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Abstract (250/250words)

Cognitive control is proposed to rely on a rostoataudal hierarchy of neural processing within the

prefrontal cortex (PFC), with more rostral partemixg control over more caudal parts. Anatomical

and functional data suggest that this hierarchicghnization of the PFC may be separated into a
ventral and a dorsal component. Furthermore, restenlies indicate that the apex of the hierarchy
resides within the mid-lateral rather the rostlaCP However, investigating the hierarchical aspéct

rostro-to-caudal processing requires quantificatibtihe directed interactions between PFC regions.

Using functional near-infrared spectroscopy (fNIRSa sample of healthy young adults we analyzed
directed interactions between rostral and caudalC Pduring passive watching of nature
documentaries. Directed coherence (DC) as a mea$ulieected interaction was computed pairwise

between 38 channels evenly distributed over tregdhprefrontal convexity.

Results revealed an overall predominance of restrahudal directed interactions in the PFC that
further dissociated along a ventro-dorsal axis:s@bregions exerted stronger rostro-caudally daekct

interactions on dorsal than on ventral regions \dod versa. Interactions between ventral and dorsal
PFC were stronger from ventral to dorsal areas #@nversa. Results further support the notion tha

the mid-dorsolateral PFC constitutes the apex@ptiefrontal hierarchy.

Taken together these data provide novel evidencedmllel dorsal and ventral streams within the
rostro-caudal hierarchical organization of the PFRIRS-based analyses of directed interactions put
forward a new perspective on the functional archite of the prefrontal hierarchy and complement

previous insights from functional magnetic resomaintaging.
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Significance Statement

The capabilities of the human prefrontal cortex@PRre a unique feature of our species, but our
understanding of its functional principles is stiigue. A theory currently under debate sheds tight
how the PFC gives rise to the human cognition aval-directed behavior. It assumes that abstract
ideas are successively concretized into actuabrgtby processing relevant information along a
rostro-caudal gradient in the PFC. Here we intredaciovel approach that is particularly promising
for the assessment of the neurophysiological meshenin the PFC underlying the hierarchical
control of behavior. Our results provide evidenoethe rostro-caudally directed interplay withire th
PFC and quantify the interactions between the aérand dorsal components of this hierarchical

organization.
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I ntroduction

Within the lateral prefrontal cortex (PFC), diffatdevels of cognitive control are assumed to be
hierarchically organized along a rostro-caudal ,awigh rostral parts of the PFC performing highly
abstract levels of behavioral control and caudatspearrying out concrete action selection in a
temporally confined context (Badre et al., 2009iBénfeld et al., 2013; Koechlin et al., 2003, 1999;
Voytek et al., 2015). Evidence for this hierarchicaganization of neural processing has been
provided by task-based functional magnetic resomamaging (fMRI) studies (Badre & D’Esposito,
2007; Bahlmann, Blumenfeld, & D’Esposito, 2015; kKbkn et al., 1999, for a review see Badre &
D’Esposito, 2009) but is also supported by lesiatadAzuar et al., 2014) and transcranial magnetic
stimulation (Nee and D’Esposito, 2017). Howeveheotstudies showed that rostral PFC regions can
also be recruited by concrete action selectiontt@rilen and Duncan, 2014) and that the temporal,
rather than the spatial activation profile of sfiecPFC regions is modulated by maintenance
demands, irrespective of the level of abstractiRayfolds et al., 2012). Tracer studies in monkeys
further demonstrated that the structural networkh@ PFC does not follow a strict rostro-caudal
organization (Goulas et al., 2014). The extent ictvthe PFC is organized along a rostro-caudal axi

hence constitutes a matter of debate.

Beyond functional gradients along a rostro-caudd, ahe structural and functional organization of
the PFC has also been subject to anatomically ldétaharacterizations along a ventro-dorsal axis
(see Tanji & Hoshi, 2008 and Petrides, 2005 forews). In this respect, it has been demonstratad th
potentially separable rostro-caudal streams of ggsiag are present in the ventral and dorsal
convexity of the lateral PFC (Blumenfeld et al. 1202013). Using a resting-state fMRI paradigm,
Blumenfeld et al. (2013) found parallel ventral aluitsal networks that were interconnected in caudal
but not in rostral PFC regions. Bahlmann et al18Gurther suggested that rostro-caudally orgahize
functional networks in ventral and dorsal PFC adlaeir ventro-dorsal segregation dynamically to be
operative on the highest level of the rostro-caaaéd that is currently engaged in the task, wheora
lower levels processing is integrated across veatrd dorsal areas. The lateral PFC thus seems to
comprise parallel rostro-caudal pathways which appmatomically separable along a ventro-dorsal

axis but functionally interact to subserve goakdied behavior. While this functional interacticash
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been proposed to be orchestrated by the rostraipaosof the lateral PFC (e.g. Ramnani and Owen,
2004; Wendelken et al., 2012; for a recent reviewtloe function of the frontopolar cortex see
Mansouri et al., 2017), recent evidence suggeststtte apex of the prefrontal hierarchy actually
resides in the mid-lateral rather than the rodd@aC (Margulies et al., 2016; Nee and D’Esposito,

2016; for a review see Badre and Nee, 2018).

