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In young healthy participants, the degree of daily rhythmicity largely varies across different neuronal resting-state
networks (RSNs), while it is to date unknown whether this temporal pattern of activity is conserved in healthy and
pathological aging. Twelve healthy elderly (mean age¼ 65.1 ± 5.7 years) and 12 patients with amnestic mild cognitive
impairment (aMCI; mean age¼ 69.6 ± 6.2 years) underwent four resting-state functional magnetic resonance imaging
scans at fixed 2.5 h intervals throughout a day. Time courses of a RSN were extracted by a connectivity strength and a
spatial extent approach performed individually for each participant. Highly rhythmic RSNs included a sensorimotor, a
cerebellar and a visual network in healthy elderly; the least rhythmic RSNs in this group included a network associated
with executive control and an orbitofrontal network. The degree of daily rhythmicity in aMCI patients was reduced
and dysregulated. For healthy elderly, the findings are in accordance with results reported for young healthy
participants suggesting a comparable distribution of daily rhythmicity across RSNs during healthy aging. In contrast,
the reduction and dysregulation of daily rhythmicity observed in aMCI patients is presumably indicative of underlying
neurodegenerative processes in this group.
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INTRODUCTION

In recent years, a growing number of neuroimaging

studies focusing on the brain’s activity at rest have

demonstrated the presence of reproducible resting-state

networks (RSNs), which represent brain regions of

synchronized low-frequency (0.01–0.1 Hz) fluctuations

in the blood oxygen level dependent (BOLD) signal

measured by functional magnetic resonance imaging

(fMRI) technique (Beckmann et al., 2005; Biswal et al.,

2010; Zuo et al., 2010). The spatial patterns of RSNs

show, however, strong resemblance with brain net-

works, which are known from activation studies to be

involved in primary and higher order cognitive functions

(Laird et al., 2011). The neuronal basis of RSNs has not

yet been fully understood; it has been suggested that

these functional connectivity patterns may reflect the

brain’s ongoing intrinsic activity that may be necessary

for maintaining its functional integrity (Brookes et al.,

2011; He et al., 2008; Pizoli et al., 2011; Shmuel &

Leopold, 2008).

Changes within these intrinsic connectivity patterns

occur physiologically during life time (Fair et al., 2008;

Tomasi & Volkow, 2012) and pathologically in many

neuropsychiatric and neurodegenerative disorders

(Rocca et al., 2010; Stigler et al., 2011; Verstraete et al.,

2010). In particular, the latter fact has drawn much

interest into the field of resting-state fMRI due to its

potential applicability for clinical purposes. In that

context, disruptions of a connectivity pattern referred

to as the default-mode network (DMN) (Raichle et al.,

2001) have been reported in patients with Alzheimer’s

disease (AD) (Greicius et al., 2004) as well as in patients

with amnestic mild cognitive impairment (aMCI) (Sorg

et al., 2007), which is believed to represent a prodromal
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stage of AD (Petersen et al., 1999). Moreover, these

disruptions have been shown to allow the differentiation

between healthy aging, aMCI and AD (Rombouts et al.,

2005) as well as between different stages of AD (Zhang

et al., 2010), potentially turning the DMN into a novel

imaging marker used to detect and follow-up partici-

pants at increased risk of developing dementia

(Greicius et al., 2004).

More recently, it has been shown that RSNs of young

healthy subjects exhibit various levels of systematic

daily fluctuations ranging from stable – as in the case

of a network associated with the processing of execu-

tive control – to highly rhythmic – as in the case of

two DMN sub-systems and a sensorimotor network

(Blautzik et al., 2013).

In general, systematic fluctuations over the course of

the day occur physiologically in virtually all body

functions from gene expression (Merrow et al., 2005)

to behavior (Roenneberg & Merrow, 2005) and higher

cognitive functions (Schmidt et al., 2007). They are

caused by an interaction between the circadian timing

system or circadian clock and the homeostatic process.

The circadian clock actively synchronizes to the

Earth’s 24-h rotation, mainly by the light/dark cycle,

and thereby regulates physiology and behavior

(Roenneberg & Merrow, 2005). The phase of synchron-

ization between the external light/dark cycle and an

individual’s circadian clock is highly individual, giving

rise to so-called ‘‘chronotypes’’ (Roenneberg et al.,

2003). The homeostatic process on the other hand

describes the drive for sleep, which steadily accumulates

during the wake period (Borbely, 1982).

The current literature demonstrates that daily fluc-

tuations are frequently dysregulated in the central

nervous system (and throughout the rest of the body)

with healthy aging and – to a greater extent – during age-

associated pathologic conditions such as MCI (Naismith

et al., 2010) and in particular dementia (Stranahan,

2012). Reasons for this relationship include the deteri-

oration of functional neuronal systems, such as the

circadian clock, which occur physiologically with aging

and particularly during neurodegenerative processes

(Kondratova & Kondratov, 2012). Given this relationship,

it may be assumed that aging – both healthy and to a

greater extent pathologic – also affects systematic daily

fluctuations of RSNs.

