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Zusammenfassung
!

Ziel: Untersuchung der Verteilung von Koaktivie-
rungsmustern der kürzlich entdeckten ventralen
visuellen Areale FG1 und FG2 auf dem posterioren
Gyrus fusiformis mit dem neuartigenmeta-analy-
tischen Verfahren PaMiNI (PatternMining in Neu-
roImaging).
Material und Methoden: Alle Neurobildgebungs-
studien, die Aktivierungen in FG1 oder FG2 be-
richten, wurden aus der BrainMap Datenbank
abgerufen. Die berichteten stereotaktischen Akti-
vierungsfoci im standardisierten Referenzraum
wurden mit PaMiNI analysiert. Hierbei wurde
Gaussian mixture modeling auf die dreidimen-
sionalen Koordinaten der Aktivierungen ange-
wandt, um die dem entsprechenden Datensatz
zugrunde liegenden Hirnregionen zu identifi-
zieren. Anschließend wurde eine Assoziations-
analyse durchgeführt, welche häufige Koak-
tivierungsmuster zwischen den modellierten
Hirnregionen erkennen lässt.
Ergebnisse: Die Koaktivierungsmuster von FG1
waren hauptsächlich innerhalb des visuellen
Systems zu finden, insbesondere in frühen vi-
suellen Arealen, und sie waren symmetrisch be-
züglich der beiden Hemisphären. FG2 wies zahl-
reiche extra-visuelle Koaktivierungen auf, vor
allem zu interioren frontalen, prämotorischen
und parietalen Regionen. Zudem zeigten die
Koaktivierungen von FG2 eine klare Lateralisie-
rung zur linken Seite.
Schlussfolgerung: In der Hierarchie des ventralen
visuellen Systems zeigt FG1 Merkmale eines in-
termediären visuellen Areals zwischen den frü-
hen visuellen und den Kategorie-spezifischen hö-
heren Arealen. Die Koaktivierungen von FG2
weisen darauf hin, dass FG2 ein hierarchisch hö-
heres Areal ist, welches wahrscheinlich der pos-
terioren „fusiform face area“ und anteilig der „vis-
ual word-form area“ entspricht.

Abstract
!

Purpose: To investigate the distribution of co-ac-
tivation patterns of the recently identified ventral
visual areas FG1 and FG2 of the posterior fusiform
gyrus using the novel meta-analytic approach Pa-
MiNI (Pattern Mining in NeuroImaging).
Materials and Methods: All neuroimaging experi-
ments reporting activation foci within FG1 or FG2
were retrieved from the BrainMap database. The
stereotaxic activation foci in standard reference
space were analyzed with PaMiNI. Here, Gaussian
mixture modeling was applied to the stereotaxic
coordinates of all foci to identify the underlying
brain regions of each dataset. Then, association a-
nalysis was performed to reveal frequent co-acti-
vations across the modeled brain regions.
Results: Co-activation patterns of FG1 were main-
ly found within the visual system, i. e. in early vis-
ual areas, and were symmetrically distributed
across both hemispheres. FG2 features several ex-
tra-visual co-activations, mainly to inferior fron-
tal, premotor and parietal regions. Furthermore,
the co-activations of FG2 showed clear lateraliza-
tion to the left FG2.
Conclusion: FG1 shows characteristics of an inter-
mediate visual area between the early ventral vis-
ual cortex and the category-specific higher-order
areas. Co-activation patterns of FG2 indicate that
FG2 is a higher-order visual area that probably
corresponds to the posterior fusiform face area
and partly the visual word-form area.
Key points

▶ Co-activation patterns of areas FG1 and FG2
were analyzed with PaMiNI.

▶ FG1 features mainly symmetric co-activations
to areas of the visual system.

▶ FG2 shows several extra-visual co-activations,
which are left-lateralized.

▶ FG1 corresponds to a hierarchically intermedi-
ate, FG2 to a higher-order visual area.
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Introduction
!

