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On the feasibility of assessing connective field maps and
synchronization clusters using 3T fMRI 4

Biologically inspired models of fMRI activity like connective field modeling are
potential tools for the study of human neuronal activity in vivo. However, for
the summary descriptions they provide to become useful tools in brain research,
results should generalize to different magnetic field strengths. To achieve this,
here we try to reproduce results previously obtained at 7T using 3T data. First,
we compute connective field models for V1→V2 and V1→V3. Then, we de-
termine the spatial structure of synchronized activity by detecting clusters of
synchronized fMRI activity. Finally, we compare the results obtained with
different magnetic field strengths. Despite the lower resolution and signal-to-
noise ratio of the 3T data. We find that the results obtained with it are in fair
agreement to those obtained previously with 7T data. Our findings justify and
facilitate the direct comparison of RS and stimulus-evoked activity acquired at
3T.

��� *OUSPEVDUJPO
Thanks to indirect forms of neuronal recordings such as magnetic resonance
imaging, accurate methods to characterize blood oxygen dependent fluctuations
(BOLD) across the human visual cortex have been developed [1, 7, 12, 13]. The
methods implemented in DIBQUFS � (to estimate cortical connective fields) and
DIBQUFS � (to detect synchronization clusters) are examples of this. However,
when a method has been shown to reveal relevant aspects of brain activity using
a high-resolution acquisition approach (e.g. 7 Tesla fMRI), it is also important
to assess its performance using a lower-resolution approach (at 3 Tesla fMRI).
Higher magnetic fields increase the signal-to-noise (SNR) ratio, the tissue spe-
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cificity and the spatial resolution of fMRI recordings. However, 3T scanners
are much more abundant than 7T. Therefore, it is important to determine the
limitations and applicability of those methods in providing meaningful markers
of neuronal activity at different magnetic field strengths. To generalize results
obtained at a higher magnetic field, key findings should be reproducible at lower
magnetic fields.

In DIBQUFS � [10], we have used blood-oxygen level dependent (BOLD) fluc-
tuations recorded using 7T fMRI during resting-state (RS) to study intrinsic
functional connectivity across visual cortical areas using the connective field
(CF) modeling method [12] and shown that spontaneous fluctuations in BOLD
activity are retinotopically organized. Based on the hypothesis that BOLD
cofluctuations between topographically connected maps reflect the underlying
neuroanatomical organization, CF modeling enables the characterization of a
target recording site (e.g. V2 and V3) in terms of the aggregate BOLD activity
in a source brain area (e.g. V1), thus providing a description of the preferred loc-
ations on the cortical surface to which these target sites respond. Locations in
primary visual cortex are associated with visual field positions obtained during
visual field mapping (VFM). Therefore, visual field coordinates can be inferred
for the target recording sites from the preferred locations in the source region,
allowing the reconstruction of visuotopic maps even in the absence of a stimulus
(i.e RS). Here, we ask whether RS data recorded at 3T can also reveal mean-
ingful CF maps. In addition, we ask whether the phase synchronization based
parcellation approach implemented in DIBQUFS � reveals similar patterns when
applied to 3T data.

To assess these questions, we apply the two methods to RS and VFM BOLD
data recorded at 3T fMRI and qualitatively compare the results to those ob-
tained in our previous studies using 7T fMRI [10, 11] (See DIBQUFST � � �).
To preview our results, we find that CF parameters determined based on 3T
fMRI data are noisier yet still fairly comparable to those based on 7T data.
Phase synchronization clusters are also comparable.

In addition to the lower spatial resolution and SNR of 3T, we identify as
sources of noise and variability the lower quality of the gray/white matter seg-
mentations, motion related artifacts and difficulties in the alignment of the RS
functional data with the anatomical volumes.

We will show that 3T fMRI data can be used to derive biologically plausible
CF models and synchronization clusters from RS data, yet care must be taken
when assessing and interpreting the results, given various sources of variabil-
ity that are more prominently present at 3T. In future studies, improvements
to the analysis, the measurement and the preprocessing approaches could help
overcome such limitations.