From a clinical point of view, i.e. with respect to the

potential use of RSNs as tools in the diagnosis or the

follow-up of neurodegenerative diseases, knowledge

about daily patterns of those systems in normal and

pathological aging appears to be necessary for the

interpretation of the results derived from resting-state

fMRI measurements. For instance, the degree of alter-

ations observed within RSNs during a pathological

condition in comparison to a healthy state may vary if

differences in daily network dynamics between both

conditions exist and the aspect of time of day is

disregarded. Moreover, longitudinally assessed changes

within RSNs – as for example typically done during

follow-up examinations – may derive from physiological

daily fluctuations rather than being attributable to

pathologic alterations.

To explore this issue, we studied the daily fluctuations

of RSNs in healthy elderly representing healthy aging and

patients with aMCI as a prodromal stage of dementia

representing pathologic aging, while controlling for

inter-individual variations in internal time (i.e. chron-

otype) and time-awake (i.e. the homeostatic process).

MATERIALS AND METHODS

The study was carried out in accordance with the

Declaration of Helsinki and was approved by our

institutional ethics committee. The experimental proto-

col was conformed to international ethical standards

and methods for the conduct of high-quality animal and

human biological rhythm research (Portaluppi et al.,

2010). All participants gave their written informed

consent and received payment for their participation.

Participants
Twelve healthy elderly volunteers (HC) (five females;

mean age¼ 65.1 ± 5.7 years) and 12 patients with mild

cognitive impairment (MCI) (eight females; mean age

¼ 69.6 ± 6.2 years) participated in the study (see

Supplemental Information Table 1 for further demo-

graphic characteristics). Healthy participants were

recruited from an adult education center and had no

subjective memory complaints. Amnestic MCI patients

were recruited from the university’s Memory Clinic and

met the Mayo clinic criteria for aMCI (Petersen et al.,

2001). They achieved reduced results in the CERAD

battery subtests (performed within three months from

the fMRI session) consistent with the characterization

of this group as aMCI in several cognitive domains:

MMSE¼ 26.25 ± 3.24, verbal fluency¼ 16.5 ± 5.14, Boston

naming test¼ 14.00 ± 1.53, word list learning¼ 17.33 ±

5.09, word list recall¼ 4.75 ± 2.24, word list recogni-

tion¼ 8.25 ± 2.92, constructional praxis¼ 10.67 ± 2.69

and recall of constructional praxis¼ 5.00 ± 3.24.

Exclusion criteria for study participation included

psychiatric and/or neurological disease, sleep disorders,

shift work, psychoactive substance abuse within the last

three months, current or previous drug addiction,

smoking and intra-corporal ferromagnetic objects.

Right-handedness was ensured by a minimum

Lateralization Quotient of 70, as assessed with the

Edinburgh Inventory (Oldfield, 1971).

Assessment of chronotype
We used the Munich Chronotype Questionnaire to

assess chronotype. The questionnaire asks simple ques-

tions about an individual’s sleep and wake behavior, on

both work and free days (if present) (Roenneberg et al.,

2007). Chronotype is quantified by an individual’s

mid-sleep time on free days (MSF) corrected for
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potential sleep debt accumulated during the work week;

if participants sleep less on work days than on free days,

MSF is corrected for ‘‘over-sleep’’, resulting in MSFsc:

MSF ¼ sleep onsetþ sleep duration on free daysð Þ=2

MSFsc ¼ MSF�

ðsleep duration on free days

� average weekly sleep durationÞ

( )

2

(Roenneberg et al., 2003, 2007). Participants’ chron-

otype (MSFsc) ranged from 1:50 to 5:25 a.m.

Study design
Each subject underwent four fMRI scans within a day at

fixed 2.5-h intervals. Individual scanning times were

adapted to the participant’s MSFsc to minimize chron-

otype differences and to keep time awake between

chronotypes as similar as possible. Participants’ scan-

ning times were scattered as follows: MSFsc of 1:30–2:30

started at 9 a.m., MSFsc of 2:30–3:30 at 9:30 a.m., MSFsc

of 3:30–4:30 at 10 a.m. and finally those with an MSFsc of

4:30–5:30 at 10:30 a.m. This time schedule covered

approximately 10 h of the 24 h day. Since the study

design did not allow the assessment of similar chron-

otypes at the same time within a day, measurements

were spread out over several weekend days, but

scanning times were kept identical for each chronotype

category. Given the impact of daylight exposure on the

circadian phase and neural activation (Vandewalle et al.,

2006), which may have caused unequal inter- and intra-

day testing conditions, participants were instructed to

stay in the windowless MRI waiting area for the duration

of the entire experiment. All scans were performed on

five weekends during the winter. In accordance with

other resting-state fMRI studies (Beckmann et al., 2005;

Damoiseaux et al., 2006; Sorg et al., 2007), participants

were instructed to keep their eyes closed without falling

asleep and not to think of anything in particular. Snacks

and beverages were provided ad libitum. Participants

were instructed to consume caffeinated beverages just

as they used to do on ordinary days.

Functional magnetic resonance imaging
Functional MRI was performed using a 3.0 Tesla

Magnetom (VERIO, Siemens, Erlangen, Germany) with

a 12-element head coil. For anatomical reference, a

sagittal high-resolution magnetization-prepared rapid

gradient-echo sequence was acquired with the following

imaging parameters: field of view (FoV): 256� 256 mm;

spatial resolution: 1� 1� 1 mm; time of repetition (TR):

2400 ms; time of echo (TE): 3.06 ms; flip angle (FA): 9�;

number of slices: 160; acquisition time (TA): 4:45 min.

