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Abstract

The neural factors that account for the visual pssing-speed reduction in aging are incompletely
understood. Based on previous reports of age-tetigereases in the intrinsic functional
connectivity (iFC) within the cingulo-opercular meirk and its relevance for processing speed, we
hypothesized that these decreases are associdkedgeirelated reductions in visual processing
speed. We used a whole-report task and modelinggb@s Bundesen’s ‘theory of visual attention’ to
parameterize visual processing speed in 91 hepéiltycipants from 20 to 77 years old. iFC was
estimated using independent-component analysisstihg-state fMRI data. From the clusters within
the cingulo-opercular network exhibiting age-retatiecreased iFC, we found a cluster in the left
insula to be particularly associated with visuagassing speed and to mediate the age effect on
visual speed. This mediation was not observedderralated decreased iFC in other networks or for
other attentional parameters. Our results poithiéaFC in the cingulo-opercular network,

represented by the left insula, as being a relewvenker for visual processing-speed changes in

aging.
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1. Introduction

A decline in processing speed represents a fundahespect of cognitive aging (Salthouse, 1996).
In particular, a reduction afsual processing speed, or the rate of information eimgpithto visual
short-term memory (VSTM), has previously been ditiabd in both healthy (Espeseth et al., 2014;
Habekost et al., 2013; McAvinue et al., 2012; Wietyat al., 2014); and, more severely,
pathological aging (Bublak et al., 2011; Ruiz-Riztal., 2017) using a computational approach
based on Bundesen’s (1990) ‘theory of visual ateh{TVA). TVA permits the contribution of
visual processing speed to the efficiency of visedction to be quantitatively estimated —
independently of motor speed as well as other Agttantion functions such as VSTM capacity or
the visual threshold, which also degrade during@glhe TVA-based visual processing-speed
parameterC, is estimated from a participant’s performanca psychophysical (letter) whole-report
task (Bundesen, 1990; Habekost et al., 2014), wgne@vides a measure of the individual's rate of
visual information uptake in elements (i.e., letjgyer second. While the reduction of visual
processing speed is generally thought to be broalghtit by neural aging, the underlying brain
mechanisms are only incompletely understood. mghidy, we aimed to shed light on this issue by
investigating the role of the cingulo-opercularnmat in the reduction of visual processing speed as
a result of aging.

The cingulo-opercular network, also referred ta&salience’ (e.g., Seeley et al., 2007) or
‘ventral attention’ (e.g., Yeo et al., 2011) netwas centered on the anterior insula and the emter
cingulate cortex (Dosenbach et al., 2008; Dosenkaeh, 2007; Menon and Uddin, 2010; Seeley et
al., 2007). It is thought to play a central rolétonic alertness’: the endogenous ability to maimt
an appropriate level of arousal (Posner and Petet€90; Sturm and Willmes, 2001). Thus, for
instance, the spontaneous activity fluctuationthefcingulo-opercular network, measured using
functional magnetic resonance imaging (fMRI), hbeen shown to correlate with markers of tonic

alertness, such as upper alpha band power (Sadaghi., 2010) and pupil-size fluctuations



(Schneider et al., 2016). Further, the cingulo-opkar network displays sustained activity during
perceptual processing (Sestieri et al., 2014), usthctivity level relating to the speed of stinmil
detection (Coste and Kleinschmidt, 2016). Impotfteintthe present context, intrinsic functional
connectivity (iFC) in the cingulo-opercular netwonkreases with rising demands on tonic alertness
(Sadaghiani and D'Esposito, 2015) — where iFC sdfethe coherence of the infra-slow (i.e., 0.01 —
0.1 Hz) spontaneous neural activity, typically mead with BOLD- (blood-oxygenation-level-
dependent-) fMRI during resting state (De Lucal ¢2806; Fox and Raichle, 2007; Raichle, 2015).
In fact, tonic alertness has been proposed tcoerelasely to visual processing spéee.g.,

Bundesen et al., 2015). This is evidenced, for @taniy tonic alertness influencing visual
processing speed in a TVA-based whole-report tilskthias et al., 2010). Also, raising tonic
alertness through psychostimulant medication irsgea&isual processing speed (Finke et al., 2010).
And of note, iFC in the cingulo-opercular netwodsheen found to be related to visual processing
speed in healthy young adults (Ruiz-Rizzo et 8118).

Age-related decreases of the iFC in the cingula-@par network have been reported
previously and were found to be related to a redygebal cognitive state (He et al., 2014) and
lowered visuospatial and executive abilities (Onetlal., 2012). Given that a significant amount of
variance in diverse cognitive tasks (employed enghevious reports) can be accounted for by visual
processing speed especially in old age (e.g., DeradyStough, 1996), we hypothesized that reduced
iIFC in the cingulo-opercular network would be pautarly associated with a decrease in visual
processing speed. Based on the documented assosibBtween age and both reduced iFC in the
cingulo-opercular network (He et al., 2014; Onotlalg 2012) and visual processing speed
(Espeseth et al., 2014; Habekost et al., 2013; Ntuderet al., 2012; Wiegand et al., 2014), we
further explored whether the reduced iFC would ratedihe effect of age on visual processing

speed, in a cross-sectional sample of healthy (®uand older) adults.