��� .BUFSJBMT BOE .FUIPET
����� 1BSUJDJQBOUT
Data was acquired for four female right-handed participants with normal visual
acuity (age 20-30). Experimental procedures were approved by the medical
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ethics committee of the University Medical Center Groningen.

����� 4UJNVMVT
Visual stimuli were presented on an MR compatible display screen (BOLD-
screen 24 LCD; Cambridge Research Systems, Cambridge, UK). The screen
was located at the head-end of the MRI scanner. Participants viewed the screen
through a tilted mirror attached to the 32-channel SENSE head mounted coil.
Distance from the eyes to the screen (measured through the mirror) was approx-
imately 75 cm. Screen size was 36×23 degrees of visual angle. The stimuli were
generated in Matlab (Mathworks, Natick, MA, USA), using the Psychtoolbox
[5, 16]. The visual field mapping paradigm consisted on a drifting bar aperture
defined by high-contrast flickering texture [8]. The bar aperture moved in 8
different directions (four bar orientations: horizontal, vertical and the two di-
agonal orientations), with for each orientation two opposite directions). The
bar moved across the screen in 16 equally spaced steps each lasting 1 TR. After
each pass and a half, 12 s of a blank stimulus at mean luminance was presented
full screen. To ensure stable fixation, participants were instructed to focus on
a colored dot in the center of the screen and press a button as soon as the dot
changed color.

����� 3FTUJOH TUBUF
During the resting state scans, the stimulus was replaced with a black screen and
participants closed their eyes. The lights in the scanning room were off. The
room was in complete darkness. Participants were instructed to let their mind
roam freely (e.g. not focus on one specific thought) , and not to fall asleep.

����� %BUB BDRVJTJUJPO
High-resolution T1-weighted structural images were acquired on a 3 Tesla scan-
ner (Philips, Best, Netherlands) using a 32-channel head coil at a resolution of
1× 1× 1 mm, with a field of view of 256× 256× 170 mm. TR was 9 ms, TE
was 3.54 ms. Functional, T2*-weighted, 2D echo planar images were acquired
at a voxel resolution of 2.5× 2.5× 2.5, with a field of view of 190× 190× 50
mm. TR was 1500 ms, TE was 30 ms. The slice orientation was approximately
parallel to the calcarine sulcus. The VFM scan lasted 210 s (e.g. 132 acquisi-
tions) per run. Eight volumes were discarded from the beginning of each scan
to ensure the signal had reached a steady state. The RS scan lasted 370 s per
run and a total of 340 volumes functional scans were acquired. In total, 3 VFM
and 2 RS runs were acquired. For VFM, the acquired volume covered occipital
and frontal regions but not dorsal regions. A short anatomical scan with the
same field of view of the VFM functional scans was acquired and used to ob-
tain a good alignment between the VFM functional data and the anatomical
volume. For RS, the whole brain was recorded. For the alignment of the RS
data, the mean functional data was used, which generally resulted in a slightly
less accurate alignment.
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����� 1SFQSPDFTTJOH
Gray and white matter were automatically segmented using Freesurfer and hand
edited in ITKGray to minimize segmentation errors [18]. The cortical sur-
face was reconstructed at the white/gray matter boundary and rendered as a
smoothed 3D mesh [19]. Motion correction within and between scans was ap-
plied for the VFM and the RS scans [15]. To clean the resting state signals
from DC drift and reduce high frequency nuisance, time courses were band
pass filtered with a high-pass discrete cosine transform filter (DCT) with cut-
off frequency of 0.01 Hz and a low-pass 4th order Butterworth filter with cutoff
frequency of 0.1 Hz. Finally, functional data were aligned to the anatomical
scans [15] and interpolated to the anatomical segmentation space.

����� "OBMZTJT
Since the focus of the present study was to compare methods results obtained
at 3T with those previously obtained at 7 T (in DIBQUFS � � �), here we just
summarize key steps in the analysis. Further details about the methods can be
found in DIBQUFS � � �.