The human ventral visual cortex facilitates its complex function
of visual object recognition by processing the visual information
in a series of hierarchically arranged stages. This hierarchy is im-
plemented in structurally and functionally distinct brain areas of
the ventral visual cortex in a posterior-to-anterior direction,
where the most occipital areas represent the unimodal informa-
tion close to the visual input. More global and invariant represen-
tations emerge consecutively in themore rostral areas of the ven-
tral occipitotemporal cortex [1]. The early ventral visual cortex of
the occipital lobe comprises areas V1, V2v, V3v and hV4 (●" Fig. 1),
which show a retinotopic organization, meaning that neighbor-
ing points of the visual field are represented in adjacent groups
of neurons. These areas preprocess the visual information for la-
ter higher visual areas and enable the detection of contours, sim-
ple shapes and color [2]. The higher-order visual cortex in the
ventral temporal lobe includes a variety of highly specialized
functional areas that facilitate the categorization and recognition
of specific objects [3], e. g. the fusiform face area for the recogni-
tion of faces, the extrastriate body area for body parts, the para-
hippocampal place area for houses and places, or the visual
word-form area for written language.
We recently identified two hitherto unknown cytoarchitectonic
areas, FG1 and FG2, on the posterior fusiform gyrus, which are si-
tuated at the junction between the early ventral visual cortex and
the higher-order visual regions [4] (●" Fig. 1). FG1 lies anteriorly
adjacent to area hV4 on the medial bank of the fusiform gyrus.
FG2 borders FG1 laterally and is located on the lateral bank of
the fusiform gyrus. An analysis of the receptor architecture of
both areas in comparisonwith other visual and extra-visual areas
provided first hints regarding a differential hierarchical position
of both areas, i. e. that FG1 represents an intermediate stage be-
tween early and higher-order visual areas, while FG2 already be-
longs to the hierarchically higher-order areas [5]. Furthermore,
when analyzing the involvement of both areas in functional neu-
roimaging experiments and their co-activation patterns [6], FG1
is associatedwith object recognition on a rather basal level, while
FG2 shows high and hemisphere-dependent involvement in face
recognition and reading, and thus probably corresponds to the
posterior part of the fusiform face area [7] and aspects of the vis-
ual word-form area [8].
However, the distribution of actual within-experiment co-activa-
tions of FG1 and FG2 is not clear yet. In order to further character-
ize both areas regarding their interaction with other brain
regions, we investigate here their co-activation patterns from
functional neuroimaging studies using a recent meta-analytic
approach, named PaMiNI (“Pattern Mining in NeuroImaging”)
[9]. PaMiNI is a novel technique for the identification of frequent

co-activation patterns from the large number of published neu-
roimaging studies based on their reported coordinates in a
globally used standard stereotaxic space. PaMiNI utilizes a com-
bination of two well-established data-mining techniques and
overcomes several limitations of previous coordinate-based
meta-analytic approaches allowing for investigations of the sub-
network structure of functionally connected regions.
In the current study, we perform a PaMiNI analysis on datasets of
all functional neuroimaging experiments from the BrainMap da-
tabase (www.brainmap.org [10]) that report activation within
FG1 and FG2, respectively. As the function of an area is strongly
related to its microstructural, i. e. cytoarchitectonical organiza-
tion and its connectivity to other regions [11, 12], we specifically
test the hypothesis that FG1 and FG2 exhibit differential co-acti-

Kernaussagen

▶ Koaktivivierungsmuster von FG1 und FG2 wurden mit PaMiNI
analysiert.

▶ FG1 weist weitgehend symmetrische Koaktivierungen mit
Arealen des visuellen Systems auf.

▶ FG2 zeigt zahlreiche extra-visuelle Koaktivierungen, die links-
lateralisiert sind.

▶ FG1 entspricht einem hierarchisch intermediären, FG2 einem
höhergeordneten visuellen Areal.

▶ Der PaMiNI Ansatz wird um die Seed-spezifische Kartierung
von Koaktivierungsmustern erweitert.

▶ The PaMiNI approach is extended to seed-specific mapping of
co-activation patterns.