To investigate the association between iFC in thguto-opercular network and the age-
related decrease of visual processing speed, waieg&d whether individuals’ iFC would correlate
with their visual processing spe€das estimated from performance in a in a TVA-baasH
requiring participants to report as many letterp@ssible from briefly presented letter arrays (so-
called whole-report task). To assess the concuargetion validity of this association, we further
examined whether the results would generalizedmecally well-established measure of visual
processing speed: the Trail Making Test, form A {TH¥; Tombaugh, 2004). To take account of
individual differences in brain size that couldlugince the relationship between iFC and behavior,
the correlations were computed controlling for bradlume (Smith et al., 2004; Smith et al., 2002).
Next, we performed two lines of control analysisst we checked whether the association between
the cingulo-opercular network and visual processpeged is a specific one, as hypothesized, rather
than being part of a more global relationship betwehanges in iFC and visual attention functions
in general. That is, given the well-documented ed@ted decreases in iFC in the default-mode and
dorsal-attention networks (see, e.g., Andrews-Haatrzd., 2007; Damoiseaux et al., 2008; Ferreira
and Busatto, 2013), age-related reductions in Vigweessing speed might conceivably be
associated with a general age-related decreas&€ofather than with that of the cingulo-opercular
network exclusively. To check for this, (a) we exaead whether visual processing spéediso
relates to the iFC in other networks; and (b) weeased whether the iFC in the cingulo-opercular
network relates to other visual attention functiprsviously reported to change with aging, such as
the visual perceptual threshold and VSTM storageacidy (see, e.g., McAvinue et al., 2012).
Second, we controlled for potentially relevant @anfds in the association between iFC in the
cingulo-opercular network and visual processingedpén particular, given that iFC in the cingulo-
opercular network has previously been found toeteted to anxiety (see, e.g., Seeley et al., 2007)
and anxiety level might in turn affect processipgexdd, we controlled for anxiety using the staté-tra

anxiety inventory (STAI; Laux et al., 1981; Spiaiper et al., 1970). Two other potential confounds



we controlled for were vascular risk and gray-nratensity, both of which are influenced by aging
and might also affect processing speed (e.g., D§t&pet al., 2003; Lu et al., 2013). Following
these control analyses, we went on to explore venelie iFC in the cingulo-opercular network

mediates the well-established relation betweenaagdevisual processing speed, as hypothesized.

2. Material and methods

2.1. Participants

The current study included 91 healthy adults inafe range from 20 to 77 years (mean age: 48.8 £
19.2 years; 46 females; mean education: 12.0 ¥da6s; 4 left-handed; Table 1). The study was
approved by the LMU Munich ethics committee, andtem informed consent was obtained from all
participants. Initially, 108 adults (19 to 78 yeatd) of the Munich INDIREA aging cohdrtook

part in the study. The Mini Mental State ExaminatiMMSE; Folstein et al., 1975) was used for
screening for cognitive impairments in participainten 60 years onwards (i.e., a MMSE score
below 27), and the Beck Depression Inventory (BEHck et al., 1996) for screening for symptoms
of depression in all participants (i.e., a BDI gcabove 19). Seventeen participants were excluded
because they asked to be withdrawn from the stady9q) or because of incomplete or unreliable
data (n = 3; 1 exhibited significant head motionhe resting-state fMRI session, for 1 TVA-based
parameters fitting was inadequate, and 1 had a MBt®Ee below 27), uncorrected visual acuity
decreases (n = 2), or symptoms of depression (nFE@&n the remaining 91 participants, those in
the older adults group had no indication of cogeiimpairment (mean MMSE score: 29 + 0.9), and
all were free of previous or current psychiatrimeurological disorders, psychiatric or neurolofjica
medication, diabetes, color blindness, or currgntpgoms of depression (mean BDI score: 5.2 +

4.8). In one session, participants underwent rgsttate fMRI at the Department of Neuroradiology,

' INDIREA: ‘Individualised Diagnostics and Rehabitian of Attentional Disorders’ European Marie Cufimded
training network. All participants underwent extimesbehavioral (i.e., memory, attention, and ingelhce functions),
neuroimaging (i.e., functional and structural MRipd electroencephalography assessment.



Klinikum rechts der Isar, Munich (Germany). In @a®ate, psychophysical-testing session, visual
attention functioning was assessed using the wieglert task. In the psychophysical-testing session,
participants also completed the TMT and MMSE, alheldf out demographic, anxiety, and BDI
guestionnaires. Session order depended on individuiicipants’ convenience. The average time

between sessions was 2.6 months.

2.2. Assessment and estimation of visual processing speed C

A whole-report task, based on TVA (Bundesen, 198@f used to estimate visual processing speed
C. On each trial, four red letters were briefly gmted to participants, who were instructed to
verbally report, in any order, all letters they wéairly certain they had seen. Stimuli were ranijom
chosen from the set of letters (A, B, D, E, F, GJHK, L, M, N, O, P, R, S, T, V, X, Z). Letters

were arranged in the form of a semicircle, witladius of 5.3° of visual angle, on either the right

the left of a central fixation point, as shown igulte 1. To ensure balanced visual stimulation in
both hemifields, targets were accompanied by féwe bymbols (composed of random letter parts;
see Figure 1 for an example) of the same lumindispayed on the semicircle on the other side of
fixation. Visual stimuli were 1.3° of visual anglediameter, and both letters and symbols appeared
only once in a particular trial.

The task included 10 blocks of 40 trials each (#{20s in total), with targets presented in the
left and right hemifields, respectively, in halftbe blocks. Five individually adjusted stimulus
exposure durations were determined in a shortgeeand introduced in the subsequent whole-report
task. To start with, the participant was presemtgld one adjustment trial displayed for 80 ms, with
stimulus exposure terminated by post-display mé&sées below). If s/he reported at least one letter
correctly, the exposure duration was decreasedbysl, and this procedure continued for the next
15 adjustment trials. These (16) adjustment tiadee divided into 4 blocks, with each 4 adjustment

trials accompanied by 4 trial with displays presdninmasked for 200 ms and 4 trials with post-



display masks (see below for details) presente@%6rms (yielding 12 trials per block). The
exposure duration was decreased until the (shpdasation was established at which the participant
could no longer report one letter. If this pointsvaached before the last of the 16 adjustmei tria
the exposure duration was kept constant for theréamaining adjustment trials. Setting the exposure
duration so short was meant to ensure that we wahtigin a valid estimate of the visual perceptual
threshold parameter. Then, based on the shortpesare duration, four longer values were
additionally chosen to allow for variability in tet report performance across the whole range from
near-floor to near-ceiling, and thus render the Thésed parameter estimation more precise. On
masked trials, the displays were shown for one of the filurations and immediately followed by
masks (a scattered patch of red and blue squaB3anlsize) presented for 900 ms at each stimulus
location, so as to avoid visual persistence efféataddition to trials with masked display expasur
we introducedinmasked trials (without post-display masks), to incredse variability ofeffective
exposure times (by allowing for an additional comgat of iconic memory buffering; Sperling,
1960) and thus ensure reliable and valid TVA patanféting. Specifically, on unmasked trials,
displays were presented at one of two exposurdidnsga one was the same as the second shortest
masked duration and the other one was 200 Timus, overall, trial displays were presented for
seveneffective exposure durations, five masked and two unmagkddbck of 40 trials (with
hemifield blocked) thus consisted of 15 maskedstriaith 3 trials for each of the 5 set exposure
durations; 3 unmasked trials with the second skbderation; and 22 unmasked trials with 200-ms
duration. Trials were presented in random ordehiwieach block.