������� 1PQVMBUJPO SFDFQUJWF mFME NBQQJOH
As described in previous chapters, visual field maps V1, V2 and V3 were mapped
using the population receptive field (pRF) method [8]. Briefly, the method con-
sists in combining 2D Gaussian models of the underlying neuronal population
response, a two-gamma model of the hemodynamic response [4], and the stim-
ulus aperture, to generate predictions of the VFM evoked BOLD responses.
The pRF parameters associated with the best fMRI time series predictions are
then chosen to summarize the response of each recording point [8].

������� $POOFDUJWF mFME NBQQJOH
Connective field (CF) model parameters were estimated for both the VFM and
RS scans in the same manner as described in DIBQUFS �. Briefly, the method
consists of summarizing the activity of the recording sites of a target region of
interest (ROI) in terms of the aggregate activity contributed by a set of record-
ing sites in a source ROI [12]. The aggregate activity of these sites is obtained by
calculating the Gaussian weighted sum of the measured signals (thus including
the preferred recording site and its neighbours). The resulting candidate times
series predictions of the aggregate activity are compared to the measured time
series of each recording point in the target ROI (V2 and/or V3), and the best
fitting prediction and its associated CF parameters (position and size) are then
selected. Furthermore, because CF preferred locations on the cortical surface
are associated with preferred visual field positions during pRF mapping [12],
coordinates in visual space can be inferred for target recording sites, allowing
the reconstruction of visuotopic maps using RS data (See DIBQUFS � [10]). CF
models were estimated for each participant, scan (VFM and RS), and visual field
map combination (V1→V2 and V1→V3). The source and target ROIs used
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to compute CF models were defined in the first layer of the cortical surface re-
construction. To compare the CF map scatter between 3T and 7T- derived CF
estimates, we computed the VFM-referred CF position displacement (see sec-
tion 2.2.6.4). To assess the topographic organization of CF maps, eccentricity
and polar angle CF maps were compared to pRF maps (and also between VFM-
and RS-derived CF maps) using Pearson and circular correlation respectively.
Finally, we examined the relationship between CF size and pRF eccentricity.

������� 1BSDFMMBUJPO JOUP TZODISPOJ[BUJPO DMVTUFST
First, we established the degree of synchronization of low-frequency BOLD
fluctuations by computing the phase locking values (PLV) between the instant-
aneous phase of the band-pass filtered BOLD signas of all pairs [9, 14, 17, 11]
of recording sites within a visual field map. Estimates of the instantaneous
phase were obtained by using the Hilbert transform. After obtaining instantan-
eous phase estimates for each recording site, we discarded the 5 first and 5 last
time points and computed PLV matrices for each participant, scan and visual
field map. This matrix summarizes the average synchronization tendency of
low-frequency BOLD fluctuations over the scanning session [17, 11].

Second, we identify clusters of highly synchronized neighbouring recording
sites. To this end, we first select the 5% strongest entries in the PLV matrices,
and next, pruned these by setting the phase locking values of recording sites bey-
ond 3 mm of cortical distance to zero. Cortical distance was computed using
Dijkstra’s algorithm [6]. Pruning the PLV matrices before clustering helped
minimize the contribution of long-range interactions while maintaining local
interaction structure. subsequently, we clustered the pruned PLV matrices us-
ing an iterative implementation of the Louvain clustering algorithm [3]. Start-
ing from the PLV matrices from each individual RS and VFM scans, this ap-
proach converges —for each condition— to the most probable phase synchron-
ization (PS) cluster partition [2] (Further details about the implementation of
this approach can be found in DIBQUFS � [11]). PS clusters were estimated for
each condition, participant and visual field map. To aid visualization, we render
the resulting clusters in visual space (using the pRF positions of the recording
sites in each cluster).