Functional data were recorded using a BOLD sensitive

echo-planar gradient-echo sequence in axial orientation

(FoV: 192� 192 mm; spatial resolution: 3� 3� 4 mm;

slice gap: 0.4 mm; imaging matrix: 64� 64; TR: 3000 ms;

TE: 30 ms; FA: 80�; number of slices: 36; TA: 6:06 min).

Before starting imaging, 3D-field shimming was per-

formed using automated shimming algorithms imple-

mented on the scanner.

Statistical analyses of fMRI data
The data preprocessing steps were carried out using the

software packages FSL (FMRIB Software Library, Oxford,

UK), Release 5.0 and Analyses of Functional Neuro-

Images (AFNI, Bethesda, MD) as described by Biswal

et al. (2010): (1) skull removing of individual high-

resolution T1-weighted images; (2) motion correction,

skull stripping, spatial smoothing applying a 6-mm

FWHM Gaussian kernel, band-pass filtering using a

high-pass filter of 0.01 Hz and a low-pass filter of 0.1 Hz

as well as removing of linear and quadratic trends of 4D

functional data sets after discarding the initial five

volumes of each 4D functional data set to account for T1

saturation effects; (3) registration and normalization of

anatomical and functional data sets to the MNI152

standard space applying a 12 degrees of freedom linear

affine transformation (Jenkinson et al., 2002; Jenkinson

& Smith, 2001); (4) regression of the functional 4D data

sets on global signal, signals derived from cerebrospinal

fluid and white matter, and on six motion parameters.

Independent component analysis
Functional MRI data were analyzed with the FSL tools

Multivariate Exploratory Linear Optimized Decomposition

into Independent Components (MELODIC), version 3.10,

and dual-regression (Beckmann et al., 2009; Biswal et al.,

2010; Zuo et al., 2010).

In order to generate comparable RSNs in either group

and session, the fMRI time-courses derived from all

participants (24) and sessions (4) were spatially con-

catenated in the MNI152 standard space for allowing the

estimation of a covariance matrix and the reduction of

data via Probabilistic Independent Component Analysis

as implemented in FSL. Reduced individual data sets

were processed with FSL’s Temporal Concatenation

Group ICA (TC-GICA) to calculate multi-subject multi-

session group-level independent components (ICs). In

line with previous resting-state fMRI studies (Biswal

et al., 2010; Blautzik et al., 2013; Zuo et al., 2010), we

used a low order TC-GICA decomposing the data set

into 20 group-level ICs.

To be considered RSNs, connectivity patterns were

required to extent over functionally relevant brain areas

as reported elsewhere (Biswal et al., 2010; Zuo et al.,

2010) and to consist predominantly of signals in the

frequency range between 0.01 and 0.1 Hz, which have

been demonstrated to be characteristic for RSNs using

BOLD fMRI (Cordes et al., 2001; Fox et al., 2005; Mantini

et al., 2007). Connectivity patterns not meeting these

criteria were considered to represent non-neural artifi-

cial noise; these artifact patterns were excluded from the

subsequent rhythmicity analyses. Dual regression was

used to reconstruct the 20 TC-GICA derived group-level

ICs into individual ICs for each subject and session.

Dysregulated daily rhythmicity of RSNs in MCI 1043
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Assessment of rhythmicity
Analogously to a previously described procedure

(Blautzik et al., 2013), we investigated the relative

rhythmicity of each connectivity pattern as a function

of internal time, i.e. based on hours elapsed since MSFsc.

For this purpose, a mean z-value and the number of

voxels representing a connectivity pattern’s connectivity

strength and spatial extent, respectively, were extracted

from each individual IC. The connectivity strength

approach can be regarded in this case as the mean

degree of interaction between voxels within a specific

network in an individual without giving information

about the spatial properties of that network; on the

other hand, the spatial extent approach gives this

information without specifying the intra-network con-

nectivity strength. We therefore use connectivity

strength and spatial extent as complementary

approaches. To ensure the inclusion of statistically

relevant voxels into this analysis, i.e. voxels representing

a connectivity pattern with a high degree of probability,

we defined a threshold of z� 3.0 for individual ICs,

which equals a conservative significance level of

p� 0.0027. Additional analyses for validation purposes

were performed using thresholds of z� 2.0 and z� 4.0.

In order to control for inter-individual differences in

baseline connectivity levels, mean z-values and the

number of voxels were transformed into % deviations

from the respective individual connectivity pattern’s

average value across all four scan sessions.

The waveform of daily rhythms can in most cases be

described by a two-harmonic regression model combin-

ing a 24 and a 12 hours component (Brown & Czeisler,

1992). In this study, we modeled the daily time courses

of both connectivity strength and spatial extent of each

RSN at the group-level for HC and MCI separately by

applying the two-harmonic equation

f  ð Þ ¼ a � cos  ð Þ þ b � sin  ð Þ
þ c � cos 2 ð Þ þ d � sin 2 ð Þ þ e

(Brown & Czeisler, 1992) to the individual % devi-

ations plotted against h since MSFsc. In this formula, f( )

is the periodic signal representing the output of the

endogenous circadian pacemaker, a, b, c and d are the

coefficients of the cosine and sine harmonics, respect-

ively, and e represents the mean of the % deviation data

(Brown & Czeisler, 1992).