Taken together, an abundance of fMRI studies detratasthe gradual activation along the rostro-
caudal and the ventro-dorsal axes of the PFC Ikyredated factorial designs (e.g., Bahlmann et al.,
2015) as well as the functional connectivity, betwéhe respective regions by correlation analy$es o
resting-state activity (e.g. Taren et al.,, 2011lhede studies argue for a hierarchical functional
organization of the PFC. However, to fully undemstéahe mechanisms and functional pathways that
subserve cognitive functions requires to complentieese correlation- and activation-based analyses
by the inference of the actual direction of inflaes and the demonstration of the implied propagatio
of neural activity along a rostro-to-caudal gradief hierarchical control within the lateral PFC.
While the slow hemodynamic response is well captisesampling intervals between 0.5 and 2 Hz as
provided by conventional fMRI (Logothetis, 2008ynttional interactions between brain regions
appear on a much smaller temporal scale (Stokak,&2013). Reliably inferringlirected functional
connections from such very short delays betweemahectivity in different regions requires much
faster sampling of at least 10 Hz (Mader et alQ8@Roebroeck et al., 2005). Simplifying the prable

of inferring directionality down to the detectioh short delays between oscillations (Granger, 1969)
the need for a sufficiently high temporal resolnt@an be easily illustrated by plotting two noigyes
waves with a small phase shift using different dangprates. A phase shift which is entirely obscure
when sampled at .5 Hz can become highly appareahvgampled at 10 Hz (Supplementary Figure

S1).

Similar to fMRI, functional near-infrared spectropy (fNIRS) relies on the neuro-vascular coupling
and measures the hemodynamic response but in sotr&dMRI it is based on the differential
absorption properties of oxygenated and deoxygdnamoglobin (Scholkmann et al., 2014;

Strangman et al.,, 2002). Multiple light sources alatectors transcranially measure absorption
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changes elicited by changes in cortical oxygenadiosample frequencies up to 250 Hz (Scholkmann
et al.,, 2014). Thus, fNIRS overcomes the limitedngeral resolution of fMRI and provides
sufficiently high spatial resolution (here 2.1 ci@) allow for inference ofdirected functional

interactions along rostro-caudal and ventro-daageak in the PFC.

Here we used fast optical imaging with multi-chdrfh@RS and measures of directed coherence (DC)
(Schelter et al., 2006) to estimate the propagationeural activity across the PFC and to provide
complementary evidence for the predicted influenegthin and between parallel rostro-caudal
signaling pathways in the ventral and dorsal PF@h(Bann et al., 2015; Blumenfeld et al., 2013;
Bunge et al., 2005; Wendelken et al., 2012). Weeetqu to reveal (i) a predominant rostral to caudal

direction of influences within the PFC and (ii)gparation into a ventral and a dorsal component.

M ethods

Experimental Design

Subjects between 19 and 26 years of age were tedrfuom the University of Freiburg provided that
they were German native speakers and fulfiled MRlety criteria. Exclusion criteria concerned
current or previous psychiatric/neurological diseasse of psychotropic medication, and color
blindness. Thirty-one subjects participated in @eminutes fNIRS measurements (one week apart)
and additionally underwent MRI and neuropsycholabassessments that were conducted as a part of
a larger methodological study (see Kostering et 2015; Schumacher et al., 2018). Depressive
symptoms were screened for with the Beck Depredsioentory-Il (BDI-II; Beck, Steer, & Brown,
1996), and MR images were inspected for incidefitalings. All subjects were right-handed, had
normal or corrected-to-normal vision, received anpensation of 60 €, and gave written informed
consent to participation. The study was approvetbogl ethics authorities. As two subjects hadeo b
excluded (one BDI-Il score of 15 indicating mildpdessivity (Beck et al., 1996), one incidental MRI
finding), the final sample comprised 29 subjectge(amean * standard deviation 22.6+1.8 years; 13

males; all university students).
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Functional near-infrared spectroscopy measurements (fNIRS)

FNIRS measurements were conducted using an ETG-4p@@al topography system (Hitachi
Medical Systems, Japan) which provides a samptieguiency of 10 Hz and operates in a continuous
wave mode with two different wavelengths of nedrared light (695 nm and 830 nm). Spatial optode
arrangement was derived from the systen¥$13grid configuration consisting of 17 emitters drd
detectors. We modified this probe set by placing ehditters and 13 detectors on the forehead
(interoptode distance of 3 cm), thus resulting 8é1cBannels evenly distributed over the lateral PFC
(cf. Fig. 4). The modified probe set comprised 3tHer emitter-detector-pairs with a smaller
interoptode distance of approximately 1.8 cm wivigre placed on the parietal bone but not included
in the present analyses. Three unused emitter eptadre covered by a black cap to avoid crosstalk.
Grid placement over PFC was standardized acrogecisil{i) by aligning its center optodes to the
sagittal midline and (ii) by positioning the loweenter optode at a distance of about 1.5 cm aliwve t

nasion.

Data were acquired for 24 minutes in a task-freéestSubjects watched two different muted nature
documentaries on both testing sessions (selecasavithout text overlays from “Earth”, Fothergill
& Linfield, 2007). The order of scenes was balanaetbss subjects. Muted videos were presented
instead of a fixation cross (i) in order increasentort for and compliance of participants and (ii)
because specificity of functional connectivity Haeen shown to be higher during natural viewing
conditions than during ‘pure’ rest (Bartels and iZ&005). Presentation of the nature documentaries
and on-/offset of simultaneous fNIRS recording wemntrolled by NBS Presentation software
(version 12.2; Neurobehavioral Systems Inc., CAlldwing a short interval of baseline fNIRS
measurements, temporal markers were automaticatios later identification of the 24 minutes time
window within the fNIRS time series that correspedido an identical section of the videos across all
subjects. To prevent artifacts during fNIRS measenet due to head movements, subject’s head was

stabilized using a chin rest.