Citation Format:

▶ Caspers J, Eickhoff SB, Amunts K et al. PaMiNI-Derived Co-Acti-
vation Patterns Indicate Differential Hierarchical Levels for Two
Ventral Visual Areas of the Fusiform Gyrus. Fortschr Röntgenstr
2015; 187: 892–898

Fig. 1 Cytoarchitectonic areas FG1 (green) and FG2 (violet) of the pos-
terior fusiform gyrus together with early ventral visual areas projected onto
the MNI single subject reference brain without cerebellum. Early visual
areas V1, V2v [21], V3v and hV4 [19] are delineated in gray. The basal view
is shown.

Abb.1 Zytoarchitektonische Areale FG1 (grün) und FG2 (violett) des
posterioren Gyrus fusiformis zusammen mit frühen ventralen visuellen
Arealen projiziert auf das MNI Einzelprobanden-Referenzgehirn ohne
Cerebellum. Die frühen visuellen Areale V1, V2v [21], V3v und hV4 [19]
sind in grau abgegrenzt. Eine Ansicht von basal ist abgebildet.
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vation patterns that make it possible to draw inferences about
their hierarchical level in the ventral visual processing stream.

Materials and Methods
!

Seed definition and retrieval of neuroimaging
experiments
For the current analysis, we used the same sets of experiments as
in our previous analysis of the functional involvement and con-
nectivity of FG1 and FG2 [6]. Here, we identified all neuroimaging
experiments from the BrainMap database (www.brainmap.org
[10]) that report activation within either area. We employed the
maximum probability map representations of FG1 and FG2 de-
rived from observer-independent cytoarchitectonic mapping [4]
as seed regions. For each seed, all experiments of healthy subjects
in the BrainMap database that featured at least one activation fo-
cus within the respective seed, i. e. cytoarchitectonically defined
cortical area, were retrieved. The identification of experiments
was solely based on their reported location in stereotaxic space
(MNI or Talairach). This retrieval resulted in 221 experiments
showing activation foci in FG1 and 352 experiments yielding ac-
tivation within FG2. For the analysis of co-activation patterns, all
reported activation foci (i. e. inside and outside the seed region)
from each experiment were used.

PaMiNI: Pattern Mining in NeuroImaging
A detailed description of the PaMiNI method can be found in [9]
and [13]. PaMiNI (“PatternMining in NeuroImaging”) enables the
identification of frequent co-activation patterns from the stereo-
taxic coordinates in a set of neuroimaging experiments by a two-
step procedure based on established data-mining techniques. It
first models the brain regions underlying the respective dataset
from the reported activation foci, and then, in a second step, re-
veals the frequent co-activations between these modeled brain
regions across all experiments.
The modeling of the underlying brain regions in the first step of
PaMiNI is facilitated by Gaussian mixture modeling. This is the
modeling of Kopt three-dimensional Gaussian distributions to op-
timally fit the spatial allocation of the activation foci of all experi-
ments in the dataset, where Kopt denotes the number of Gaus-
sians. For this, each activation focus is considered as an instance
randomly drawn from a mixture of Kopt three-dimensional Gaus-
sian distributions and the parameters of this mixture (i. e. the
mean and covariance matrices of each Gaussian as well as its
relative proportion in themixture) are estimated by optimization
of the log-likelihood (LL) function using the expectation-maximi-
zation (EM) algorithm [14]. The EM algorithm optimizes the mix-
ture parameters by repeatedly assigning the foci to the Gaussians
of the mixture based on the current parameter estimates (expec-
tation) and re-calculating the parameters based on these new
assignments (maximization). The resulting fitted Kopt Gaussian
distributions can be interpreted as spatial estimates for the brain
regions underlying the experiments of the set.
In order to determine the optimal number of components Kopt,
the Bayesian information criterion (BIC) is used, which is a statis-
tical index for model selection that estimates the optimal dimen-
sionality of the data while avoiding overfitting [15]. Thus, in Pa-
MiNI, Gaussian mixture modeling is repetitively performed for
ascending numbers of components and the mixture model is
chosen, where the BIC is minimal.