Finally, we examined the shape of the clusters in terms of their visuotopic
organization. To this end, we computed the binomial probability of any two
recording sites sharing a cluster (cluster membership probability) as a function
of the visual field distance between their pRFs (for bins of 0.25 deg of visual
field distance). Visual field distances between all recording pairs were estim-
ated for the radial and arc directions as the difference in their corresponding
pRF eccentricities and arc distance, respectively. To estimate how the cluster
membership probability changed with radial and arc distance, we fitted bino-
mial distributions and estimated the decay factor of these probabilities. Fits
were computed after grouping the probabilities over areas, participants and con-
ditions (See DIBQUFS � for details [11]).
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5BCMF ���� $PSSFMBUJPOT CFUXFFO WJTVBM mFME NBQT EF�
SJWFE VTJOH QPQVMBUJPO SFDFQUJWF mFME BOE DPOOFDUJWF
mFME NPEFMJOH� $PSSFMBUJPOT XFSF DPNQVUFE UP FTUJNBUF UIF
BHSFFNFOU PG UIF FDDFOUSJDJUZ 	S 1FBSTPO DPSSFMBUJPOT
 BOE QP�
MBS BOHMF 	ϑ DJSDVMBS DPSSFMBUJPOT
 NBQT JO 7� BOE 7� EFSJWFE
VTJOH Q3' NPEFMJOH UP UIPTF EFSJWFE GSPN WJTVBM mFME NBQ�
QJOH BOE SFTUJOH TUBUF EBUB VTJOH UIF DPOOFDUJWF mFME NFUIPE�
(SPVQFE EBUB GSPN � QBSUJDJQBOUT 	TJY IFNJTQIFSFT
�

7'. 34� 34�
r ϑ r ϑ r ϑ

7�→7� 0.90 0.93 0.43 0.71 0.47 0.76
7�→7� 0.85 0.83 0.19 0.41 0.25 0.43

��� 3FTVMUT
An important requisite for the implementation of CF modeling is the success-
ful mapping of visual field position selectivity for the cortical regions of interest,
particularly the source region. Here we assessed this by using population re-
ceptive field (pRF) mapping [8]. However, pRF mapping depends on the ad-
equate segmentation of gray and white matter. To illustrate the influence of the
segmentation on the results, here we show results for a brain with a satisfactor-
ily and an unsatisfactorily (pRF) mapped hemisphere (see top panels in Figure
4.1) in which V1 and dorsal V2 and V3 could not be satisfactorily mapped.
Adequate segmentations could be obtained for 6 hemispheres out of the 5 avail-
able brains only. As a consequence, we report CF properties based on those 6
hemispheres.

����� %FSJWJOH DPOOFDUJWF mFME FTUJNBUFT GSPN 7'. BOE 34 �5
G.3* BDUJWJUZ

Figure 4.1 (bottom panels) illustrates CF maps derived from VFM and RS data
obtained using 3T fMRI. With a good segmentation provided, VFM-derived
CF maps obtained using 3T are of a similar quality to those obtained when
using 7T fMRI (compare left hemisphere in Figure 4.1 to top panel in Figure
2.3) [12, 10]. Similar to what was previously observed at 7T, RS-derived CF
maps partly reflect the functional topographic organization revealed with pRF
mapping. However, VFM-referred displacements in CF position (CF-scatter)
was greater in RS-CF maps derived at 3T than those obtained at 7T. Median
CF-scatter for RS1-derived V1→V2 and V1→V3 CF maps was 21.5 mm and
19.5 mm respectively whereas for RS was 19 mm, 17.4 mm. These values ap-
proximately doubled those obtained at 7T (see Figures 2.3 & 2.4A).

We then quantified the visuotopic organization of the resulting CF maps by
correlating the CF-derived eccentricity and polar angle to their corresponding
pRF-derived counterparts. Table 4.1 illustrates these results. The best agree-
ment was found for V1→V2 CF models. These values are comparable to those
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4.3. Results

