from jet lag, and they
have a more substantial impact on phase advance than phase delay. (c) suggests that reduced coupling strength in the central clock does not alter the re-entrainment process.

information flow to the central clock tends to decline as age
advances. To examine the change in photic resetting resulting from
these changes, we scale the effect of light stimuli Q(φ) by a constant
c to capture a lower sensitivity of the response to light. In Fig. 3(b),
we show the recovery time with a varied photic sensitivity for a 6-
h phase delay or a 6-h phase advance (with other parameters fixed
at their default values). According to Eq. (2), the parameter Q(φ)
contributes to the degree of synchronization of the central clock.
A decreased amplitude of Q(φ) leads to a less synchronized central
clock (an example with c = 0.6 is shown in supplementary material,
Fig. S3). From supplementary material, Fig. S3, we can see that the
central clock, which responds to light, displays a slower rate of re-
entrainment to a new schedule for a decreased strength of Q(φ).
Surprisingly, we find that with a weaker sensitivity to light, both
clocks can complete phase delay in 7 days [supplementary mate-
rial, Fig. S3(c)], which is similar to the time required for a young
subject with a normal light sensitivity [Fig. 2(a)]. However, the
recovery time to return to a phase-locked state for two clocks signif-
icantly increases for the phase-advance schedule. Having a weaker
sensitivity to light extends the phase-advance re-entrainment from
6 days to 9 days [supplementary material, Fig.S3(d)]. Figure 3(b)
further demonstrates that decreasing photic sensitivity affects the
re-entrainment process unequally, where it has a more substantial
impact on phase advance. This result has two important conse-
quences. First, it explains previous observations in clinical studies
for the circadian response to light in aging, which found similar
phase-adjustment patterns for old adults relative to young adults in
the phase-delay direction, but reduced responses to light for older
adults in phase advance.19,66,67 Second, this result underscores the
importance of strong light exposure in entrainment.

C. Reduced coupling within the central clock

Several studies have reported an age-related reduction in the
amplitude of circadian rhythms, including gene expression, mela-
tonin, and core body temperature rhythms.21,68 However, the ques-
tion remains of why such a reduction occurs. One possibility is that

aging may cause reduced coupling strengths between cells within the
clock. For instance, animal studies have found an age-related decline
in neuropeptides in SCN cells.11,62 In our framework, the parame-
ter KLL, which represents the coupling strength within the central
clock, controls the degree of synchronization in the central clock.
Indeed, we observe a significantly decreased collective amplitude
in the central clock as KLL decreases from 0.065 to 0.03 (supple-
mentary material, Fig. S4). However, we find that a decline in the
intra-coupling strength does not change the rate of re-entrainment
when external stimuli are present [Fig. 3(c)]. The recovery rate is
the same as a young subject simulated using the default parameter
set [Figs. 2(a) and 2(b)]. In other words, our model suggests that
reduced coupling between cells within the central clock is unlikely
to contribute to the effect of aging on re-entrainment, but it might
explain a dampened amplitude in circadian rhythms.

D. Adjusting meal schedule to accelerate
re-entrainment

Finally, we explore whether adjusting meals can help alleviate
jet lag. From Sec. III A, we have seen that an age-related decline in
the sympathetic pathway can affect the synchrony in the peripheral
clocks and delay the re-entrainment process for both phase advance
and phase delay. Therefore, to investigate the effect of meals on
synchronization and re-entrainment, we set KLF = 0.035 as in the
previous section to represent an age-related decline that exists in the
sympathetic nervous system. In addition, to illustrate the practical
applications of these schedules, three meals are evenly distributed
over the hours of light prior to the shift. We then simulate three dif-
ferent meal schedules while the subject adapts to the new timezone:
(1) shifting three meals in accordance with the adjustment of the
peripheral clock (i.e., maintaining a constant distance between the
first meal and the phase of the peripheral clock); (2) uniformly dis-
tributing three meals throughout light hours in the new timezone;
and (3) increasing the volume of breakfast twofold, while omit-
ting dinner from day 0 to day 3, and then returning to the regular
three-meal schedule. We find that shifting meal times according to
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FIG. 4. Meal interventions to accelerate the re-entrainment process. We consider an old subject with a weaker input from the sympathetic pathway (KLF = 0.035). Prior to
the shift, three meals are evenly distributed over the light hours. As the subject adjusts to the new timezone, shifting three meals according to the peripheral clock leads to
a 7-day recovery period for phase delay (a) and a 9-day recovery period for phase advance (d). However, aligning the meal schedule with the light schedule can reduce the
recovery time to 6 days [(b) and (e)]. Alternatively, instead of uniformly distributing meals throughout the transition, having a larger volume of breakfast while omitting dinner
during the first three days of the transition can accelerate both phase-delay (c) and phase-advance (f) re-entrainment to 5 days.
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the peripheral clock results in a 7-day recovery period for phase
delay and a 9-day recovery period for phase advance [Figs. 4(a)
and 4(d)]. In contrast, Figs. 4(b) and 4(e) show that aligning the
meal schedule with the light schedule can reduce the recovery time
to 6 days. Moreover, having a substantial meal in the early morn-
ing and skipping dinner can further accelerate the recovery time
to 5 days for both a 6-h phase delay and phase advance [Figs. 4(c)
and 4(f)]. Such a meal schedule promotes synchrony in the periph-
eral clocks throughout the re-entrainment process (supplementary
material, Fig. S5). Our findings are consistent with experimen-
tal evidence showing the importance of eating at relatively fixed
times to maintain clock synchronization,69–71 as well as experimen-
tal evidence suggesting that increasing the caloric load of breakfast
while decreasing dinner reduces circadian desynchrony during shift
work and improves metabolic health.70–74 Therefore, our simulations
highlight the importance of meal schedules and suggest the possibil-
ity of correcting the circadian misalignment by targeting peripheral
clocks.