Participants were tested in a sound-attenuated lolagimdustrial Acoustics Company) with
a dim light placed behind them. Stimuli were preésdron a 24" LED screen with an 800px x 600px

resolution and a 100-Hz refresh rate. The viewistpdce was kept constant at about 65 cm. At the

? The second shortest was used because the sharesistioo brief for visual perception. A 200-ms @sked duration
was used for the purposes of simultaneous eleatepdralographic measurement for the analysis ofteedated
potentials, which will not be reported here.



beginning of each block, a black screen with a &hitow appeared pointing towards the side on
which the stimuli would appear for that specifiodk. After stimulus presentation, a white question
mark appeared in the center of the screen promgimgtart of the verbal report. In each trial, the
experimenter entered the reported letters in therted order and manually started the next tringé T
measure of interest was report accuracy (at a gffective exposure duration). At the end of each
block, a feedback bar was presented that signafedher the report accuracy of the actually
reported letters ranged between 70% and 90%. Heghert accuracy was outside this range, oral
instructions were given by the experimenter. W#s above 90%, the participant was told that he/she
should try to report more letters, even if not dbsdy sure that they are correct. If it droppetbloe
70%, the participant was told to try to refrainfrguessing and report only those letters he/she was
relatively sure to have seen. The whole-report kasied about 45 minutes.

Visual processing speétiwas estimated by modeling the participant’s repoduracy as a
function of the effective exposure duration, usingiaximum likelihood-fitting algorithm
(Bundesen, 1990; Dyrholm et al., 2011; Kyllingsha2®06). The TVA-based fitting procedure
models the probability of correct letter reporteénms of an exponential growth function with
increasing (effective) exposure duration. The slojne function at its origin represents the visua
processing speed or paraméfethat is, the rate of visual information uptake €lements per
second). Additionally, two other parameters wetereged, that in our analyses served for testing
whether the relationship between the iFC in thgulio-opercular network and visual processing
speed is a specific one, namely: paramigtendicating the visual perceptual threshold, thathe
longest ineffective exposure duration (in ms) belewich information uptake is effectively zero;
and parametdf, indicating the maximum number of elements thatlea simultaneously

represented in visual short-term memory (VSTMYith aging,to exhibits an increase whereés

® An additional parameter, paramegerepresenting the prolongation of the effectivpasure duration (in ms) in
unmasked trials, was also estimated in the TVAnfitprocess. However, asonly serves for the valid estimation of the
relevant parameters C, K, and t0, this parametefr i® further relevance in the present study.



shows a decrease (Espeseth et al., 2014). Ctitaé TVA-based estimation of paramefzfvisual
processing speed) is mathematically independetiadiofty andK. Accordingly, the measure Gf
allows controlling for potential influences of clgas in threshold and VSTM storage capacity and
has, thus, a high cognitive specificity. In summaing computational model used had 6 degrees of
freedom (df).C, 1 df;ty, 1 df;K, 3 df (the reported value is the expectd€i given a particular
distribution of the probability that, on a giveratrK = 1, 2, 3, or 4); and, 1 df. For those
participants whosk was estimated to be below O (i.e., 11 in tota8,refitted the data fixing at

0.

2.3. Paper-and-pencil assessment of visual processing speed: Trail Making Test A (TMT-A)
Participants’ visual processing speed was alssasdaising a standard neuropsychological
measure, the TMT-A, to test whether the associdigiween iFC in the cingulo-opercular network
and the age-induced reduction in visual processpegd can also be shown when an established
paper-and-pencil task is used. The TMT#easures visual scanning speed in terms of the tim
required to connect circles with numbers in asagmndrder (Reitan and Wolfson, 1985; Tombaugh,
2004) and is widely used in Alzheimer’s diseaseeaing batteries (e.g., Weintraub et al., 2009).
We examined the association of the time to completel MT-A with the iFC of the cingulo-

opercular network.

2.4. State-Trait Anxiety | nventory (STAI)
Given previously reported associations betweenRBan the cingulo-opercular network and

anxiety, we also assessed anxiety in our sampleised it as an additional control variable. The

* Crucially, when the data of these 11 participangsrefitted without the limitation df being at minimum 0, the mean
change irC values was 2.12 (¥2.62). Post-hoc analyses shthetatonstraining the model tpat a minimum of O does
not impact the conclusions of our study or its digyi

® We particularly chose the TMT-A, because it pregics more straight measure of speed, whereas tieBrd
supposed to measure executive functions (e.g. stagkhing).
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STAI Form X (Laux et al., 1981; Spielberger et &870) consists of two (Barnes et al., 2002) self-

report scales of 20 items each that measure stdtgait anxiety.