Raw data of light intensity changes were conveitéd hemoglobin concentration changes by in-

house Matlab software (version 2012b, The MathWoNatick, MA, USA, Kaller, Schumacher,

20180827_SchumacherKaller_fNIRSVentralDorsal.docx 7
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Schelter, unpublished toolbox) using the modifiezeBLambert law (Cope and Delpy, 1988). Due to
the absorption of interfering hairs some channelsdt contain any signal. The respective timeeseri
were interpolated from the surrounding channelagugie Matlab 4 griddata method. With respect to
all recorded channels included in the analyses, affected a total of 29 out of 1865 channels (1.56
%). Note that treating the 2.75% of connections itmeolved interpolated channels as missing data in
the respective statistical models revealed vindientical results. In order to remove motion-ioeld
artifacts, we applied the correlation-based cowaanethod developed by Cui, Bray, & Reiss (2010).
The resulting data for oxygenated and deoxygenhtedoglobin are perfectly anticorrelated and
therefore have identical spectral properties. Nth@r preprocessing was applied to avoid bias ef th

connectivity estimates (Florin et al., 2010).

Spatial reconstruction of fNIRS channel positions

Optode locations and irradiation were recordedninnaependent sample of 20 healthy adults (mean
age * standard deviation: 24.6 = 2.8 years) usirRAARIOT digitizer (Polhemus Inc., VT) and
custom-built software. Recording included the lmosd of three fiducials (nasion, left/right
preauricular points) and a scattered point-wisepsiagn of the head surface. Reconstruction of optode
positions was accomplished by co-registration @f shirface points with the individual anatomical
MRI scans (T1-weighted MPRAGE images acquired oB8TaTim Trio scanner; Siemens AG,
Erlangen, Germany; scan acquisition parameterstitegm time, 2200 ms; echo time, 2.15 ms;
inversion time, 1100 ms; flip angle, 12°; 160 sadislices; matrix size, 256x256; field of view,&5
mm, resulting in 1.0 micubic voxels), based on iterative closest poincedure. Segmentation of
structural MRI scans was performed using the ‘negnsent’ approach implemented in SPM8
(http://www . fil.ion.ucl.ac.uk/spm/software/spm8/)itiv default prior maps for gray matter, white
matter, cerebro-spinal fluid, and three non-braésue classes. The segmented brain tissues were
further used to create a normalized brain templagsed on the high-dimensional DARTEL
(diffeomorphic anatomical registration through emeotiated lie algebra) approach (Ashburner,
2007). Individual fNIRS channel positions were cddted using the mean Euclidian distance of both
the positions and the irradiation angles of thepeeve pairings of emitter and detector optodes

(Supplementary Figure S2). Based on the deforméiides from the DARTEL normalizations, NIRS

20180827_SchumacherKaller_fNIRSVentralDorsal.docx 8
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channel positions on brain surface were then toamafd into the sample-specific template space. The
resulting individual channel positions and the graweraged Euclidian mean positions are shown in
Supplementary Figure S3. The group-averaged Eadlicdhean channel positions were used for
illustration of the spatial distribution of diredtenteractions by applying a 3D Gaussian smoothing
kernel (3 cm full width at half maximum; Supplemenyt Figure S2) and rendering of the resulting

kernel volume on the cortical surface (cf. Fig. Bhe Matlab code used for the spatial reconstractio

of fNIRS channels and the visualization of the ctemlata on the cortical surface are available upon

request.

Directed coherence as a measur e of directed interactions between fNIRS channels
Directed interactions were estimated by meansretthd coherence (DC) using the frequency domain

multivariate analyses (FDMA) toolbox_ (www.fdm.umifburg.de/Toolboxes/fdma-toolbox). As

indicated by the term coherence, DC is a frequelmyain measure and is calculated by fitting a
vector autoregressive model and transforming thémated autoregression coefficients into the
frequency domain (for details see Schelter et 2006). Thus, DC estimated from fNIRS data
represents the strength and the direction of inftes exerted between cortical areas in a certain
frequency. The vector autoregressive model wasdfittith a model order of 20, corresponding to the
past 2 seconds of the time-series. As functionaheotivity is apparent in low frequency oscillason
(Biswal et al., 1995; Lowe et al., 2000), we chtisefrequency band between .06 and .12 Hz and used
the maximum DC value in this band for further asay Note that this approach is different from
applying a band-pass filter during data preprocgs¢which would potentially bias DC estimates

(Florin et al., 2010)).

Statistical Analysis

Given the nested structure of the present dataydhizs were analyzed in linear mixed effects models
in R (version 3.4.2 (R Core Team, 2016)) usingltme4 package (version 1.1-14 (Bates et al., 2015)).
In each hemisphere 16 channels in 4 streams ahengstro-caudal axis of the PFC were selected for
analysis: 2 streams representing ventral and Zamserepresenting dorsal PFC (Fig. 1). From all

available channels, 2 channels located on the tiotigial fissure were excluded and another 2

20180827_SchumacherKaller_fNIRSVentralDorsal.docx 9
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channels per hemisphere were excluded in ordexcitithte a balanced factorial design. Models were
fitted with a random intercept for the interactibatween the factors identifying the stream of the

source channel, hemisphere, session and partiaigarg maximum likelihood estimation.