In the second step of PaMiNI, the frequent co-activation patterns
across experiments are identified within the modeled brain
regions by an adapted association analysis approach. Association
analysis originally arose from economy, i. e. market-basket
analysis, where implications about the buying behavior of clients
can be derived from the products that are commonly bought by
customers [16]. In PaMiNI, the terms and methods from associa-
tion analysis are adapted to the problem of mining co-activation
patterns from neuroimaging experiments, such that the modeled
brain regions correspond to items, the experiments of a set to
transactions, and the co-activation patterns to frequent itemsets,
which are to be identified. For each experiment, the set of mod-
eled brain regions, featuring activations, is determined. For this,
each activation focus is assigned to a modeled brain region from
the first step of PaMiNI, when its probability in the corresponding
Gaussian distribution of the mixture model reaches a specific
threshold. In contrast to the initial publication of the PaMiNI
method [9], we used here a probability threshold relative to the
maximal probability of the specific distribution instead of the
posterior probability. As a result, the allocation of activation foci
is determined by a relative distance to the center of the distribu-
tion and cannot be distorted by adjoining distributions, when
brain regions lie close to each other or overlap. Through the allo-
cation of activation foci to themodeled brain regions, each experi-
ment of a dataset can be represented as a subset of the Kopt Gaus-
sian distributions, i. e. the modeled brain regions in which it
provides activation foci. The frequent co-activation patterns are
efficiently revealed in PaMiNI by applying the Apriori algorithm
[16]. The Apriori algorithm utilizes a monotonicity property of
frequent itemsets, i. e. that any subset of a frequent itemset must
be frequent, and iteratively calculates frequent k-itemsets from
the frequent (k – 1)-itemsets, starting with the frequent single
items (1-itemsets). As a result, PaMiNI yields all combinations of
brain regions showing common activation in at least a minimum
number of the included studies (minimum support), that is, the
frequent co-activation patterns of the dataset.

Application of PaMiNI on the FG1 and FG2 experiments
The datasets of experiments for FG1 and FG2 were analyzed sep-
arately in PaMiNI. Gaussian mixture modeling was performed for
up to 20 components (Kmax) and with 5000 repetitions. Gaussian
distributions were excluded from the further analysis if their
standard deviation in one dimension exceeded 25mm. Activa-
tion foci were assigned to the modeled brain regions if they
passed a probability threshold of 0.25 of the maximum probabil-
ity of the distribution (probability of the mean) corresponding to
a full width at quarter maximum (FWQM) diameter around the
center. Co-activation patterns were considered frequent if they
were found in at least 20 experiments (minimum support) and
only patterns that included the seed in one hemisphere were
considered. Analysis was conducted with the latest version of
the PaMiNI graphical user interface [17] (http://www.fz-juelich.
de/inm/inm-1/DE/Service/Download/download_node.html). Al-
location to anatomical regions of JuBrain, the Jülich brain atlas,
was applied using the SPM Anatomy toolbox [18].

Results
!

Co-activation patterns of FG1
For the analysis of experiments with activation within FG1, the
mixture model with 15 components was chosen as indicated by
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the BIC. Of these, three were excluded by exceeding the standard
deviation threshold of 25mm, resulting in 12 clusters (●" Table 1,

●" Fig. 2a). Two corresponded to the bilateral seed regions on the
fusiform gyrus. Two were located immediately posterior to the
seeds in the early visual cortex on either hemisphere overlapping
with ventral areas V3v and hV4 [19], and lateral occipital areas
V4la and V4lp [20]. One cluster represented the primary visual

cortex V1 [21] of both hemispheres by overlapping the interhemi-
spheric fissure, partially reaching into V2 [21] of both sides. Two
clusters were centered in the intraparietal sulcus of both sides
overlapping with areas hIP1[22], hIP3 and partially with 7A [23].
Two clusters were located on the inferior frontal gyrus bilaterally
overlapping with areas 44 and 45 [24], and reaching onto the mid-
dle frontal gyrus. On the right side, this cluster extended into the

Fig. 2 Modeled brain regions and most frequent
5-pattern of the FG1 (a, green) and FG2 (b, violet)
datasets. Gaussian distributions (restricted to
1FWHM) resulting from Gaussian mixture modeling
in PaMiNI are projected onto the MNI single subject
reference template. Top view, left view, right view
and back view are shown (from left to right). For
FG2 (b), two coronal sections are shown additional-
ly. The regions belonging to the most frequent 5-
pattern of each dataset are highlighted in orange.