This step produced a correlation coefficient r specify-

ing the goodness of fit as well as the range of oscillation,

i.e. the maximum of the best fit� the minimum of the

best fit, for each RSN in either group. Given that

rhythmicity of a signal is characterized by both the

goodness of fit and the range of oscillation, both param-

eters were multiplied by each other to calculate a

‘‘Rhythmicity Index’’ (RI); note that RIs were additionally

multiplied by 100 for visualization purposes.

In line with a prior work investigating daily rhythmi-

city in young healthy subjects (Blautzik et al., 2013), the

daily time course of a connectivity pattern was con-

sidered highly rhythmic if its RI was above 1.5 standard

deviations from the average RI across all RSNs. We

decided to determine this cut-off upon data derived

from healthy elderly only assuming that this group

represents healthy aging and therefore exhibits a range

of daily RSN rhythmicity that is normal for their age.

The corresponding calculation of the lower cut-off,

i.e. average RI minus 1.5 standard deviations based on

data from healthy elderly, yielded partially negative

results; we therefore considered the two lowest ranked

RSNs in each group as those with the least rhythmic

time courses.

In addition to the rhythmicity analyses, we investi-

gated possible between-group differences in the RI,

goodness of fit and range of oscillation values as well as

– network specific – in the % deviation data using

Student’s t-tests. These additional analyses were per-

formed with SPSS Statistics version 22 (IBM, New

York, NY).

RESULTS

Healthy elderly and aMCI patients did not significantly

differ in age (t-test, p¼ 0.09), gender distribution

(Fisher’s exact test, p¼ 0.41) and years of education

(t-test, p¼ 0.33); there was also no significant between-

group difference in the distribution of participants still

at work (Fisher’s exact test, p¼ 0.64). No significant

between-group differences existed in chronotype

(results are given as mean ± standard deviation: MSFsc

healthy elderly¼ 3.69 ± 0.64; MSFsc MCI patients¼ 3.15

± 0.91; t-test, p¼ 0.12) and the time since MSFsc (time

since MSFsc healthy elderly 10.09 ± 2.71; aMCI patients

¼ 10.60 ± 2.84; t-test, p¼ 0.38).

Functional MRI data
The connectivity patterns represented in 15 of the 20

TC-GICA derived group-level ICs were considered RSNs

(Figure 1). IC 1 comprised a widespread pattern of

connectivity including the prefrontal cortex, the oper-

cular cortex, the putamen and thalamus, the anterior

and middle cingulate cortex and the parieto-temporal

junction; this pattern resembles a network that has been

proposed to play a major role in executive control and

working memory function (Beckmann et al., 2005; Laird

et al., 2011). Connectivity patterns represented in IC 3, 4

and 11 included sub-systems of the DMN (Laird et al.,

2009; Raichle et al., 2001; Zuo et al., 2010); IC 3 showed a

posteriorly accentuated sub-network involving the pre-

cuneus, the posterior and anterior cingulate cortex, the

ventromedial prefrontal cortex, the parietooccipital

junction and the thalamus; the sub-network presented

in IC 4 was rostrally pronounced and combined the

medial prefrontal cortex with the anterior and the

posterior cingulate cortex, the precuneus cortex and

the caudate; IC 11 encompassed mainly the middle

1044 J. Blautzik et al.
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temporal gyrus extending into the parieto–temporo–

occipital junction, the posterior cingulate and the

precuneus cortex as well as the inferior fontal gyrus.

IC 5 and 13 involved mainly pre- and postcentral regions

and have been described as sensorimotor networks

(Biswal et al., 1995, 2010); IC 5 showed a cluster

predominantly consisting of the superior parts of the

pre- and postcentral gyri and the supplementary motor

cortex; IC 11 included the inferior parts of the pre- and

postcentral gyri as well as the opercular cortex. IC 6 and

7 both comprised connectivity patterns extending over

fronto–temporo–parietal cortex regions (Biswal et al.,

2010), which are known to be functionally integrated in

a wide range of cognitive processes (Laird et al., 2011);

these were the only ICs showing a strong lateralization.

Connectivity patterns represented in IC 8 and 14 both

extended over the occipital cortex forming visual net-

works (Biswal et al., 2010); the more medial visual areas

were present in IC 8, the more lateral in IC 14. IC 9

demonstrated a pattern extending mainly over the

parietal cortex, the lateral occipital cortex, the inferior

temporal gyrus and precentral areas; this set of brain

regions corresponds to the dorsal attention network

(Fox et al., 2006). IC 12 combined frontal regions with

the lateral occipital cortex extending into the occipito–

temporal junction and the precuneus (Biswal et al.,

2010). IC 16 encompassed the orbitofrontal cortex; this

pattern resembles a previously described RSN (Biswal

et al., 2010; Zuo et al., 2010); however, it may also

represent a movement-by-field-inhomogeneity artifact

(Andersson et al., 2001; Drobnjak et al., 2006). A pattern

extending mainly over the superior temporal lobe

representing the auditory cortex was demonstrated in

IC 17 (Damoiseaux et al., 2006). A cerebellar pattern

with involvement of the thalamus was represented in IC

18 (Biswal et al., 2010; Zuo et al., 2010).