Differences of influences between rostral and chasglavell as between and within ventral and dorsal
streams were assessed in Model #1 with the follgwimee fixed factors (Fig. 1) and all resulting
interactions between them: direction (directed ratdons fromrostral toward caudal and from
caudal toward rostral PFC), congruence (directed interactiomshin and between the ventral and
dorsal streams), and level (three levels: theiral, middle, and caudal connection between the
selected channels along the rostro-caudal axi®)dar to analyze differences between the venidl a
the dorsal channels as the sources of influenc®adel #2 we fitted another mixed effects model
considering only rostro-caudally directed influem@nd including (in place of direction) the factor
source which distinguished whether the influence aeeertedy a ventral or by a dorsal channel (Fig.

1). In correspondence with Model #1, the factongelleand congruence as well as all possible
interactions were also implemented in Model #2.eratogether, Model #1 assessed the rostro-caudal
asymmetry of directed interactions and the degfesegregation between the ventral and the dorsal
convexity, whereas Model #2 focused on the ventmsa asymmetry of directed interactions within

the rostro-caudal processing hierarchy.

Positions of the 16 selected channels, the coresidafluences and the fixed factors included irséhe

two models are illustrated in Figure 1 for the IeEmisphere. Significance of fixed effects were
assessed using the anova method (Type Il F-statistith Satterthwaite's approximation of degrees
of freedom) implemented in the ImerTest packagez(ietsova et al., 2016) (version 2.0-33). Post-hoc
comparisons and calculation of confidence band® \werformed using the Ismeans package (Lenth,

2016) (version 2.27-2). Multiplicity was adjustesing Tukey’s method.

20180827_SchumacherKaller_fNIRSVentralDorsal.docx 10
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SOURCE

rostral>caudal | caudal=>rostral

o

0O S
within between

Nn NI N

v VR -»

stream (random factor)

Figure 1,l1llustration of factors included in the linear mixed models and positions of fNIRS channels. Selected
connections for which DC values were analyzed inntiteed models are illustrated here for the left femhere but were
identically applied in the right hemisphere. Herhisge and stream (position of source channel albagéntro-dorsal axis)
were included as random factors in the analysesditection of connections was classified as either rostralaedal or as
caudal-to-rostral. The fact@ongruence divided influences into thoseithin the ventral and dorsal streams (green) and into
thosebetween the ventral and dorsal streams (yellow). The pwsibf connections along the rostro-caudal axghflito dark
colors) was identified by the factéevel. Model #1 considered the factodirection, congruence andlevel. In Model #2,
only directed interactions in rostral-to-caudaledtion were considered, thereby eliminating theofadirection. Instead,
factor source introduced the differentiation between influenceminating from ventral (blue regions) andiorsal (red
regions) PFC. Thus, in Model #2 factamngruence andlevel were analogous to Model #1, except that only restnedally

directed influences were included.

Results

Due to the high number of observations all fixefib&h terms in both models were significant (p <
.05); we therefore only report significant digitSlymo, 2014) of least square means of DC values
(DC.sm) * standard errors and post-hoc tests of intenesthe text and refer the reader to
Supplementary Table S1 for a detailed overviewfigfce statistics. In the followingADC, sy denotes
contrasts (pairwise comparisons) of [3¢values andAADC, sy denotes interaction contrast (pairwise

comparisons of pairwise comparisons).

20180827 _SchumacherKaller_fNIRSVentralDorsal.docx 11
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234 Rostro-caudally directed interactions dissociate into ventral and dorsal components (M odel #1)

235 Directed interactions along the rostro-caudal amishe PFC were assessed by means of directed
236 coherence (DC) from and toward 16 reference chanfpelr hemisphere) placed on the ventral and
237 dorsal convexity of the lateral PFC (Fig. 1). Modd comprised the fixed within-subject factors
238 direction, congruence, and level and the main effec direction revealed that caudally directed
239 influences (DGsy = .417 + .005) were significantly higher than thakrected rostrally (Dgv = .286
240 £ .005; ADCigv = .131 = .004p < .0001). Regarding the main effect for levelluahces at the
241 middle level (DGsy = .370 + .006) were significantly larger than a tlostral (DCsy = .341 £ .006;
242  middle-rostral:ADC sy = .030 £ .005p < .0001) and caudal level (D& = .344 + .006; middle-
243 caudal:ADC sy = .027 + .005p < .0001). There was no significant difference lestwthe rostral and
244  the caudal levelADC sy = .003 £ .005p = .85). The main effect for congruence furthereaded that
245 directed interactions between the ventral and thwsad channel rows (DGy = .338 + .005) were
246 lower than those within ventral and within dorgals (DGsy= .366 + .005ADC sy = .029 + .004p

247 <.0001). The significant two-way interaction beéndevel and direction indicated that the diffeenc
248 Dbetween the directions of influences varied actessls, i.e. across regions along the rostro-caudal
249 axis. The corresponding pairwise comparisons showed (i) on all levels, caudally directed
250 influences were higher than rostrally directeduefices (rostralADC sy = .050 + .008, middle:
251 ADC gy = .214 + .008, caudaADC sy = .130 £ .008; allp < .0001) and (ii) that the difference
252  between directions on the middle level was larganton the rostrahADC sy = .16 +.01p < .0001)
253 and on the caudahADC sy = .08 + .01,p < .0001) level, and larger on the caudal compétwetie
254  rostral level AADC sy = .08 + .01p < .0001). Taken together the rostro-caudal gradi@s strong in

255  the mid-lateral PFC but only weak in the rostraCRFig. 2).