IV. DISCUSSION

Daily rhythms of physiology and behavior were originally
thought to be driven by the sleep/wake cycle. The surprising discov-
ery that nearly every cell possesses an autonomous circadian oscil-
lator dramatically altered our understanding of circadian rhythms,
and it is now understood that both the central (SCN) and periph-
eral clocks contribute to circadian organization.3 Yet, this discovery
also opened many additional questions: how do the cellular clocks
remain synchronized, and how do they “reset” when given new time
cues?

To study these questions, we developed a simple model com-
prising two populations of coupled oscillators that can describe the
hierarchical nature of the circadian system. Our model significantly
extends previously validated models of the central clock42,75 through
the integration of the peripheral clocks. In contrast to the single-
population model, our framework provides a means to explore
how competing zeitgeber inputs may be integrated across multiple
tissues, and to model how the ability to remain internally synchro-
nized in the face of changing inputs depends on factors that may
change with age. The model accounts for experimentally validated
observations and suggests new hypotheses to be explored in the
future.

Here, we use our model to examine the effect of three
age-associated changes in the re-entrainment process. First, we
find that an attenuated sympathetic pathway, represented by a
decreased coupling strength between clocks in the model, attributes
to disorganization in the peripheral clocks, slows down the rate
of re-entrainment, and preserves (even slightly exaggerates) the
asymmetry of re-entrainment. Second, our model suggests that the
age-related effect of light sensitivity can lead to a loss of synchrony
in the central clock and a smaller phase-advance shift. Third, we
demonstrate that the effect of an age-related decline in coupling
between cells within the central clock only explains a dampened
rhythm in the brain but, surprisingly, it does not affect the re-
entrainment process. In our study, we define the re-entrainment
process as complete when both central and peripheral clocks become
stable, and their phase difference returns to approximately the same

as before the shift. While weak coupling of the central clock (SCN)
may accelerate the re-entrainment of the central clock itself,76 it does
not affect the recovery speed of the peripheral clocks; the peripheral
clock lags behind. In addition to investigating age-induced changes
in physiology, we also show that a simple intervention—having a
meal of larger volume in the early morning for three days—can
accelerate both phase delay and phase advance processes from 7 and
9 days to 5 days.

Our model can be extended in several directions to provide
further insight into the mammalian circadian system. First, our
numerical simulation assumes phase response curves to different
stimuli have the same shape, which needs to be validated in future
experimental studies. Different shapes of phase response curves
might affect the resulting dynamics, but our framework can be eas-
ily adapted, as explained in Sec. II. The proposed framework aims to
investigate the impact of multiple time cues on the circadian system.
However, other factors like exercise77 or the administration of circa-
dian drugs78 also affect circadian rhythms. Therefore, our work can
be readily extended to explore other applications, such as investigat-
ing the timing of exercise or drug dosing timing in future studies.
Second, we assume the external stimuli to be uniform in our anal-
ysis (regular meals, steady light). However, humans almost never
experience such conditions in real life. Future studies should explore
the effect of fluctuations in external stimuli, especially their effect on
peripheral clocks. Addressing this question will allow us to better
understand how conflicting stimuli affect circadian clocks and pro-
pose behavioral interventions. Third, the reduced model assumes
all-to-all and instantaneous coupling for simplicity. This can be
justified when the coupling is mainly achieved through neurotrans-
mitters, whose diffusion is fast compared to the 24-h period.79,80

This suggests that the simplified mathematical model captures the
essential dynamics of the system. However, both central and periph-
eral clocks can have a nontrivial network topology underlying their
cellular communication. In addition, aging may also change the
network topology. Therefore, future studies should address how dif-
ferent connection patterns affect the re-entrainment process. Lastly,
our study demonstrates that adjusting the timing of food stimuli
can be a potential avenue for correcting circadian misalignment,
which calls for techniques to optimize meal schedules during an
intervention.

SUPPLEMENTARY MATERIAL

The effects of the perturbation on the collective amplitude of
the central and peripheral clocks are shown in the supplementary
material.
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