2.5. MRI data acquisition

MRI data were acquired on a Philips Ingenia 3TaysfNetherlands), using a 32-channel SENSE
head coil. Functional MRI T2*-weighted data werdlexded for 12.5 min while participants’ rested
with their eyes closed, after having been toldtadall asleep. We checked that participants had no
fallen asleep by directly asking them immediatdtgrefinishing the sequence. Foam padding was
used to constrain participants’ head motion whilensiing, and earplugs and headphones were
provided to reduce adverse effects of scanner nSigehundred volumes of BOLD-fMRI signal

were acquired from each individual, using a muhibéFeinberg and Setsompop, 2013) echo-planar
imaging (EPI) sequence, with a 2-fold in-plane SENSceleration (SENSE factor, S = 2) and an
M-factor of 2 (Preibisch et al., 2015). Other fM&lquisition parameters were: repetition time, TR =
1,250 ms; time to echo, TE = 30 ms; phase enco@Bg]irection: anterior-posterior; flip angle =
709; field of view, FOV = 192 mMmatrix size = 64 x 64, 40 slices; slice thicknesa0 mm;
interslice gap 0.3 mm; reconstructed voxel sizex=33x 3.29 mm A high-resolution T1-weighted
anatomical volume was acquired using a 3D magrigtiza@repared rapid acquisition gradient echo
(MPRAGE) sequence with the following parameters:T®ms; TE = 4 ms; inversion time, TI =0
ms; flip angle = 8°; 170 sagittal slices; FOV = 2407; matrix size = 240 x 240; reconstructed

voxel size = 1 mm isotropic.

2.6. MRI Data Analysis
2.6.1. Resting-state fMRI data preprocessing
Six hundred resting-state fMRI volumes per indidbiwere preprocessed using the Data Processing

Assistant for Resting-State fMRI (DPARSF; Chao-Gad Yu-Feng, 2010), a toolbox for data

11



analysis of resting-state fMRI based on MATLAB (RB0; MathWorks Inc.; Natick, MA, USA).

To start with, the first five volumes were discatde compensate for T1 saturation effects. Next, th
data were slice-timing-corrected, realigned, radgad to the AC-PC axis, and co-registered to the
individual structural images. Nuisance variables. (isix head motion parameters, white matter,
CSF, and global signals) were regressed out frenfuthctional data. Data were normalized to MNI
(Montreal Neurological Institute) space with a 2-msotropic voxel size and smoothed using a 4-
mm full-width-at-half-maximum (FWHM) Gaussian kehf€hao-Gan and Yu-Feng, 2010). Given
the relevance of controlling the signal-to-noissoréSNR) in studies of aging (D'Esposito et al.,
2003), we examined the temporal SNR of the fMREtiseries (Murphy et al., 2007) in relation to
age, but found no significant association (r(89p87, p = 0.528). The mean frame-wise

displacement values (Power et al., 2012) were asedcontrol variable in the statistical analyses.

2.6.2. Independent component analysis and dual regression

The preprocessed resting-state fMRI data were aedllpy employing probabilistic independent-
component analysis (ICA) with 20 dimensions in R8ELODIC (Beckmann and Smith, 2004,
Smith et al., 2004), following previous ICA-baseddes (e.g., Onoda et al., 2012; Ruiz-Rizzo et al.
2018; Smith et al., 2009). Group ICA permits thentification of spatiotemporal signals
representing intrinsic brain networks, besidesamgreflecting physiological noise or scanner-
related artifacts (Nickerson et al., 2017). Thegopoeessed data were normalized for voxel-wise
mean and variance and then reduced to a 20-dimmeisobspace by probabilistic principal
component analysis. Subsequently, data were dec®dpoto time courses and spatial maps by
optimizing for non-Gaussian spatial distributiossng a fixed-point iteration technique (Hyvarinen,
1999). Next, we performed dual regression (Beckneral., 2009; Filippini et al., 2009) using these

20 components as input.

12



Dual regression is a multivariate approach thdtgiendividual spatial maps with associated
time courses and works in two stages, namely, tedpad a temporal regression. First, in the
spatial regression, the group independent companaps obtained from ICA are regressed onto
each participant’s preprocessed dataset, resuitioge time course per component that is further
normalized by its standard deviation (Nickersoalgt2017). Second, in the temporal regression, the
time courses obtained are regressed again ontopaaittipant’s dataset, thus resulting in one gpati
map per component. Because these spatial mapscarately localize differences in the shape (i.e.,
spatial pattern) and amplitude (i.e., normalizetktcourse) of a particular network (see, e.g.,
Nickerson et al., 2017), they can be used for tbelevel statistical analyses. Next, we selected
the components that represented the networks ochwig would conduct the group-level statistical

analyses.

2.6.3. Network selection

To select the components of interest, we perforangpatial cross-correlation between all the 20
independent components and the templates of tledwoerk parcellation reported by Yeo et al.
(2011), using théslcc command in FSL. We identified as the cingulo-opkncnetwork the
component with the highest spatial correlation toeht with the ‘ventral attention’ network of Yeo
et al. (2011) (component 7, r = 0.23; see Intraduactor different naming). We similarly identified
the default mode and dorsal attention networks fmrent 2, r = 0.25, and component 8, r = 0.30,
respectively). Other templates obtained from p&atiehs similar to ours (i.e., ICA; Allen et al.,
2011) further confirmed our selection (cingulo-apear with IC55_salience of Allen et al.: r = 0.43;
default mode with IC53_posterior_default_mode:(.89; and dorsal attention with

IC34_attention_left, r = 0.41).

2.7. Statistical analyses

13



2.7.1. Multiple regression analysis of age on iFC in the cingulo-opercular network
To replicate the age-related decrease in iFC icithgulo-opercular network (e.g., He et al., 2014;
Onoda et al., 2012), we carried out a voxelwisediregression analysis. We did so because, based
on our data-driven approach (i.e., ICA and duatesgjon), not all voxels within the cingulo-
opercular network of each participant equally repré the ICA-derived group cingulo-opercular
network (see, e.g., Smith et al., 2014). Each vexEC value (i.e., Z-value) represents how mush it
time course resembles the network’s time coursgivel to all the other voxels within an
individual’'s brain. Therefore, the inferences thatderive from our results will remain at the
network level.

The voxelwise regression of age on the iFC in thguio-opercular network, conducted
using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/)claded participants’ education, mean volume-to-
volume head motion (i.e., frame-wise displacemexnty] sex as regressors of no interest. We
repeated this analysis, once on the iFC in theultef@ode network and once on the iFC in the dorsal
attention network to later assess the specifidityhe role of the cingulo-opercular network forwes
processing spedd. Clusters were considered significant at p < @a08ily-wise error (FWE)

corrected for multiple comparisons at the clusteel (height voxelwise threshold p < 0.001).