20180827_SchumacherKaller_fNIRSVentralDorsal.docx 12



256
257
258
259
260

261

262

263

264

265

266

267

268

269

270

Ventral and dorsal axes of the rostro-caudal hoésam the PFC

A rostral middle caudal

-

1357 1357 1357

DC
— rostral-caudal - - caudal-rostral
B
.61
4 1/\1
O
()]
21
-e- rostral-»caudal
caudal->rostral

rosltral middle cal.idal

Figure 2:Model #1. Two-way interaction between level and direction. (A) Histogram of DC values aggregated across
factors session, hemisphere, stream and congrueaceach participant contributes one count tcheaistogram. Lines
represent normal distributions fitted to the aggted DC values. (B) Least square means with 95% demde intervals.
Both plots demonstrate a marked prevalence foraastudally directed influences at the middle anadded level, whereas

there was little difference between directionshatriostral level.

Similar effects were established by the significanb-way interactions between direction and
congruence: The rostro-caudal gradient (i.e. ttierdince between caudally and rostrally directed
influences) was always positive, but greater witthan between ventral and dorsal PFC (within:
ADC sy = .143 £ .006p < .0001; betweerADC gy = .119 + .006p < .0001; within vs. between:
AADCi sy = .024 = .009,p = .009). Regarding the interaction between levadl @ongruence,
influences at the middle and caudal level werengjeo within than between channel rows in ventral
and dorsal PFC (middl&\DC sy = .040 + .008, caudahDC, sy = .040 + .008, botip < .0001). At
the rostral level, this difference was concordant, not significant ADC sy = .004 £ .008p = .61).
The contrast of congruence was significantly laigethe middle than on the rostral lev&ADC, sy

= .04 + .01,p =.003), larger on the caudal than on the rosral AADC gy = .04 £ .01p = .003)

20180827_SchumacherKaller_fNIRSVentralDorsal.docx 13
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and equal on the middle and caudal leveADC sy = .00 + .01,p > .99). Finally, the significant
three-way interaction between direction, congruerscel level revealed that (i) for the rostral-to-
caudal direction, again only at the middle and ealelel, influences within ventral and dorsal were
significantly stronger than between ventral andsdbPFC (rostralADC sy = .00 + .01,p = .88;
middle: ADC gy = .07 £ .01, caudaADC sy = .05 + .01, botlp < .0001, Fig. 3 left panels), whereas
(ii) for the caudal-to-rostral direction, this wasly the case at the caudal level (rosttddC sy = .01
+.01,p = .38; middle: ADC gy = .01 £ .01p = .22; caudalADC sy = .03 + .01p = .02, Fig. 3 right
panels). Taken together, for the predominant rbgiraaudal direction, the segregation between
ventral and dorsal PFC was apparent only on thellmiand caudal level. In contrast, for the weaker

caudo-rostrally directed influences the ventro-dbsegregation was evident only on the caudal level

(Fig. 3).
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DC

Figure

rostral->caudal caudal-rostral
rostral middle caudal rostral middle caudal
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/
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61
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21
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ros'tral middle cau'dal ros'tral micidle caljdal
3:Mode #1. Three-way interaction between level, congruence and direction. (A) Histogram of DC values

aggregated across the random factors session, ffremésand stream, i.e. each participant contribates count to each

histogram. Lines represent normal distributiongeditto the aggregated DC values. (B) Least squaresnaith 95%

confidence intervals. For rostro-caudally direciefluences (left panels), DC revealed higher inflees within, than

between dorsal and ventral PFC at the middle andatdevel, while there was no difference at thdreddevel. In contrast,

for the caudal-to-rostral direction (right panetbe caudal level was the only one showing a srhatl significant difference
when comparing influences within vs. between vératna dorsal PFC.

The main results from Model #1 for the 16 seleatbdnnels (Fig. 1) were also reflected by the

renderings of the directed influences across alpf8rontal channels (Fig. 4): Influences between

PFC regions as measured by DC revealed highereimflesfrom rostral references toward caudal

areas thaifrom caudal references toward rostral areas (Fig. 4A). Complementarihfluencesoward

rostral references from caudal areas were inferior to thae@ard caudal references from rostral areas

(Fig. 4B). These relations were observed irrespeatif whether the reference channel was on the

dorsal (Fig. 4 outer columns) or on the ventralvexity (Fig. 4 middle two columns). The net-

influences in terms of the difference between thections of influences, projected on the cortical

surface are illustrated in Supplementary Figure S4.
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>

Influences exerted from reference

oy

DC

Influences exerted toward reference
N WA OO

dorsal ventral ventral dorsal

Figure 4:Influences from (A) and toward (B) reference channels as measured by DC, averaged over both testingpesssi
and all subjects. Reference channels are marke#;l#ach brain represents the average over twoereferchannels. Hot
and cold colors indicate high influences from amdérd reference channels, respectively. (A) Infaesfrom references on
regions rostral to the references wéovever than on regions caudal to the references. (B) Csplerinfluencegoward
references originating in regions rostral to the referencesretigher than in regions caudal to the references. Therasint
between the influences plotted in panels A and &,the net-influences of each reference channéctimg the rostro-

caudal asymmetry of influences is provided in Sepgntary Figure S4.