'JHVSF ���� 7JTVBMJ[BUJPO PG Q3' BOE $' NBQT PCUBJOFE GSPN 7'. BOE 34 �5 G�.3* EBUB
GPS B TJOHMF QBSUJDJQBOU� 'SPN MFGU UP SJHIU� FDDFOUSJDJUZ QPMBS BOHMF BOE Q3'�$' TJ[F� ǲF UPQ
UXP QBOFMT DPSSFTQPOE UP Q3' BOE $' NBQT 	GPS 7�→7� BOE 7�→7�
 EFSJWFE GSPN 7'.
FTUJNBUFT� ǲF MPXFS QBOFMT TIPX QBSBNFUFS FTUJNBUFT GPS UXP SFTUJOH TUBUF SVOT� .FEJBO $'�
TDBUUFS GPS 34��EFSJWFE 7�→7� BOE 7�→7� $' NBQT XBT �� NN BOE ���� NN SFTQFDUJWFMZ
XIFSFBT GPS 34 XBT ���� NN ���� NN� " UISFTIPME ����� WBSJBODF FYQMBJOFE XBT BQQMJFE GPS
WJTVBMJ[BUJPO BOE DPNQVUBUJPO PG $'�TDBUUFS� 5P JMMVTUSBUF UIF JOnVFODF PG UIF TFHNFOUBUJPO XF
TIPX SFTVMUT GPS B TBUJTGBDUPSJMZ 	MFGU
 BOE BO VOTBUJTGBDUPSJMZ 	Q3'
 NBQQFE 	SJHIU
 IFNJTQIFSF�
%BUB BSF GPS QBSUJDJQBOU ��
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5BCMF ���� $PSSFMBUJPOT CFUXFFO $' NBQT EFSJWFE GSPN
7'. BOE 34 EBUB� $PSSFMBUJPOT XFSF DPNQVUFE UP FTUJNBUF
UIF BHSFFNFOU PG UIF FDDFOUSJDJUZ 	S 1FBSTPO DPSSFMBUJPOT
 BOE
QPMBS BOHMF 	ϑ DJSDVMBS DPSSFMBUJPOT
 NBQT JO 7� BOE 7� EF�
SJWFE VTJOH $'NPEFMJOH� 34�EFSJWFE NBQT XFSF NPSF TJNJMBS
UP UIF 7'.�EFSJWFE NBQ UIBO CFUXFFO UIFN� (SPVQFE EBUB
GSPN � QBSUJDJQBOUT 	TJY IFNJTQIFSFT
�

7'.�34� 7'.�34� 34��34�
r ϑ r ϑ r ϑ

7�→7� 0.3 0.71 0.36 0.74 0.3 0.61
7�→7� 0.23 0.4 0.3 0.38 0.15 0.25

shown in [12] (see Table 1 in Haak et al. [12]). Additionally, we computed
correlations between CF maps derived from VFM and RS. Table 4.2 shows
that RS-derived CF maps were more similar to VFM-derived CF maps than
between them.

Finally, we examined the relationship between CF size and pRF eccentricity.
Figure 4.2 shows a weak but significant correlation of CF size with eccentricity
in VFM but not for RS. The same trend was observed in results obtained at
7T. However, comparing Figure 4.2 to Figure 2.6 (DIBQUFS �) shows that the
average CF size values for VFM data obtained at 3T ( 2 mm) were smaller than
those obtained at 7T ( 3 mm).

����� 4ZODISPOJ[BUJPO DMVTUFST EFSJWFE GSPN 7'. BOE 34 �5
G.3* BDUJWJUZ

Both in VFM and RS, clustering the most synchronized neighbouring record-
ing sites revealed a modular structure that grouped locations with similar visual
field position selectivity. Using each recording sites pRF position, Figure 4.3
illustrates synchronization clusters in visual field space (for the same participant
shown in Figure 4.1). Note that the perimeter of some clusters in the left visual
hemifield of V1 (left column in each condition) extend into the right hemifield.
This apparent elongation is the consequence of poor pRF mapping (for V1 and
dorsal V2/V3 in the right hemisphere, see top panel in Figure 4.1).

Finally, we examined how the probability of any two recording sites sharing
a cluster decreased with the visuotopic distance between them (in the radial
and arc directions). The range of shared cluster membership was greater along
the radial direction compared to the arc direction both in VFM (decay factor:
1.48◦for the radial direction and 0.24◦for the arc direction) and in RS (decay
factor: 2.35◦for the radial direction and 0.39◦for the arc direction). However,
decay factors for both directions were slightly larger in RS. A similar pattern
was observed in 7T data (decay factors for VFM: 1.65◦for the radial direction
and 0.25◦for the arc direction; for RS: 1.93◦for the radial direction and 0.3◦for
the arc direction).
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4.3. Results