2.7.2. Partial correlation of iFC clusters affected by age with visual processing speed and control
measures

Next, we extracted the Eigenvariate (i.e., averg@evalues) of the significant age-related clusters
from a sphere 5 mm in radius around the peak, amn@e iFC in relation to the visual processing
speedC estimates. This analysis was supplemented byepective analysis with the paper-and-
pencil TMT-A visual processing-speed task. In orezontrol the specificity, the Eigenvariate was
additionally examined in relation to the other akattention parameters (i.e., VSTM storage

capacity K, and perceptual thresholgd), and to anxiety (i.e., STAI) scores. In all thesalyses,

14



partial correlations were conducted using partitigabrain volume to account for individual
differences in brain size that could influence tblationship between iFC and behavior (see
Supplementary Material for details on the estinmatbbrain volume; Smith et al., 2004; Smith et

al., 2002). All reported p values are based ontaed tests, unless otherwise specified.

2.7.3. Analysis of a mediating effect of the iFC in the cingulo-opercular network in the relationship
between age and visual processing speed decline

Based on previous reports of associations betwgemad visual processing speed (e.g., McAvinue
et al., 2012), between iFC in the cingulo-opercuakivork in young adults (Ruiz-Rizzo et al., 2018),
and between age, iFC in the cingulo-opercular nétwand cognitive functioning (e.g., He et al.,
2014; Onoda et al., 2012), we hypothesized thaiRBdn the cingulo-opercular network might
mediate the association between age and visuadgsory speed. Accordingly, we examined for
such a role of the cingulo-opercular network iFCcbypducting a mediation analysis. First, the total
effect of age on visual processing speed was estthvaith a simple linear regression. Second, this
total effect was deconstructed into an indirec¢@ff- through the iFC in the cingulo-opercular
network — and a direct effect. Third, the indireffect, reflecting the significance of the mediatio
was evaluated using bootstrap confidence intelf¢dyes, 2012; Hayes and Rockwood, 2017;
Mackinnon and Fairchild, 2009; Preacher and Ha3@84) at 95% level of confidence and based on
10,000 replication samples. The indirect effecteéspnts an estimate of the amount of change in

visual processing speed per year of age.

3. Results
3.1. Visual processing speed in aging
Means and standard deviations of TVA parameteravigstocessing speéd obtained from the

whole-report task as well as duration to compldWTA are listed in Table 2. Males and females
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did not differ in these measures (both p-values#49). As expected (e.g., McAvinue et al., 2012),
both measures were significantly correlated with. &jnally, and also as expected, both measures
were significantly correlated (r(88) = -0.28, p 8@8; one young participant lacked TMT-A data),
with higher visual processing spe€deing associated with less time needed to comfilet& MT-

A.

3.2. Functional connectivity in the cingulo-opercular network in aging

The cingulo-opercular network encompassed fromigilbns including the inferior frontal and middle
frontal gyri bilaterally, anterior and middle cidgte cortex; insular regions; the superior temporal
gyrus; parietal regions including supramarginalgyiinferior parietal lobule, and precuneus; and
subcortical regions including the basal ganglialaimus, amygdala, brain stem, and cerebellum
(one-sample t-test, p < 0.05 FWE-corrected at ingter level; Figure 2).

In a voxelwise multiple regression analysis, wenibgignificantly reduced iFC in the right
anterior and bilateral middle cingulate cortext iefula, right middle frontal gyrus, left cerelet,
and the right posterior medial and left superiontal gyri with increasing age (controlled for the
individual mean volume-to-volume head motion, gended education, p < 0.05 FWE-corrected at

the cluster level; Figure 3 and Table 3).

3.3. TheiFC in the cingul o-opercular network is associated with visual processing speed C
Within the cingulo-opercular network, the iIFC vadud the left insula cluster correlated signifidant
with the visual processing spe€destimates while controlling for normalized bramume (r(88) =
0.33, p = 0.002; Figure 4). None of the other distorrelated significantly with visual processing
speedC in the entire sample (all p-values > 0.244).

The IFC values of the left insular cluster wereamgnificantly related to the time needed to

complete the TMT-A (r(87) = -0.31, p = 0.003). Faetmore, the iFC values of two other cingulo-
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opercular network’s clusters correlated signifibaatith performance in the TMT-A (bilateral
middle cingulate cortex: r = -0.37; and right postemedial frontal gyrus: r = -0.34; both p-values

0.007, Bonferroni-corrected).

3.4. Control analyses

3.4.1. Specificity of therole of the iFC in the cingulo-opercular network for visual processing speed

C. For the default-mode network, age-related decck#&se was found in the right middle temporal
gyrus and the right cuneus. However, none of toksters’ iFC values correlated significantly with
visual processing speé&iwhile controlling for brain volume (both p-value€.118). For the dorsal-
attention network, age-related decreased iIFC wasdfn the left superior, middle, and inferior
(pars triangularis) frontal gyri, left inferior patal lobule, left precuneus, and right middle tenab
gyrus. As with the default-mode network clustermenof the dorsal-attention network clusters’ iIFC
values correlated significantly with visual proaagsspeedC while controlling for brain volume (all
p-values > 0.157).

To test whether the iFC of the left insula clustes associated specifically with visual
processing speed (and not generally with visuahétin), we examined its correlation with VSTM
capacityK and perceptual threshdig] controlling for brain volume. Similar to visualgeessing
speedC, VSTM storage capacitg was significantly correlated with age, and a ngmificant trend
was also seen for the visual perceptual thresfadltable 2). However, none of the correlations
between iFC in the cingulo-opercular network areséhmeasures was significant (both p-values >
0.125), thus supporting the specificity of the assmon between the iFC in the cingulo-opercular
network with visual processing speed. Likewise,enohthe other iFC clusters of the cingulo-
opercular network correlated significantly wKh(all p-values > 0.355) dg (all p-values > 0.202).