Abb.2 Modellierte Hirnregionen und häufigstes
5er-Muster der FG1 (a, grün) und FG2 (b, violett)
Datensätze. Die aus dem Gaussian mixture model-
ing in PaMiNI hervorgehenden Gauß-Verteilungen
(beschränkt auf 1FWHM) sind auf das MNI Einzel-
probanden-Referenzgehirn projiziert. Ansichten
von oben, von links, von rechts und von hinten sind
abgebildet (von links nach rechts). Für FG2 (b) sind
zusätzlich zwei koronare Schnitte abgebildet. Die
Regionen, die zum jeweils häufigsten 5er-Muster
des Datensatzes gehören, sind in orange hervorge-
hoben.

Table 1 Brain regions identified by Gaussian mixture modeling in PaMiNI for the FG1 and FG2 datasets. Main location of Gaussian distribution, the three-
dimensional coordinates of their centers in MNI stereotaxic space, as well as their standard deviations in all three dimensions are specified.

Tab. 1 Hirnregionen, die durch Gaussian mixture modeling in PaMiNI für die Datensätze von FG1 und FG2 identifiziert wurden. Die vorwiegende Lokalisation
der Gaußverteilungen, die dreidimensionalen Koordinaten ihrer Zentren im stereotaktischen MNI Referenzraum sowie ihre Standardabweichung in allen drei
Raumrichtungen ist angegeben.

FG1 dataset FG2 dataset

location MNI coordinates

(x, y, z)

standard deviation

(x,y,z) [mm]

location MNI coordinates

(x, y, z)

standard deviation

(x,y,z) [mm]

fusiform gyrus L (FG1) –36 –68 –13 7.7 11.8 5.8 fusiform gyrus L (FG2) –41 –71 –12 4.9 9.7 7.6

fusiform gyrus R (FG1) 35 –67 –13 6.8 13.5 6.7 fusiform gyrus R (FG2) 42 –68 –14 6.2 11.2 8.0

primary visual 4 –78 –8 17.8 13.6 18.5 primary visual 7 –76 –9 18.7 12.4 18.0

early visual L –29 –86 –2 11.7 8.5 10.1 early visual L –24 –92 –3 10.4 6.5 9.0

early visual R 37 –79 –1 11.7 12.6 11.4 early visual R 29 –88 1 9.0 7.6 12.5

intraparietal sulcus L –28 –62 45 11.1 15.7 12.0 superior occipital gyrus L –26 –73 38 8.2 10.6 16.2

intraparietal sulcus R 28 –67 43 7.7 13.2 13.3 intraparietal sulcus L –38 –44 48 8.3 11.8 8.8

inferior frontal gyrus L –44 14 22 7.4 18.5 17.0 superior occipital gyrus/
intraparietal sulcus R

31 –62 45 9.0 12.2 10.5

inferior frontal gyrus R 45 18 9 10.5 24.1 16.1 superior temporal gyrus L –54 –41 10 6.7 18.5 17.1

central/ precentral R 44 –8 43 11.5 22.0 12.9 superior temporal gyrus R 55 –36 10 7.8 17.7 17.1

dorsal premotor/ supple-
mentary motor area L

–14 1 58 17.8 9.6 5.0 inferior frontal gyrus L –46 19 13 8.4 19.3 16.5

superior temporal gyrus L –54 –35 9 6.5 19.5 16.7 inferior frontal gyrus R 43 25 2 9.4 17.7 17.1