'JHVSF ���� $POOFDUJWF mFME TJ[F BT B GVODUJPO PG Q3' FDDFOUSJDJUZ JO 7� BOE 7�� " XFBL
CVU TJHOJmDBOU DPSSFMBUJPO XBT GPVOE JO 7'. CVU OPU GPS 34� (SBZ DJSDMFT BSF UIF SBX EBUB
CFUXFFO ��� EFH PG FDDFOUSJDJUZ� 3FE EPUT JOEJDBUF UIF 7&�XFJHIUFE NFBO $' TJ[F NFBO PG FBDI
� EFH FDDFOUSJDJUZ CJO� -JOFBS mUT XFSF DBMDVMBUFE GPS UIFTF NFBOT� %BTIFE MJOFT DPSSFTQPOE UP
UIF ��� CPPUTUSBQ DPOmEFODF JOUFSWBM PG UIF MJOFBS mU 	���� JUFSBUJPOT
� ǲF 1FBSTPO DPSSFMBUJPO
DPFĆDJFOU GPS UIF SBX EBUB CFUXFFO ��� EFH PG FDDFOUSJDJUZ JT SFQPSUFE UPHFUIFS XJUI JUT Q�WBMVF�
(SPVQFE EBUB GSPN � QBSUJDJQBOUT 	TJY IFNJTQIFSFT
�

����� -JNJUBUJPOT
Since an accurate identification of visual field maps could not always be ac-
complished with the current 3T data set, the present implementation of the
assessed methods and interpretability of the results remains somewhat limited.
We categorized the potential limitations affecting the obtention of meaningful
CF models in two categories: 1) Factors relating to the acquisition and pre-
processing of the data (i.e artifacts resulting from excessive movement, poor
segmentation and misaligned volumes that may hinder an accurate pRF map-
ping. 2) Factors relating to the nature of the measurements (lower resolution,
tissue specificity and SNR).

We attribute the differences between 3T- and 7T-derived results mostly to
the second category. Problems derived from the acquisition and preprocessing
of the data can be identified, controlled and avoided, but the nature of the meas-
urements cannot be easily changed. For example, achieving a good alignment
and segmentation is crucial for obtaining good results –regardless of the mag-
netic field strength. Procedures such as using a short anatomical scan with the
same field of view than the functional volumes to guide the alignment greatly
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'JHVSF ���� 4ZODISPOJ[BUJPO DMVTUFST PCUBJOFE GSPN 7'. BOE 34 G.3* EBUB GPS B TJOHMF QBS�
UJDJQBOU� ǲF DMVTUFST BSF EFQJDUFE BT B QFSJNFUFS JO WJTVBM mFME TQBDF 	IFNJmFMET
 VTJOH FBDI
SFDPSEJOH TJUFT Q3' QPTJUJPOT 	POMZ SFDPSEJOH TJUFT XJUIJO ��� EFHSFFT PG FDDFOUSJDJUZ XFSF VTFE
�
%BUB BSF GPS QBSUJDJQBOU � 	TBNF BT JO 'JHVSF ���
�

'JHVSF ���� $MVTUFS NFNCFSTIJQ QSPCBCJMJUZ BT B GVODUJPO PG WJTVBM mFME EJTUBODF JO 34 BOE
7'.� ǲF QSPCBCJMJUZ PG BOZ UXP SFDPSEJOH TJUFT TIBSJOH B DMVTUFS EFDSFBTFT XJUI UIF WJTVPUPQJD
EJTUBODF CFUXFFO UIFN GPS CPUI JO UIF SBEJBM 	CMVF
 BOE BSD 	SFE
 EJSFDUJPOT� 5P RVBOUJGZ UIFTF
EFDSFBTFT XF mU BO FYQPOFOUJBM EFDBZ GVODUJPO 	DPMPSFE MJOFT
 UP UIF CJOPNJBM QSPCBCJMJUJFT PG
FBDI ����◦CJO� ǲF FSSPS CBST DPSSFTQPOE UP DPOmEFODF JOUFSWBM PG UIF CJOT� ǲF DPOUJOVPVT
USBDF DPSSFTQPOET UP UIF CJOPNJBM QSPCBCJMJUZ mU PG BMM EBUB XJUIJO ���◦PG WJTVPUPQJD EJTUBODF�
ǲF SBOHF PG DMVTUFS NFNCFSTIJQ QSPCBCJMJUZ XBT HSFBUFS BMPOH UIF SBEJBM EJSFDUJPO DPNQBSFE UP
UIF BSD EJSFDUJPO CPUI JO 7'. 	EFDBZ GBDUPS� ����◦GPS UIF SBEJBM EJSFDUJPO BOE ����◦GPS UIF BSD
EJSFDUJPO
 BOE JO 34 	EFDBZ GBDUPS� ����◦GPS UIF SBEJBM EJSFDUJPO BOE ����◦GPS UIF BSD EJSFDUJPO
�
ǲF TQSFBE XBT HSFBUFS BMPOH UIF SBEJBM EJSFDUJPO DPNQBSFE UP UIF BSD EJSFDUJPO� %BUB BSF GPS �
QBSUJDJQBOUT�
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improves its quality. Unfortunately, such a short anatomical scan was not ac-
quired for the RS data. Therefore, the alignment of the RS data was achieved
manually using the mean functional volumes. Unfortunately, this procedure
is less accurate and more prone to human error than using a short anatomical
volume to guide the alignment. This resulted in the RS data being less accur-
ately matched to the surface reconstruction and therefore —potentially— in
higher levels of measurement error. It is important to note that the skills neces-
sary to obtain a good alignment using the mean functional data are difficult to
achieve, yet crucial. In future studies, extra care in this step is advised. Whole
brain functional volumes typically suffer from signal drop-off and inhomogen-
eous intensity. These artifacts depend on the coil used and can be minimized.
The take home message is: always acquire a short anatomical scan, regardless
of your protocol, and ideally refine the segmentation and alignment by hand.

Another limitation is that here we compare results obtained from different
magnetic strength fields and participants. A comparison of 3T- and 7T-derived
results obtained from the same participants would be desirable. Moreover, we
show CF maps and PS clusters for a participant in which the right hemisphere
was not satisfactorily segmented. While this can be seen as a limitation, it
helped to emphasize the influence of segmentation quality. By illustrating sat-
isfactory and an unsatisfactory results in the same brain, Figure 4.1 stress that
the specificity and accuracy of pRF and CF modeling is crucially dependent on
the quality of the data (alignment and segmentation).

Nevertheless, we believe that the present study suffices to demonstrate that
meaningful CF models and PS clusters can be obtained from 3T data. Visuo-
topically organized CF maps obtained at 3T were not as accurate as those based
in 7T data, but still fairly meaningful to aid the analysis and interpretation of
3T data, and perhaps serve as a tool to explore cortico-cortical interactions in
other experimental conditions and cortical areas.

��� $PODMVTJPO
We have shown that two measures of local fMRI activity, CF estimates and
phase synchronization clusters can be obtained based on 3T fMRI data. For
CF models, a fair agreement can be observed between VFM/RS-based CF
maps and pRF maps, and good agreement between different RS-based based
CF maps. PS clusters obtained from VFM and RS were also in good agreement.
Both CF models and PS clusters results were qualitatively similar to those pre-
viously observed for 7T data. This corroborates the view that local functional
connectivity reflects the underlying neuroanatomical architecture and endorses
3T fMRI as a suitable tool to study the extent of variability of these processes.

��� 3FGFSFODFT
[1] Kevin M Aquino, Mark M Schira, P A Robinson, Peter M Drysdale,

and Breakspear Michael. Hemodynamic traveling waves in human visual
cortex. 1-P4 $PNQVU� #JPM�, 8(3):e1002435, 2012.

69



. On the feasibility of assessing connective field maps and
synchronization clusters using T fMRI

[2] Richard F Betzel, Griffa Alessandra, Avena-Koenigsberger Andrea, Goñi
Joaquín, Thiran Jean-Philippe, Hagmann Patric, and Sporns Olaf. Multi-
scale community organization of the human structural connectome and its
relationship with resting-state functional connectivity. /FUXPSL 4DJFODF, 1
(03):353–373, 2013.