The patterns of the remaining five ICs were assumed

to be associated with non-neural noise derived from

large vessel (IC 2, 10 and 15) (Dagli et al., 1999;

Zuo et al., 2010) or CSF (IC 20) (Lund et al., 2006;

Zuo et al., 2010) pulsation and head motion due to

cardiac or respiratory pulsation (IC 19) (Dagli et al.,

1999; Lund et al., 2006; Zuo et al., 2010).

Rhythmicity analyses
To account for multiple comparisons (15 comparisons

for signal strength and spatial extent, respectively,

resulting in a total of 30 comparisons), the initial

FIGURE 1. Multi-subject multi-session component maps (for all 24 participants and all 4 sessions) as generated by the TC-GICA sorted by

the decreasing percentage of variance explained by each component. Sagittal, coronal and axial images are displayed in radiological

convention (x-, y- and z-coordinates of each slice in the MNI152 standard space are given in parenthesis). TC-GICA: Temporal

Concatenation Group Independent Component Analysis.

Dysregulated daily rhythmicity of RSNs in MCI 1045

! Informa Healthcare USA, Inc.

C
hr

on
ob

io
l I

nt
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

au
re

nt
ia

n 
U

ni
ve

rs
ity

 o
n 

12
/0

5/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



significance level (a) of 0.05 was Bonferroni corrected

resulting in an adjusted a of 0.00167 (Abdi, 2007).

Rhythmicity analyses in healthy elderly
For the connectivity strength approach, the upper RI

cut-off resulted in 5.48 (mean RI: 2.57, 1.5 SD: 2.92)

(Table 1, left panel). A sensorimotor network (IC 5) and

the cerebellar network (IC 18) met the criterion required

for high rhythmicity, i.e. an RI above the upper RI cut-

off. The connectivity strength of both patterns oscillated

in phase showing a convex shape during the day with a

peak approximately 12 hours after MSFsc (Supplemental

Information Figure 1). A sub-network of the DMN

(IC 11) and the network extending over the orbitofrontal

cortex (IC 16) were identified as the least rhythmic

ones in this group (Table 1, left panel; Supplemental

Information Figure 1).

For the spatial extent approach, the upper RI cut-off

resulted in 28.93 (mean RI: 15.72, 1.5 SD: 13.21) (Table 1,

right panel). The lateral visual network (IC 14) fulfilled

the criterion for high rhythmicity; it showed an increase

of spatial extent during most of the day peaking

approximately 12.5 hours after MSFsc and declining

thereafter (Supplemental Information Figure 2). The

least rhythmic RSNs included the executive control

(IC 1) and the orbitofrontal network (IC 16) (Table 1,

right panel; Supplemental Information Figure 2).

Rhythmicity analyses in aMCI patients
None of the RSNs in this group achieved an RI above the

upper RI cut-off derived from healthy elderly with

regard to both the connectivity strength and the spatial

extent approach, i.e. there were no RSNs considered

highly rhythmic in this group (Table 2). The least

rhythmic networks included a DMN sub-network

(IC 3) and the cerebellar network (IC 18) according

to the connectivity strength approach, and a sensori-

motor (IC 5) and the orbitofrontal network (IC 16)

according to the spatial extent approach (Supplemental

Information Figure 3).

Also with regard to the supplementary analyses using

thresholds of z� 2.0 and z� 4.0, no RSN could meet the

criterion for high rhythmicity in the group of aMCI

patients in either approach (Supplemental Information,

Tables 2–5).

Note that there were also no highly rhythmic RSNs

in aMCI patients using specific cut-offs based on RIs

derived from this group for the connectivity strength

and the spatial extent approach (data not shown here).

RI ranking orders
The RI-derived ranking orders in the connectivity

strength and spatial extent approaches (using the

standard threshold of z� 3.0) were highly consistent

with those calculated for additional thresholds of z� 2.0

and z� 4.0 within either group confirming the validity of

the results (see Supplemental Information Table 6 for

correlation analyses). In case of the healthy elderly

group, there was also a significant relationship between

the RI ranking orders derived from either approach

(Spearman �¼ 0.67, p¼ 0.006) demonstrating that dis-

tribution of rhythmicity across RSNs was similar across

TABLE 1. Fit parameters, rhythmicity index (RI) and ranking of the connectivity patterns for healthy elderly.

Connectivity strength Spatial extent

IC r p Amp RI Rank IC r p Amp RI Rank

1 0.37 0.0099 0.05 1.84 9 1 0.11 0.4639 0.11 1.18 15
3 0.28 0.0552 0.06 1.63 10 3 0.20 0.1610 0.21 4.21 13