anterior insula L –34 22 –1 3.7 6.1 5.8

premotor L –39 –3 45 11.1 9.7 13.4

premotor R 43 3 40 11.4 15.3 14.8

supplementary
motor area

0 13 50 6.0 9.2 8.4

thalamus L –9 –17 1 11.6 13.3 11.0

L: left hemisphere; R: right hemisphere.
L: linke Hemisphäre; R: rechte Hemisphäre.
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left anterior insula. One cluster was located at the central and pre-
central region of the right hemisphere, overlapping with parts of
areas 3b [25], 4a [26] and 6. There was one component at the dor-
sal premotor cortex of the left hemisphere in the region of the sup-
plementary motor area. Finally, one cluster was centered at the su-
perior temporal gyrus of the left hemisphere reaching into area
PFcm of the inferior parietal lobule [27] dorsally and the middle
temporal gyrus ventrally.
All co-activations (2-patterns) with FG1 are listed in●" Table 2. The
most frequent co-activations of FG1 were with areas within the
visual cortex. In particular, for both hemispheres, FG1 was most
commonly co-active with the ipsilateral early visual cortex in 94
experiments (right FG1) and 90 experiments (left FG1), followed
by co-activations with the contralateral early visual cortex, the pri-
mary visual cortex and the contralateral FG1, which occurred in 68
to 79 experiments. Co-activations with extra-visual areas were
much rarer. Here, the bilateral inferior frontal gyrus was under
the most commonly co-activated extra-visual regions for both
sides of the seed with up to 50 experiments. The frequent higher-
dimensional co-activation patterns also mainly consisted of visual
areas. Characteristically, the most frequent 5-pattern found in 21
experiments consisted of the bilateral FG1, the bilateral early visu-
al cortex and the primary visual representation (●" Fig. 2a).

Co-activation patterns of FG2
For FG2, the PaMiNI analysis yielded a mixture model with 21
components based on the minimal BIC. Of these, 4 regions were
excluded due to their standard deviation exceeding the thresh-
old, resulting in 17 regions for the further analysis (●" Table 1,

●" Fig. 2b). Two regions corresponded to the bilateral seeds on
the fusiform gyrus. Similar to the analysis of FG1, two clusters
were located bilaterally in the early visual cortex posterior to
the seed overlapping with areas V3v, hV4 [19] and V4lp [20],
and one cluster represented the primary and partially secondary
visual cortex V1 and V2 [21] of both sides. On the right hemi-

sphere one cluster was located on the superior occipital gyrus
and intraparietal sulcus overlapping with hIP3 [23]. On the left
side, there were two separate clusters in this position, one at the
superior occipital gyrus and one located in the intraparietal sul-
cus overlapping with hIP1 [22], hIP3 and partially with 7PC [23].
Two regions were centered on the bilateral superior temporal
gyrus, both partially reaching the middle temporal gyrus and
areas PFm and PFcm [27] of the inferior parietal lobule. Two clus-
ters were found on the inferior frontal gyrus bilaterally, overlap-
ping with areas 44 and 45 [24]. On the right side, this cluster ex-
tended into the anterior insula. On the left hemisphere, there was
an additional cluster representing the left anterior insula. Two re-
gions were located bilaterally in the premotor cortex and one
cluster corresponded to the SMA of both hemispheres. Finally,
one cluster was located in the left thalamus.
The frequent co-activations with FG2 are listed in●" Table 2. Com-
pared to FG1, FG2 was more commonly co-active with extra-vis-
ual areas. Furthermore, while frequencies of co-activations were
quite symmetrical for FG1, the left FG2 co-activations were more
common than the right-sided ones. The most frequent co-activa-
tion existed between left FG2 and the left inferior frontal gyrus
found in 115 experiments. This was followed by the bilateral ac-
tivation of FG2 in 107 experiments and co-activations with the
primary visual cortex in 102 experiments for left FG2 and 90 ex-
periments for right FG2. For right FG2, the co-activation with left
inferior frontal gyrus was only found in 87 experiments. Co-acti-
vations with the early visual cortex were similarly often found as
co-activations with several extra-visual areas, where the right in-
ferior frontal gyrus, the bilateral premotor region and the bilater-
al intraparietal sulcus were most commonly co-active (between
63 and 87 times). The higher-dimensional co-activation patterns
also mainly showed extra-visual connections and a dominance of
left FG2, e. g. the most frequent 3-pattern found in 60 experi-
ments consisted of left FG2, the left inferior frontal gyrus and
the left premotor region. Adding the right premotor region to

Table 2 Frequent co-activations (2-patterns) of FG1 and FG2. Co-active brain regions and the number of experiments, in which co-activation was found, are
listed with decreasing frequency for each side of FG1 and FG2 separately.