[3] Vincent D Blondel, Jean-Loup Guillaume, Renaud Lambiotte, and
Etienne Lefebvre. Fast unfolding of communities in large networks. +�
4UBU� .FDI�, 2008(10):P10008, 9 October 2008.

[4] Geoffrey M. Boynton, Stephen A. Engel, Gary H. Glover, and David J.
Heeger. Linear Systems Analysis of Functional Magnetic Resonance Ima-
ging in Human V1. +PVSOBM PG /FVSPTDJFODF, 16(13):4207–4221, July 1996.

[5] D H Brainard. The psychophysics toolbox. 4QBU� 7JT�, 10(4):433–436,
1997.

[6] E W Dijkstra. A note on two problems in connexion with graphs. /VNFS�
.BUI�, 1(1):269–271, 1959.

[7] Serge O Dumoulin and Brian A Wandell. Population receptive field es-
timates in human visual cortex. /FVSPJNBHF, 39(2):647–660, 15 January
2008.

[8] Serge O Dumoulin and Brian A Wandell. Population receptive field es-
timates in human visual cortex. /FVSPJNBHF, 39(2):647–660, 15 January
2008.

[9] Enrico Glerean, Juha Salmi, Juha M Lahnakoski, Iiro P Jääskeläinen, and
Mikko Sams. Functional magnetic resonance imaging phase synchroniz-
ation as a measure of dynamic functional connectivity. #SBJO $POOFDU�, 2
(2):91–101, 11 June 2012.

[10] Nicolás Gravel, Ben Harvey, Barbara Nordhjem, Koen V Haak, Serge O
Dumoulin, Remco Renken, Branislava Curčić-Blake, and Frans W Cor-
nelissen. Cortical connective field estimates from resting state fMRI activ-
ity. 'SPOU� /FVSPTDJ�, 8:339, 31 October 2014.

[11] Nicolás Gravel, Ben M. Harvey, Remco J. Renken, Serge O. Dumoulin,
and Frans W. Cornelissen. Phase-synchronization-based parcellation of
resting state fMRI signals reveals topographically organized clusters in
early visual cortex. /FVSP*NBHF, September 2017. .

[12] Koen V Haak, Jonathan Winawer, Ben M Harvey, Remco Renken,
Serge O Dumoulin, Brian A Wandell, and Frans W Cornelissen. Con-
nective field modeling. /FVSPJNBHF, 66:376–384, 1 February 2013.

[13] Koen V. Haak, Andre F. Marquand, and Christian F. Beckmann. Con-
nectopic mapping with resting-state fMRI. /FVSP*NBHF, June 2017. .

70



4.5. References

[14] Angela R Laird, Baxter P Rogers, John D Carew, Konstantinos Arfanakis,
Chad H Moritz, and M Elizabeth Meyerand. Characterizing instantan-
eous phase relationships in whole-brain fMRI activation data. )VN�#SBJO
.BQQ�, 16(2):71–80, June 2002.

[15] O Nestares and D J Heeger. Robust multiresolution alignment of MRI
brain volumes. .BHO� 3FTPO� .FE�, 43(5):705–715, May 2000.

[16] D G Pelli. The VideoToolbox software for visual psychophysics: trans-
forming numbers into movies. 4QBU� 7JT�, 10(4):437–442, 1997.

[17] Adrián Ponce-Alvarez, Gustavo Deco, Patric Hagmann, Gian Luca Ro-
mani, Dante Mantini, and Maurizio Corbetta. Resting-state temporal
synchronization networks emerge from connectivity topology and hetero-
geneity. 1-P4 $PNQVU� #JPM�, 11(2):e1004100, February 2015.

[18] P C Teo, G Sapiro, and B A Wandell. Creating connected representations
of cortical gray matter for functional MRI visualization. *&&&5SBOT�.FE�
*NBHJOH, 16(6):852–863, 1997.

[19] B A Wandell, S Chial, and B T Backus. Visualization and measurement
of the cortical surface. +� $PHO� /FVSPTDJ�, 12(5):739–752, September 2000.

71