4 0.30 0.0392 0.06 1.94 8 4 0.56 0.0000a 0.28 15.62 8

5 0.55 0.0000a 0.13 7.36 1 5 0.53 0.0001a 0.45 23.84 5

6 0.30 0.0415 0.04 1.27 12 6 0.43 0.0022 0.34 14.92 9

7 0.28 0.0523 0.05 1.28 11 7 0.45 0.0015 0.20 8.77 12

8 0.38 0.0075 0.12 4.63 3 8 0.50 0.0003a 0.32 15.81 7

9 0.36 0.0127 0.06 2.09 7 9 0.53 0.0001a 0.45 23.93 4

11 0.21 0.1572 0.03 0.64 14 11 0.28 0.0522 0.31 8.83 11

12 0.36 0.0131 0.08 2.85 5 12 0.56 0.0000a 0.47 26.63 3

13 0.46 0.0010a 0.06 2.76 6 13 0.50 0.0003a 0.28 14.09 10

14 0.31 0.0329 0.09 2.92 4 14 0.48 0.0005a 0.60 28.99 1

16 0.14 0.3258 0.03 0.38 15 16 0.17 0.2382 0.21 3.70 14

17 0.23 0.1228 0.04 0.87 13 17 0.43 0.0025 0.41 17.66 6

18 0.48 0.0005a 0.13 6.09 2 18 0.53 0.0001a 0.52 27.68 2

Parameters and rankings shown in Tables 1 and 2 are given for the 15 resting-state networks with regard to both connectivity strength (left

panel) and spatial extent (right panel). Data are derived from individual ICs thresholded at z� 3.0. Connectivity patterns meeting the

outlier criterion (RI4mean RI + 1.5 standard deviations) are highlighted in gray; those with a significant 2-harmonic fit are marked with

an superscript ‘a’; note that significance levels were Bonferroni-adjusted for multiple comparisons (total of 30 comparisons in each group,

for connectivity strength and spatial extent, resulting in an adjusted alpha level of p50.00167). The two lowest ranked connectivity

patterns according to the RI are marked in bold.

r: coefficient of the fitting function; p: significance of the fitting function; Amp: amplitude or range of oscillation of the fitting function

(max�min); RI: rhythmicity index (r�Amp� 100); rank: rank as a function of RI amongst the 15 networks with 1 indicating the highest

level and 15 the lowest level of rhythmicity.
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both approaches, i.e. a network with a high degree of

rhythmicity according to one approach exhibited also

a high degree of rhythmicity according to the other

approach; this relationship was not found in the aMCI

group (Spearman �¼�0.15, p¼ 0.58) implying a dis-

sociation in the daily fluctuation of connectivity

strength and spatial extent.

There were no significant between-group associ-

ations in the RI ranking orders for the connectivity

strength approach (Spearman �¼�0.18, p¼ 0.52) and

the spatial extent approach (Spearman �¼�0.068,

p¼ 0.81) indicating a different distribution of rhythmi-

city across RSNs in either group.

Rhythmicity inter-group comparisons
Based on the connectivity strength approach the cor-

relation coefficients specifying the goodness of fit of the

two-harmonic regression model to the % deviation

data (r) were significantly higher in the HC group than

in the aMCI group (0.33 ± 0.10 vs. 0.22 ± 0.10, p50.01);

the amplitudes derived from the two-harmonic regres-

sion model were slightly higher – although not signifi-

cant – in the HC group (0.07 ± 0.03 vs. 0.05 ± 0.03,

p¼ 0.11); this was also the case with the RI values

(2.57 ± 1.94 vs. 1.4 ± 1.37, p¼ 0.08).

On the basis of the spatial extent approach, both

the correlation coefficients r and the two-harmonic

regression model amplitudes were significantly higher

in the HC group than those derived from the aMCI

group (0.42 ± 0.15 vs. 0.25 ± 0.08, p50.01; 0.34 ± 0.13 vs.

0.20 ± 0.09, p50.01); in line with these results, also

the RIs were significantly higher in the HC group

(15.72 ± 8.80 vs. 5.33 ± 3.37, p50.001).

The results from this comparison show a reduction

of systematic daily fluctuation in the spatial extent of

RSNs in aMCI subjects and also a slight trend toward

a reduced systematic daily fluctuation in the RSN’s

connectivity strength in this group.

Between-group differences in the % deviation data
of RSNs
Given a total of 30 comparisons (15 comparisons for

signal strength and 15 comparisons for spatial extent),

the initial significance level (a) of 0.05 was Bonferroni

corrected resulting in an adjusted a of 0.00167. At the

adjusted a-level there was a statistically significant

between-group difference only in case of the % devi-

ation data derived from IC 16 in the spatial extent

approach (HC: 27.68 ± 19.96%, aMCI: 13.76 ± 10.26%,

p50.0001) suggesting that the absolute degree of fluc-

tuation is not different between groups for the majority

of networks.

DISCUSSION

In this work, we explore systematic daily fluctuations of

neuronal RSNs in healthy elderly and patients with

aMCI – controlled for internal time and for time awake –

based on the assumption that the daily patterns of these

systems may be affected by healthy and to a greater

extent pathologic aging. Rhythmicity analyses were

performed by applying an established two-harmonic

regression model to the daily time-courses of each

RSN’s connectivity strength and spatial extent. Our

results demonstrate that RSNs of healthy elderly express

different degrees of daily rhythmicity – quantified by a

Rhythmicity Index (RI) (Blautzik et al., 2013) – according

to both approaches used in this study, i.e. connectivity

strength and spatial extent. Networks considered least

rhythmic in this group included a sub-system of the

DMN (IC 11) based on connectivity strength, a network

associated with executive control and working memory

function (IC 1) based on spatial extent, and an

orbitofrontal network (IC 16) based on both connectivity

strength and spatial extent. Highly rhythmic networks

included a sensorimotor network (IC 5) and a cerebellar

network (IC 18) with regard to connectivity strength as

TABLE 2. Fit parameters, rhythmicity index (RI) and ranking of the connectivity patterns for aMCI patients.