3.4.2. Control of potential confounds in the association between iFC in the cingul o-opercular

network and visual processing speed C. Anxiety was not significantly correlated with a@pth p-
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values > 0.073). Furthermore, the iFC of the ledula cluster did not significantly correlate wilie
anxiety scores derived from both STAI scales (mtralues > 0.230). Controlling for each of the
anxiety scores did also not affect the correlalietween visual processing sp&gdnd the iFC of
the left insula cluster (both p-values < 0.003)ni&irly, controlling for possible vascular risk giray
matter density within the left insula cluster diot sgompromise the association between the iFC of

the left insula cluster and visual processing sfigéske Supplementary Material).

3.5. The cingulo-opercular network mediates the age-related reduction in visual processing speed
Finally, we explored whether the iFC in the cingojmercular network mediated the association
between age and visual processing speed. We irthilage-decreased cingulo-opercular network
clusters (Table 3), along with normalized brainwoé and education, as potential mediators (i.e.,
multiple mediation; Preacher and Hayes, 2008) efréfationship between age and visual processing
speed. Table 4 lists the indirect effects (throtighiFC in the cingulo-opercular network) of age on
visual processing speed for each of those potangaliators as well as the corresponding bootstrap
intervals at 95% level of confidence. In line wikie partial correlation results presented in the
previous section, only the left insula cluster iamd to significantly mediate the association
between age and visual processing speed [diresttedf age on visual processing speed: b = -0.060,
standard error = 0.060, 95% confidence intervall{#8, 0.059); see also Table 4]. Figure 5 depicts
the path model of the mediation for the left instllaster only. This model suggests that every year
that age increases results in a decrease of \psoedssing spedd of 0.09 through the sequential
effects of age on iFC in the left insula clustduéoarrow) and of iFC in the left insula cluster on
visual processing speed (red arrow).

In contrast to the TVA-based parameter of viswatessing speed, as measured with whole

report, neither the left insula cluster of the cilmgopercular network (indirect effect: 0.010, €I:
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0.063 — 0.079) nor any other cluster of the cingppercular network mediated the association
between age and visual processing speed as medsutieel TMT-A.

Control analyses were carried out to test the fipegiof the relation between IFC in the
cingulo-opercular network on the one hand and Vistaessing speed on the other. First, testing
analogous mediation models for the default-mode egpectively, the dorsal-attention network’s
age-relevant clusters yielded no significant res(dee Supplementary Material). Second, the left
insula cluster also did not mediate the associdigiween age and VSTM capadityindirect
effect: -0.002, CI: -0.006 — 0.000) or between ageé visual perceptual threshagdindirect effect:

0.029, CI: -0.056 — 0.136).

4. Discussion

In this study, we investigated whether age-relaietteases of iFC in the cingulo-opercular network
are related to those in visual processing speest, Fie identified regions with age-related deceeas
of the iFC in the cingulo-opercular network in @gp of participants of widely varying age. We
found that, among these clusters, iFC in the teftiia was significantly associated with a parametri
TVA-based measure of visual processing speed.Wassconfirmed by the results from a paper-and-
pencil test of visual processing speed. FurtherptbeeiFC in the respective cluster significantly
mediated the effect of age on visual processinggps measured using the TVA-based paradigm,
but not as measured with the paper-and-pencil Teeken together, our results suggest that the iIFC
in the cingulo-opercular network is of particulalavance for understanding visual processing speed

reductions in healthy aging.

4.1. Mediator role of the iIFC in the cingulo-opercular network in the visual processing speed

reduction in aging
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Our results (Table 2) replicate previous findingaa@erning decreases in both visual processing
speed (Espeseth et al., 2014; Habekost et al.,; 20dRvinue et al., 2012; Salthouse, 1996;
Tombaugh, 2004) and the iFC in the cingulo-opercugawork (Figure 3) (He et al., 2014; Meier et
al., 2012; Onoda et al., 2012) over the coursenaohal aging. More importantly, they demonstrate
that a decreased iFC in the cingulo-opercular nétwgoassociated with the age-related reduction in
visual processing speed (Figure 4). Specificallg, left insular iFC within the cingulo-opercular
network was significantly related to visual proéegspeed and further found to mediate the
association between age and speed (Table 4, Fayuide anterior insula is a hub of the human
brain (Power et al., 2013) and, in particular, agher of the cingulo-opercular network (e.g., Sgele
et al., 2007). It plays a crucial role in allowisgitching between the activity of the central exaeu
network and of the default mode network (Sridhatal., 2008). Accordinglythe anterior insula
has also been proposed to play an integrativebeti@een brain networks involved in external and
internal processing (e.g., Menon and Uddin, 20p@)mitting the individual to prepare for external
or internal processing in the presence of visualugt (e.g., Riedl et al., 2016). A comprehensive
review on the role of the anterior insula in petaa@ptasks proposed that it mediates heightened
alertness in sensory cortices, thus renderingithi@idual more sensitive to sensory stimulation
(Sterzer & Kleinschmidt, 2010). In the visual domaccording to TVA (Bundesen, 1990), this
would directly relate to visual processing speeith@ugh in line with a prominent role of the
anterior insula for visual processing speed, osulte should not be interpreted as indicating a
specific role of a circumscribed region within thagulo-opercular network. Given that the insula
iIFC values are relative values (i.e., with respedhe other voxels of an individual’s brain) witha
network, we can only state that the left insulastdubest represented the cingulo-opercular network
association with age and visual processing speecbrélingly, we keep the interpretation of our

findings at the network level.
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The results of the current study are in line witbvioous documentations of (i) significant
associations between task-evoked (Coste and Klaimsit, 2016; Sadaghiani and D'Esposito, 2015)
and spontaneous (Sadaghiani et al., 2010; Schretiéér, 2016) fMRI BOLD activity of the
cingulo-opercular network and the level of tonieraess; of (ii) a close association between tonic
alertness and TVA parameter visual processing spg&iindesen et al., 2015; Finke et al., 2010;
Matthias et al., 2010; Vangkilde et al., 2013); andii) significant differences between young
participants with relatively high and relativelylwisual processing spe€especially in the iFC in
the cingulo-opercular network (Ruiz-Rizzo et a018). In addition to these prior studies, we now
provide evidence for the crucial role of the cirgapercular network for the decrease of visual
processing speed across adult age. The mediatmgfrd-C in the cingulo-opercular network
between age and visual processing speed (Tablegdests that it is not aging per se that, in a
deterministic manner, gives rise to the well-essileld decrements in visual processing speed.
Instead, it implies that, even at an advancediadejiduals might exhibit relatively ‘normal’ vislia
processing speed (comparable to that of youngerithahls), given ‘normal’ (i.e., youth-like) iFC in
the cingulo-opercular network.