I nteractions between the ventral and dor sal stream (M odel #2)

Model #2 was designed to assess differences betidkrences exerted by ventral and dorsal
reference channels, regarding only the predomimastral-to-caudal direction. The linear mixed

model comprised the within-subject factors soucomgruence, and level (Fig. 1). For the main effect

of source, influences from ventral channels (G- .456 + .008) were stronger than from dorsal
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channels (DGu = .379 + .008ADC sy = .08 £ .01p < .0001). The main effect of congruence again
showed that directed interactions within ventratl atorsal channel rows (RQ&, = .437 = .006)
exceeded those between rows (B= .397 + .006,ADC sy = .040 = .007p < .0001). The main
effect of level revealed directed interactionshat tostral level (DGy = .366 £ .007) to be lower than
at the middle (DGw = .477 £ .007ADC sy = .111 £+ .008p < .0001) and caudal level (P& = .409

+ .007;ADC sy = .043 £ .008p < .0001). Directed interactions at the middle lavere stronger than
at the caudal leveADC, sy = .069 + .008p < .0001). A significant two-way interaction betwedevel
and congruence again indicated that directed iciierss were higher within than between ventral and
dorsal PFC only at the middIADC, sy = .07 £ .01p < .0001) and caudal leveADC sy = .05 + .01,

p <.0001) and equal in the rostral PRXDC, sy = .00 = .01p = .88). Likewise, a significant two-way
interaction between level and source further shothed the predominance of directed interactions
originating from ventral channels compared to ieflces from dorsal channels increased from rostral
to caudal PFC (rostrahDC sy = .03 = .01,p = .03; middle:ADC sy = .03 + .01,p = .02; caudal:
ADCi sy = .17 £ .01,p < .0001; Fig. 5). A significant two-way interaatidbetween source and
congruence Yyielded that directed interactions fitorsal toward other dorsal channels were higher
than toward ventral channelAlDC sy = .125 + .009,p < .001). In contrast, directed interactions
within ventral channel rows were lower than fronmval toward dorsal PFQADC sy = .045 £ .009,

p < .001). However, a significant three-way intei@ttrevealed a disordinal relationship between
level and congruence for the ventral sources (Figight panels): At the rostral and middle level,
directed interactions from ventral toward dorsalCRIere stronger than within ventral PFC (rostral:
ADC sy = .09 = .02,p < .0001; middleADC sy = .14 + .02,p < .0001), while at the caudal level
interactions within ventral PFC were stronger tfram ventral toward dorsal PFQDC sy = .09 £
.02, p < .0001).For the dorsal sources (Fig. 5, left f@nalirected interactions at the rostral and
caudal levels were stronger on other dorsal charthah on ventral channels (rostreDC, gy = .09 *
.02,p < .0001; middleADC gy = .27 £ .02,p < .0001), but there was no significant differencethe
caudal level ADC sy = .02 £ .02p = .28). In summary, the most pronounced rostralahinfluences
were exerted within the mid-dorsolateral PFC, fronua-ventrolateral toward mid-dorsolateral and

within caudo-ventral regions.
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Figure 5:Model #2. Three-way interaction between level, congruence and source. (A) Histogram of DC values for rostro-
caudally directed influences aggregated acrosdosedsemisphere and streams within ventral andadd?&C, i.e. each
participant contributes one count to each histogiames represent normal distributions fitted te #iggregated DC values.
(B) Least square means with 95% confidence intenfds dorsal sources (left panels), influencesatiée caudally were
always stronger toward other dorsal channels tbamrd ventral channels. This dissociation is masnpunced for the
middle level and was not significant at the caudegl. Influences exerted by ventral sources (rjgdntels) increased from
rostral to caudal PFC. At the rostral and middleslglie influence from ventral to dorsal exceededitfiluence within the

ventral channels, whereas influences within verRFC predominated at the caudal-most level.

L ong-distance connections

To facilitate a balanced factorial design, Model &id #2 considered only connections between
adjacent channels, i.e. only a subset of all ptssibannel pairs. In order to extend the scopdef t
present analyses, Supplementary Model #3 includemecrtions between distant channel pairs and
assessed the rostro-caudal and ventro-dorsal nfége across long-range connections. Results of
Supplementary Model #3 were generally in line witbdel #1 and #2 but additionally revealed that
(i) the rostro-caudal asymmetry of influences iased with the length of connections with the rdstra
most region exerting strong influences on caud& Rind not vice versa) and (ii) that the segregatio

into the ventral and dorsal component was onlytemisfor short connections between rostro-caudally
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355 adjacent channels and not for long-range connextigor further details see Supplementary Analysis

356 (Model #3) and Supplementary Figures S5 — S7.

357  Exhaustive vector representation of influenceswithin and between dorsal and ventral PFC

358 Mixed models #1 - #3 tested hypotheses about inflee of specific directions. However, the spatial
359 representation of connections as vectors allowsoaencomprehensive illustration of influences
360 between PFC regions. Figure 6 therefore shows #&hiwhemisphere connections as vectors
361 superposed on the cortical surface (see also Supplary Figure S8 for a full connectivity matrix).
362 At each channel position, all influences from (F&A) and toward (Fig. 6B) that channel are
363 represented as lines pointing toward the respeéffiehannel with the length of the line defined by
364 the DC value (i.e. representing the strength ofitifleence). Averages across connections of each
365 channel and across connections of all ventral dindbesal channels are shown as arrows with black
366 and white outlines respectively. The vector repreg®n reflects the results of the mixed model
367 analyses as for within-connections, rostral chaam&re stronger causal sources than caudal channels
368 (Fig. 6 A, left) and caudal channels were strorggrsal sinks than rostral channels (Fig. 6 B, .left)
369 For between-connections, ventral channels weragérosources than dorsal channels (Fig. 6 A, right)
370 and dorsal channels were stronger sinks than Vesftesanels (Fig. 6 B, right). The length of arrows
371 representing average within- and average betwedtrences suggest that — contrary to the results of
372 Model #1 — influences were stronger between thahimviventral and dorsal PFC. However, it is
373 essential to recognize that the arrangement of rellarbiased the length of the average vectors.
374  Specifically, the length of between-vectors (rigkghd to sum-up as they all point in a similar
375 direction, while for within-vectors (left) lengthiend to average out. The vector representatiohef t
376 net-influences in terms of the difference betwadtuences exerted by and on channels is shown in