Connectivity strength Spatial extent

IC r p Amp RI Rank IC r p Amp RI Rank

1 0.28 0.0535 0.05 1.51 6 1 0.30 0.0384 0.34 10.17 2

3 0.09 0.5351 0.01 0.12 15 3 0.35 0.0158 0.24 8.24 3

4 0.12 0.4163 0.02 0.29 13 4 0.37 0.0099 0.14 5.37 7

5 0.19 0.2038 0.03 0.55 10 5 0.12 0.4258 0.08 0.92 15

6 0.13 0.3609 0.03 0.40 11 6 0.25 0.0821 0.15 3.84 10

7 0.12 0.4021 0.03 0.35 12 7 0.31 0.0338 0.18 5.65 6

8 0.14 0.3399 0.04 0.58 9 8 0.25 0.0810 0.18 4.69 9

9 0.27 0.0670 0.04 1.09 7 9 0.16 0.2875 0.14 2.24 13

11 0.30 0.0391 0.06 1.88 4 11 0.17 0.2447 0.15 2.63 11

12 0.35 0.0160 0.09 3.23 3 12 0.26 0.0732 0.20 5.10 8

13 0.22 0.1290 0.04 0.97 8 13 0.28 0.0590 0.28 7.77 4

14 0.39 0.0061 0.13 5.00 1 14 0.33 0.0222 0.41 13.68 1

16 0.31 0.0359 0.05 1.52 5 16 0.13 0.3727 0.11 1.42 14

17 0.35 0.0158 0.09 3.29 2 17 0.22 0.1337 0.11 2.39 12

18 0.11 0.4516 0.02 0.17 14 18 0.26 0.0775 0.23 5.82 5

aMCI: amnestic mild cognitive impairment. Refer footnote of Table 1.
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well as a visual network (IC 14) according to the spatial

extent approach. Note that the RI ranking order of RSNs

was quiet consistent between both approaches in

healthy elderly as demonstrated by a high rank correl-

ation indicating that a stronger systematic fluctuation of

a network’s connectivity strength time-course was gen-

erally accompanied by a stronger systematic fluctuation

in the time-course of its spatial extent.

The distribution of the degree of systematic daily

fluctuations across RSNs observed in healthy elderly

resembles by visual inspection to that recently reported

for young healthy subjects (Blautzik et al., 2013) where

patterns similar to the sensorimotor network (IC 5)

and the cerebellar network (IC 18) from this study also

ranged across the most rhythmic RSNs (ICs 11 and 13 in

the previous study, ranked 1 and 4 according to con-

nectivity strength, and 3 and 4 according to spatial

extent), and a pattern resembling the network associated

with executive control and working memory function

(IC 1) was least rhythmic (IC 6 in the previous study,

ranked 19 and 20, respectively, for a total of 20 ICs).

A fundamental difference between both studies, how-

ever, is that the posteriorly pronounced DMN sub-

system (IC 3) demonstrated to be highly rhythmic in

young healthy participants (IC 5 in the previous study,

ranked 2 and 1) was not found among the most rhythmic

networks in healthy elderly; also, the orbitofrontal net-

work (IC 16) identified to be across the least rhythmic

networks in healthy elderly was not that arrhythmic in

young healthy participants (IC 20 in the previous study,

ranked 9 and 5). On the other hand, the visual network

(IC 14) found to be highly rhythmic in healthy elderly

only ranged in the mid-level of the RI rank in young

subjects (IC 10 in the previous study, ranked 12 and 13).

The observed discrepancy in the degree of systematic

daily fluctuation in particular networks between healthy

elderly and young healthy subjects may be associated

with the physiological degeneration of various brain

regions with aging including amongst others control

structures of circadian rhythms such as the suprachias-

matic nucleus or the basal forebrain (Hofman & Swaab,

2006; Kondratova & Kondratov, 2012). Age-associated

alterations have also been described on the level of RSNs

(Lustig et al., 2003). In that context, Tomasi & Volkow

(2012) recently reported an association between normal

aging and decreases in functional connectivity of

networks consisting of long-range connections as the

DMN and the orbitofrontal cortex, as well as increases in

functional connectivity of networks consisting of short-

range connections as somatosensory and cerebellar

networks. Assuming that strong connectivity within a

network of brain regions facilitates their interaction and

therefore possibly the synchronization of rhythmic

behavior within that network, one would expect that a

decrease in the connectivity of an RSN is accompanied

by a decrease in its rhythmic behavior. Given this

thought, we hypothesize that the observed reduction

of systematic daily fluctuation in the posteriorly

pronounced DMN sub-system as well as in the orbito-

frontal network of healthy elderly may be caused – in

addition to alterations within circadian rhythm mod-

ulating structures – by an age-related decrease in

functional connectivity within these networks; on the

other hand, the highly rhythmic behavior within the

sensorimotor, visual and cerebellar networks may be

related to preserved or increased functional connectivity

within these areas with normal aging.