Tab. 2 Häufige Koaktivierungen (2er-Muster) von FG1 und FG2. Koaktivierte Hirnregionen und die Anzahl der Experimente, in denen die Koaktivierung
gefunden wurde, sind mit absteigender Häufigkeit aufgelistet.

left FG1 right FG1 left FG2 right FG2

early visual L 90 early visual R 94 inferior frontal gyrus L 115 FG2 L 107

early visual R 79 FG1 L 73 FG2 R 107 primary visual 90

FG1 R 73 primary visual 68 primary visual 102 inferior frontal gyrus L 87

primary visual 68 early visual L 68 early visual R 88 intraparietal sulcus R 67

inferior frontal gyrus R 54 intraparietal sulcus R 51 premotor R 86 early visual R 65

inferior frontal gyrus L 49 inferior frontal gyrus R 50 inferior frontal gyrus R 81 premotor R 64

central/precentral R 47 inferior frontal gyrus L 47 premotor L 80 inferior frontal gyrus R 63

intraparietal sulcus R 45 central/precentral R 45 intraparietal sulcus R 73 thalamus L 57

Intraparietal sulcus L 44 intraparietal sulcus L 40 early visual L 71 early Visual L 56

superior temporal gyrus L 31 premotor/ supplementary
motor area L

32 intraparietal sulcus L 64 premotor L 56

premotor/ supplementary
motor area L

31 superior temporal gyrus L 28 superior temporal gyrus L 62 superior occipital gyrus L 52

superior temporal supplementary motor area 60 superior temporal gyrus L 51

superior temporal gyrus R 58 superior temporal gyrus R 50

thalamus L 56 supplementary motor area 48

superior occipital gyrus L 54 intraparietal sulcus L 47

anterior insula L 30

L: left hemisphere; R: right hemisphere.
L: linke Hemisphäre; R: rechte Hemisphäre.

Caspers J et al. PaMiNI-Derived Co-Activation Patterns… Fortschr Röntgenstr 2015; 187: 892–898

Neuroradiology896

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



this pattern resulted in the most frequent 4-pattern, still found in
40 experiments. The most frequent 5-pattern, found in 26 ex-
periments, condensed the frequent co-activations of the FG2 set.
It consisted of left FG2, the left inferior frontal gyrus, the bilateral
premotor region as well as the primary visual cortex (●" Fig. 2b).

Discussion
!