377  Supplementary Figure S9.
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Figure 6:Vector representation of influences within and between ventral and dorsal PFC. Within each hemisphere, all
connections within (green vectors, left) and betwéeellow vectors, right) ventral (blue surface)dasorsal (red surface)
channel pairs are represented by vectors. Therdlien reflects results of the mixed model anadyas (i) rostral channels
exerted stronger influences than caudal channgls(ifficaudal channels received stronger influsnd®n rostral channels
(B) and (iii) influences from ventral toward dorgaFC were stronger than vice versa (A and B, righinbja(A) At the
position P; of channeli the influencei->j is represented as a line of lendif;; pointing toward channgl (B) At the
positionP: of channel the influence <j is represented as a line of len@t ; pointing toward channgl At each position
the average of vectors is indicated by arrows. &igpws with white outlines represent averages famtral and dorsal
channels at the mean position of the respectivenretla (indicated as white circles). Vectors wer&wated in two
dimensions (in the x-z-plane after rotation arothmg x-axis by 15 degrees) and were superposedeocaittical surface for
spatial assignment. Note that the length of meanove for within-connections and between-connestishown as arrows
are not comparable, because for between-connedtighs) the length of vectors tend to sum-up a&sytall point in a similar
direction, while for within-connections (left) do®onality of vectors tend to average out; thusedion and length of mean
vectors are bhiased by the arrangement of channels.
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Discussion

Taking advantage of the sufficiently high tempamadl spatial resolution of multi-channel fNIRS, the
present study used directed coherence as a mezfsimfuences between brain regions to assess the
functional networks of the PFC (Medvedev, 2014)ovhg that activity in caudal PFC is modulated
by activity in its more rostral parts, the preseata provide complementary evidence for the inins
rostro-caudal functional hierarchy within the PF& predicted by extant models of prefrontal
organization (Badre and Nee, 2018). More specliictthe rostro-caudal asymmetry of influences is
most pronounced in the mid-lateral PFC, but onlygimal in its rostral-most part. Furthermore, this

effect is segregated into a ventral and a dorsapoment.

Therostro-caudally directed hierarchy of neural processing in the PFC

Confirming previous assumptions (Badre and D’Edpos2009; Koechlin et al., 2003), Model #1
revealed a predominance of rostro-caudally diredtdiiences. However, this pattern was not
uniformly evident across the rostro-caudal axis,dascted interactions on the rostral-most level
appeared to be almost balanced between both dinsc{Fig. 2). First of all, this finding does not
contradict the general validity of the rostro-cdudararchy hypothesis, because the overall inftasn
from the rostral channetsn the rest of the PFC (Fig. 4A) exceeded by far the influences towarl th
rostral channeldrom the rest of the PFC (Fig. 4B), i.e. the rostro-caudal gradient wasdewni
especially for long connections (also see SuppléangrAnalysis). Second, recent findings indicate
that mid-lateral PFC and not rostral PFC may raprethe apex of the hierarchical processing in the
PFC (Badre and Nee, 2018; Margulies et al., 201€ée lind D’Esposito, 2016) thus suggesting
increased caudo-rostrally directed interactionsvbet mid-lateral and rostral PFC. In line with this

influences from rostral to mid-lateral PFC wereyomlarginally stronger than vice versa.

Yet, the rostral PFC is often associated with tgresentation of the most abstract rules and the
selection of goal-relevant information which shoblel processed within the apex of the hierarchy
(Badre and D’Esposito, 2009, 2007). As such tagkaels were not externally triggered in the
present study, the intrinsic activation level mighive been too low to reveal directed interactimms

this small spatial scale. In turn, the influencegeroa longer distance, however, might have
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accumulated over the intermediate stages of theoroaudal hierarchy. That is, information, assit i
propagated from rostral to caudal PFC, might béckead by intermediate nodes and accumulate on
lower levels of the rostro-caudal hierarchy (Koétht al., 2003; Koechlin and Summerfield, 2007).
The basic idea of this accumulation hypothesibas superordinate information on higher levels seed
to be maintained over time, because it guides semseof information selection processes on lower
levels, which are relevant in a more confined cantmnly (Koechlin et al., 2003; Koechlin and
Summerfield, 2007). In other words, more rostrg@igas maintain persistent information, whereas
more caudal regions process transient informatiibh igher throughput. In line with this, caudally
directed influences on the rostral level were lothan on the middle and caudal level (Fig. 2) dred t
rostro-caudal asymmetry of directed interactionswben more distant regions was higher than
between adjacent regions (see Supplementary Miatéoiaan analysis of long-distance connections
and Supplementary Figure S6). Thus, if neural agtipropagates from rostral to caudal PFC, the
amount of transferred information may increase toweaudal regions, as the information is
substantiated on the intermediate processing stdgesum, the present results argue for the
implementation of cognitive control by a prefrontastro-caudal processing hierarchy that peaks in
mid-lateral PFC rather than in the frontopolar ewrrtcf. Badre and Nee, 2018). However, results also
support a hierarchical relationship between froalapand caudal PFC with rostro-caudal connections
bypassing mid-lateral PFC. Thus, the PFC network comstitute a concentric network topology with
the mid-lateral PFC as the main hub and the frasléopcortex as a complementary downstream route

to caudal PFC.