Unlike the findings in healthy elderly, there were no

highly rhythmic RSNs according to our criteria in aMCI

patients. The least rhythmic RSNs in this group included

the posteriorly pronounced sub-system of the DMN

(IC 3) and the cerebellar network (IC 18) with regard to

connectivity strength as well as the sensorimotor net-

work (IC 5) and the orbitofrontal network (IC 16) with

regard to spatial extent. No association between the RI

ranking orders derived from both approaches could be

observed in aMCI patients indicating that the degree of

network rhythmicity dissociates between connectivity

strength and spatial extent in this group. Moreover, the RI

ranking order was significantly different in aMCI patients

from that in healthy elderly for each approach suggesting

that the degree of network rhythmicity in this group

additionally dissociates from that in healthy elderly.

Furthermore, we observed significantly lower RI values in

aMCI patients, i.e. lower rhythmicity of RSNs according

to the spatial extent approach and a trend toward lower

RI values according to the connectivity strength

approach. Regarding spatial extent, the lower RI values

were based on both significantly lower r-values specify-

ing the goodness of fit of the two-harmonic regression

model and significantly lower amplitudes of the two-

harmonic regression model. Significantly lower goodness

of fit of the regression model was also observed in aMCI

patients with respect to connectivity strength; note in

that context that restricting the z-values by using a cut-off

and therefore decreasing the variability of data may have

contributed to the non-significant between-group dif-

ferences in RI and amplitude using the connectivity

strength approach.

It has to be noted that unlike the rhythmicity inter-

group comparison based on the two-harmonic regres-

sion model, the underlying % deviation data were not

different between groups except of the orbitofrontal

network (IC 16) in case of the spatial extent approach

that showed significantly lower values in aMCI subjects.

These differing findings demonstrate that the absolute

degree of fluctuation in a majority of RSNs is not

different in aMCI subjects but furthermore becomes

unsystematic or dysregulated. Note in that context that

the significant difference in % data derived from IC 16

may be linked to a potential artificial origin of that

network (Andersson et al., 2001; Drobnjak et al., 2006).

Assuming that the results achieved for healthy elderly

represent an age-related physiological condition, we

speculate that the observed dysregulation of systematic

daily RSN fluctuation in the aMCI group may mirror a
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pathologic progression of neurodegenerative processes

including the deterioration of functional systems in

these subjects. In line with this assumption, several

studies have reported progressive disruptions of

functional connectivity in aMCI subjects, especially

with regard to the DMN (Greicius et al., 2004;

Rombouts et al., 2005; Sorg et al., 2007; Zhang et al.,

2010). A progressive disruption of the functional archi-

tecture, however, would possibly impede the interaction

within RSNs resulting in a dysregulation of systematic

daily fluctuations of these systems as observed in this

study. Given the translational state of MCI between

healthy aging and dementia such as AD (Petersen et al.,

1999), we speculate that the demonstrated findings may

be of an even more severe dimension with progression

of the disease, i.e. conversion to dementia.

However, it’s noteworthy that dependencies between

healthy and pathologic aging, age-associated cognitive

decline and dysfunctions of the circadian system are not

fully understood since dysfunctions of the circadian

system may also contribute to and even precede the

development of MCI and dementia (Kondratova &

Kondratov, 2012; Tranah et al., 2011). Further studies

are therefore needed in order to develop a comprehen-

sive understanding of the processes leading to circadian

dysfunction and cognitive decline/dementia in older

people and their interactions.

With regard to the results derived from resting-state

fMRI studies, our findings indicate that in case of

healthy elderly and MCI subjects time of day should not

be that important for scanning when concentrating on

less rhythmic networks as the DMN. On the other hand,

systematic daily fluctuations in highly rhythmic net-

works as the sensorimotor, cerebellar and visual net-

work may have an impact on the results of longitudinal

fMRI studies performed on healthy elderly when ignor-

ing time of day and the participants’ chronotype;

moreover, potential differences within these networks

between healthy elderly and MCI subjects could be

influenced or caused by the time of day of the

measurement.

A potential limitation of this work may include the

absence of controlling the wakefulness of participants

during the fMRI resting-state scan as recent research

demonstrated that wakefulness of subjects may signifi-

cantly fluctuate during a resting-state scan and – if not

monitored and modeled – have an impact on the

functional connectivity architecture (Tagliazucchi &

Laufs, 2014). It is therefore possible that out findings

may have been influenced by these fluctuations.

We conclude that RSNs of healthy elderly exhibit

various levels of systematic daily fluctuations compar-

able to that found in young healthy participants

suggesting a comparable distribution of the degree of

daily rhythmicity across RSNs during healthy aging. An

exception to this are specific networks as the DMN,

which exhibit a less rhythmic behavior during normal

aging, potentially caused by age-associated decreases of

the long-range connections within these systems. In

comparison, systematic daily fluctuations of RSNs are

dysregulated in MCI patients, presumably due to pro-

gressive neurodegenerative processes including the dis-

ruption of resting-state functional connectivity.

Dysregulation of daily rhythmicity of RSNs in these

patients may reflect at the neuronal level the disturb-

ances of the circadian system frequently observed in

subjects with age-associated cognitive decline and

neurodegenerative disorders including AD.
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