We found the relationship of the iFC in the cirggobercular network to visual processing
speed to be additionally supported by a measuteghadely used in the clinical settings for
assessing processing speed: performance in the Allli§o correlated significantly with the iFC of
the left insula. Additionally, other clusters, swahthe middle cingulate cortex, and the posterior
medial frontal gyrus correlated with performancéhae TMT-A. But unlike with our TVA-derived
measure of visual processing spé€gdhe association between age and performancesohMiT -A
was not mediated by the iFC in any cluster withi@ tingulo-opercular network that showed age-
related decrease in iFC. This is likely attribuéatd the fact that, as in most standard processing
speed tasks, performance level in the TMT-A heawlies on additional functions, such as other

components of visual attention, working memory, arator speed. As all of these functions are
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prone to age-related decline, age-related decreaddT-A performance is likely related to a
relatively broad range, or more general, brain glkaron the one hand. On the other, the TVA-based
measure, with its high cognitive specificity is iopally suited to identifying the particular brain
changes contributing to the reductionvisual processing speed.

Visual processing speed has long been known taexplsubstantial part of the variability in
different, speed-dependent cognitive tasks and fhielligence, especially in older adults (e.g.,
Deary et al., 2001; Deary et al., 2010; Deary awdigh, 1996). Moreover, the TVA visual
processing-speed parametehas been suggested to represent a quantitativeuneeaf an
individual, latent parameter (Finke et al., 200&hvgubstantial influence on cognitive capabilities
Our results thus indicate that the previously dstlhabd links between the IFC of the left insuldhe
cingulo-opercular network and general cognitive saees in older adults (e.g., He et al., 2014;

Onoda et al., 2012) are mediated by a reductighisnmore specific, basic function.

4.2. Specificity of the association between the iFC in the cingulo-opercular network and visual
processing speed

As not only the iFC in the cingulo-opercular netiwar known to decrease with aging, a number of
control analyses were run in order to confirm thecHicity of the relation between iFC in the
cingulo-opercular network and visual processingedpén particular, we looked at iFC in the default
mode and dorsal attention networks (Andrews-Hanmmé ,e2007; Damoiseaux et al., 2008; Ferreira
and Busatto, 2013). However, we found no evideocéhe iFC in these two networks to contribute
to the variance in visual processing speed. Thatker than supportinggeneral relationship

between age-related decreases in iFC across divetserks and visual processing speed
decrements, our results indicate that such a oalstip is particular for the iFC in the cingulo-

opercular network.
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Similarly, as not only visual processing speed,aisb other visual attention functions, such
as the visual perceptual threshold and VSTM stocapacity, change with aging (Espeseth et al.,
2014; McAvinue et al., 2012), we also looked atrélationship of the iFC in the cingulo-opercular
network and these functions. The cognitive puritthe different measures obtained with TVA-
based testing permitted us to identify a specdle for reductions in visual processing speed. Our
results showed that the iFC of the cingulo-opercaawork was only associated with visual
processing spedd. Of theoretical importance, this is in line witltentral assumption of the neural
interpretation of TVA (NTVA, Bundesen et al., 2006amely, that the different visual attention
parameters reflect distinct neural processes tratibute independently to the individual attenabn
performance. Thus, it is likely that the brain mamisms underlying changes in VSTM capacity and
the perceptual threshold are distinct from thosasnal processing speed. Of note, as the TVA-
based testing does not rely on motor speed, oultsasan also not be explained by age-related
changes in motor performance.

Furthermore, iFC in the cingulo-opercular netwakmown to relate not only to cognitive
measures, but also to anxiety (Seeley et al., 2@0/anxiety might influence visual processing
speed, as indicated, for example, by reduced psowgspeed in patients with major depression
(Gogler et al., 2017), we analyzed whether anxagityht be a critical confound in our findings.
However, the STAI (trait and state) anxiety scdegied to correlate with iFC in the left insula
cluster of the cingulo-opercular network.

Additional potential confounds of our results aothbvascular (e.g., reactivity or pathology
of the blood vessels; D'Esposito et al., 2003) stnattural changes (e.g., changes in gray matter; L
et al., 2013) that occur with aging. However, thsagiation between iFC and visual processing
speed still held while controlling for those fadorhus, our results point to variations in theimsic
functional organization of the cingulo-opercular network agaal for reductions in visual

processing speed.
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4.3. Limitations

Our study has a number of limitations. First, theutts are based on cross-sectional and correddtion
data, which does not allow firm inferences to bendr regarding the directional relationship(s)
among aging, iIFC, and visual processing speed.r8etioe mediation analysis would need to be
replicated in an independent, longitudinally assésample. And third, such analyses should
additionally include other potential mediators ded from further brain or environmental measures.
For example, it remains to be determined whethactral connectivity changes (e.g., as measured
by tractography) within the cingulo-opercular netkvor with other networks underlie the changes

in iFC.