In the current study, we revealed differential co-activation pat-
terns of ventral visual areas FG1 and FG2 using the recent meta-
analytic technique PaMiNI. The analysis in PaMiNI showed that
co-activations of FG1 are frequently found within the visual sys-
tem and are quite symmetrically distributed across both hemi-
spheres, while FG2 is more co-active with extra-visual areas and
shows a dominance of the left side.
The current results are well in line with a previous analysis of the
task-based functional connectivity of FG1 and FG2 using meta-
analytic connectivity modeling (MACM) [6]. Except for some de-
viations, the Gaussian mixture modelling in PaMiNI yielded quite
similar regions for the FG1 and FG2 datasets. These regions large-
ly correspond to the network of common connections to FG1 and
FG2 from the MACM analysis. Furthermore, large parts of this
network, i. e. the intraparietal sulcus, inferior frontal gyrus, pre-
motor region, supplementary motor area and anterior insula,
correspond to the “task-positive-network”, which is thought to
be generally active during cognitive tasks demanding targeted at-
tention [28]. The involvement of FG1 and FG2 in this network,
which has now been consistently demonstrated by two indepen-
dent approaches, thus hints at the role of both areas in visual ob-
ject recognition requiring goal-directed focusing and integration
of visual object representations into other cortical systems.
Beyond such correspondence between the two approaches, the
PaMiNI distribution of co-activation patterns further points to
differential hierarchical roles for FG1 and FG2. This is important,
as both areas are located at the junction between the early ven-
tral visual cortex and the higher-order visual areas [4]. The prev-
alence of co-activations with visual areas as well as the quite
symmetric distribution of co-activations for FG1 is characteristic
for an early visual area. Considering the connections of FG1 to
areas of other functional systems and evidence from previous
analyses of the functional involvement of this area [6], we sug-
gest that FG1 occupies an intermediate hierarchical level be-
tween the early visual areas and the higher-order ones. In con-
trast, the more common extra-visual co-activations of FG2 and
the clear lateralization strongly indicate that FG2 is a higher-or-
der visual area. Hence, FG1 probably facilitates more basic func-
tions in visual processing for object recognition like extraction of
simple shapes, while FG2 is directly involved in associative, ob-
ject-specific recognition. As previously shown, FG2 probably cor-
responds to the posterior part of the fusiform face area [4, 6, 7],
which is essential for the recognition and identification of faces.
Furthermore, FG2 was shown to be involved in the visual proces-
sing of written language [6] and is located in proximity to the vis-
ual word-form area [8]. The frequent co-activation of left FG2
with the left inferior frontal gyrus probably represents an impor-
tant connection of FG2 to the language network in its function for
reading [29].
The functional roles for FG1 and FG2 indicated by the current a-
nalysis are well in line with the hierarchical segregation of both
areas previously revealed at the neurochemical level, i. e. receptor
architecture [5]. Here, the analysis of 15 neurotransmitter-recep-

tor concentrations yielded a similarity of the receptor profile of
FG2 with that of associative parietal areas, while FG1 was similar
but yet distinct to early visual areas.
It should be noted that the revealed co-activation patterns rely
on existing fMRI experiments, which by nature yield an indirect
measure of brain activity and entail several methodological lim-
itations, particularly when comparing between experiments
[11]. As a consequence, the co-activation patterns are only an in-
direct indicator of brain connectivity and all conclusions have
to be drawn under consideration of this background. Neverthe-
less, co-activations derived from coordinate-based meta-analy-
ses have been shown to be a suitable surrogate for functional
connectivity and show good correspondence with resting-state
connectivity [11].
The PaMiNI method used for the current study is a novel meta-
analytic approach for the detection of co-activation patterns based
on pattern-mining techniques. In contrast to previous meta-analy-
tic approaches like MACM [30], it considers real within-experi-
ment co-activation instead of convergence of activation foci across
all experiments of a set [9] and allows for investigations of the sub-
network structure of functionally connected regions. Compared to
our first presentation of PaMiNI [9], we analyzed here co-activa-
tions to a specific seed region instead of thematically selected da-
tasets. Thus, the current study expands the spectrum of PaMiNI
from conventional coordinate-based meta-analysis to seed-related
co-activation mapping and further emphasizes the applicability of
this approach.

Conclusion
!

We revealed differential co-activation patterns of the ventral vis-
ual areas FG1 and FG2 on the fusiform gyrus that elucidate their
hierarchical level in the ventral visual processing stream. FG1
shows features of an intermediate area for object recognition
with mainly intra-visual co-activity, while FG2 is a category-
specific higher order area showing diverse extra-visual co-activa-
tions. Hence, the transition between the early and the higher-or-
der ventral visual cortex can be determined at the border be-
tween both areas on the posterior fusiform gyrus, i. e. in the
mid-fusiform sulcus [7], which clearly improves our understand-
ing of the organization of the object-related visual system in hu-
mans.

Clinical relevance

▶ The transition between early and higher-order ventral vis-
ual cortex can be found between areas FG1 and FG2at the
posterior mid-fusiform sulcus, yielding a helpful landmark
for structure-function relationships.

▶ The differential roles of areas FG1 and FG2 located on the
medial and lateral bank of the fusiform gyrus yield possible
implications for deficits of occipitotemporal lesions, e. g.
following cerebral ischemia.

▶ The applicability of the PaMiNI approach for the analysis of
co-activation patterns and their functional implications is
further substantiated, which emphasizes the convenient
use for functional brain-network investigations.
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