Ventral and dorsal components of therostro-caudal gradient in the PFC

Model #1 showed that connectivity within dorsal arehtral PFC was stronger than the connectivity
between the two regions and, furthermore, thatdifierence was directionally and regionally spiecif
(Fig. 3). This segregation is also reflected bydifngs concerning differences between ventral and
dorsal PFC in their ontogenetic development (Gogtagl., 2004), in their cytoarchitecture (Petrides
and Pandya, 2002, 1999), in their structural cotivigc with posterior cortex (Saur et al., 2008;
Takahashi et al., 2013), and in their associatigdh different executive functions (Bahlmann et al.,

2012; D’Esposito et al., 1999; Owen, 1997) and ebgndifferential behavioral outcome after
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optogenetic inhibition of PFC subregions in the(Hdrdung et al., 2017). However, while there exist
many studies on the segregation of these two redmg. Bahimann et al. (2015), Blumenfeld, Lee, &
D’Esposito (2014), Swann, Tandon, Pieters, & Ard@13); for reviews see Blumenfeld & Ranganath
(2007), Tanji & Hoshi (2008)), considerably lesteation has been paid on how they may interact. In
this regard, ventral PFC has been shown to be iassdavith the retrieval, selection, and mainteanc
of goal-relevant information (Badre et al.,, 2005ing8e et al., 2004; D’Esposito et al., 1999;
Thompson-Schill et al., 1997), whereas the dorsal |3 additionally recruited for the manipulation
and monitoring of goal-relevant information (Burggeal., 2003; Christoff et al., 2001; D’'Esposito et
al., 1999; Garavan et al., 2000). In Model #2 t&ro-caudally directed interactions from ventrad a
dorsal PFC were considered separately (Fig. 5)atage asymmetric influences between these two
parts of the PFC. It hence seems that the dorsbvamtral components of the rostro-caudal hierarchy
are segregated, but not coequal. More specificaifjuences from ventral toward dorsal PFC were

consistently stronger than from dorsal toward \ariRFC.

If retrieval and selection of information from memmr sensory association cortices is accomplished
by the ventral PFC and manipulation of this infotiora by the dorsal PFC (Bunge et al., 2004; Race
et al., 2009), a bottom-up pathway from ventradtysal PFC seems obvious in that the external
information is introduced by ventral PFC for mangtion in dorsal areas. Yet, the selection process
within the ventral PFC is unlikely to be autonomolist probably supported by top-down feedback
from dorsal PFC (Swann et al., 2013) or gated lyhihsal ganglia (Badre and Frank, 2012; Hazy et
al., 2007). Therefore, hierarchical processingantwal PFC might provide a filter for external itgu
which serve hierarchical processing in dorsal PR@ wurrently relevant information to be involved
in the evaluation of goal directed behavior by twsal processing hierarchy. Thus, from these
assumptions it follows that directed interactiossieen dorsal and ventral PFC should be modulated
by task demands that require the selection of 8pestimuli according to a current task rule. Given
that the present recordings comprised neural &giivia task-free state, these predictions renaivet

tested in future studies.
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Finally, on the rostral-most level in Model #1 wid dot find a predominant direction of rostro-cauda
interactions, but when examining influences fromtva@ and dorsal rostral PFC separately in Model
#2, it was revealed that rostral references exestiehger influences toward dorsal than ventral PFC
This seems to contradict the hypothesis that tigeegation of ventral and dorsal regions would be
more pronounced than their interaction. However tbstral-most reference channels probably
sampled a part of the lateral Brodmann area 10c¢lwlkb-activates with a wide variety of other
prefrontal regions in very different task paradigi@dbert et al., 2010). It has been proposed dnah

10 fulfills a supervisory function and helps to dgiiattention to currently relevant information (Bean

et al., 2005, 2003; Burgess et al., 2007). As sitichight constitute a monitoring entity that evaikes
current abstract goals represented by rostral deaedl revises ongoing action selection processed by
caudal levels of the hierarchy. In this scenarreaalO would not be integrated in the rostro-caudal
hierarchy but differentially interact with each taechical level to regulate the parallel ventrat an
dorsal information cascades. This interpretationaliso supported by the spatial illustration of
influences in Figure 4 and the supplementary arsmbtmnsidering long-range connections from rostral
to caudal PFC (Model #3), which on the one haneakd strong influences exerted by the rostral-
most on the caudal-most level (Supplementary Fi@ée and on the other hand showed that these
long-range connections diwt separate into a ventral and a dorsal componemip{8mentary Figure

s7).

Conclusion

Using the methodological framework of fast samplinglti-channel fNIRS and a frequency-domain
measure of directed functional connectivity, we vite explicit evidence for a rostral-to-caudal
processing hierarchy in the PFC. Consistent wittar@xmodels of prefrontal organization, this
hierarchy is dissociated into a ventral and a darsaponent and peaks in the mid-dorsolateral PFC,

which exerts the highest level of cognitive con{iddre and Nee, 2018).
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