4.4. Conclusion

Our results indicate a mediator role of the iFGhia cingulo-opercular network in the impact of
aging on visual processing speed. They thus inglitett it is not simply aging per se that, in a
deterministic manner, gives rise to the well-essleld decrements in visual processing speed.
Rather, they imply that, even at an advanced ageyiduals might exhibit relatively ‘normal’ visual
processing speed (comparable to that of youngerithahls), given ‘normal’ (i.e., youth-like) iFC in
the cingulo-opercular network. Future longitudisldies could attempt to identify whether, among
older individuals, changes in iFC and visual preagg speed occur at similar or different time
points. To conclude, the evidence presented heréhé first time, points to a significant roletbe
iIFC in the cingulo-opercular network in the attenall processing capacity of healthy aging

individuals.
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8. Tables

Table 1.Demographic variables by sub-groups of age decades

Age range (years) N Sex (F/ M) Education (years)
20-29 22 13/9 126 +0.6
30-39 11 2/9 123 +1.2
40 - 49 14 9/5 12.2+1.0
50 -59 11 10/1 11.9+1.2
60 — 69 11 417 115+15
70-79 22 8/14 11.6+2.6

Meanz standard deviations (SD) are shown in the laktron; F: female; M: male.

Table 2.Behavioral results and their correlation with age

Behavioral measure Mean = SD Range Correlation witlage
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TVA estimates

Visual processing speét 22.52+7.76 9.71-47.00 r=-0.21 (p =0.049)
VSTM capacityK 3.17+041 1.95-3.88 r=-0.25(p=0.017)
Perceptual thresholg 13.54 +13.76 0.00-67.13 r=0.19 (p = 0.064)

Trail Making Test A

TMT-A (s) 32.52 +12.99 13.44 - 74.98 r=0.65 (p < 0.001)

TVA: theory of visual attention. In bold: Signifishat p < 0.05, two-tailed.

Table 3. Cingulo-opercular network clusters whose iFC digantly decreases with age

Brain region (AAL) MNI coordinates Cluster size Z value of peak p value
inmm (X, Y, 2) (voxels) coordinate

Right anterior cingulate 2,28, 22 166 5.14 <0.001
cortex

Left cerebellum -50, -60, -36 141 4.58 0.001
Left insula -44,12, -10 93 4.53 0.011
Bilateral middle cingulate 0, -18, 50 268 4.47 <0.001
cortex

Left superior frontal gyrus -26, 40, 40 97 4.42 @0
Right posterior medial 0, 16, 64 72 4.09 0.034

frontal gyrus

Right middle frontal gyrus 26, 42, 26 66 3.81 0.046

AAL: Anatomical Automatic Labeling; MNI: Montreal &urological Institute. P < 0.05 FWE corrected atchuster
level (height threshold p < 0.001 unc.). See algore 3.

Table 4.Bootstrap confidence intervals of potential med&uf the relationship between age and

visual processing speed
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Potential mediators Indirect effect Lower limit CI ~ Upper limit CI
1. Right anterior cingulate cortex 0.033 -0.015 86.0
2. Left cerebellum 0.004 -0.052 0.060
3. Left insula -0.091 -0.165 -0.014
4. Bilateral middle cingulate cortex -0.007 -0.058 0.043
5. Left superior frontal gyrus 0.015 -0.052 0.072
6. Right posterior medial frontal 0.039 -0.018 0.093
gyrus
7. Right middle frontal gyrus -0.023 -0.063 0.018
8. Normalized brain volume -0.014 -0.084 0.063
9. Education -0.008 -0.032 0.022
Total effect -0.052 -0.204 0.110

The indirect effect — which is significant if diflent from zero (in bold), as revealed by the Cisfers to the effect of
age on visual processing speéedediated by iFC. Confidence interval (Cl) leved%® based on 10,000 bootstrap
samples.

9. Figure captions

Figure 1. Example of a trial and the mask used for whole refask. Symbols were
symmetrically presented contralateral to the tasgjetuli to ensure balanced physical stimulation.
Stimuli diameters were equal to 1.3° visual angle.

Figure 2. Statistical parametric mapping of the cingulo-op&acnetwork obtained with
independent component analysis of resting-statel ftléf&a and one-sample t-test. Significant voxels
(p < 0.05 FWE-corrected at the cluster level) arerlaid onto an inflated cortical mesh (above) and
z-axis slices of an anatomical standard MNI152 tetepbelow). ACC: anterior cingulate cortex;
IFG: inferior frontal gyrus; IPL: inferior parietédbule; MCC: middle cingulate cortex; MFG:
middle frontal gyrus; SMA: supplementary motor ai¢®G: supramarginal gyrus; STG: superior

temporal gyrus. The color bar indicateslues.
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Figure 3. SPM of voxel-wise multiple regression of age on iR@he cingulo-opercular
network (p < 0.05 FWE-corrected at the clusterllexéoxels that show significantly decreased iFC
with increasing age are overlaid onto an inflatedical mesh (light gray: gyri; dark gray: sulci).
Clusters were found in the right anterior cinguletetex and middle frontal gyrus, bilateral middle
cingulate cortex, right posterior medial frontalgy, left superior frontal gyrus, left insula, dett
cerebellum (see Table 3). LH: left hemisphere: Rght hemisphere.

Figure 4. Visual processing speéilas a function of the iFC in the left insula clusiéthe
cingulo-opercular network. The X-axis values of sieatter plot are the unstandardized residuals of
the normalized brain volume regressed iFC — Eigeateawithin a 5-mm-radius sphere around the
left insula cluster’s peak: -44; 12, -10, MNI comrates.

Figure 5. Mediation model of the effect of age on visualgassing spee@ through the iFC
in the left insula cluster of the cingulo-opercut@twork. This model illustrates the relationships
among age, iFC in the left insula, and visual pssogg spee. It presents the unstandardized
coefficients ) and standard errorSK) of the particular effects (arrows). The blue ariadicates a
negative effect, the red arrow a positive effent the black arrow indicates a non-significant etfe
Theb andSE in bold below the “iIFC left insula” is the effeat interest (i.e., effect of age @

through iFC).
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Highlights

» Cingulo-opercular network’s functional connectivitgcreases with aging.

» Decreased connectivity is associated with ageeelsliowing of visual processing.

» Insular functional connectivity mediates the agetesl processing speed reduction.
* The mediation is not general to visual attentiofuactional connectivity.

» The cingulo-opercular network is relevant for vispiacessing speed in aging.



