
Introduction
The  anatomy  of  the  frontal  lobe  of  the  human  brain  is 
highly  variable  between subjects.  This  is  true  in  terms  of  
sulcal  morphology  (Cunningham,  1892;  Eberstaller,  1890; 
Germann et al., 2005; Juch et al., 2005; Lohmann et al., 1999; 
Ono et al., 1990) and cytoarchitecture (Amunts et al., 1999; 
Rajkowska  &  Goldman-Rakic,  1995).  While 
cytoarchitectonic  features  are  usually  not  identifiable  on 
anatomical magnetic resonance images acquired in functional 
imaging studies (but see, e.g., Walters et al. [2003, 2007] for 
anatomical high-resolution studies), these images provide us 
with information about the gross morphology of  individual 
brains.  The  importance  of  systematically  analyzing  this 
information  was  recently  emphasized  by  Devlin  and 
Poldrack (2007), Fadiga (2007), and Tzourio-Mazoyer et al. 
(2007).  However,  in  the  large  majority  of  imaging studies 
activation maps are averaged across brains and displayed on 
magnetic resonance images of  a single-subject template brain 
(e.g., the "Colin27"; Holmes et al., 1998), or an average of  
multiple  brains  (e.g.,  the  ICBM152 
[http://www.loni.ucla.edu/ICBM; Toga et al.,  2006], or the 
averaged  brains  of  the  subjects  who  participated  in  the 
study). This procedure, however, precludes an investigation 
of  functional-anatomical  relationships  on  an  individual-
subject basis. 

The considerable sulcal variability of  the frontal lobe was 
already  noted  by  Cunningham  (1892),  who  was  able  to 
identify  27  variations  of  the  pattern  of  the  intermediate 
frontal sulcus in 69 hemispheres.¹ More recently, Ono et al. 
(1990)  published  a  comprehensive  atlas  of  sulcal 
morphology. These authors described four patterns of  the 
inferior  precentral  sulcus  (arcuate,  ramified,  bayonet,  y-
shaped)  and  four  patterns  of  the  inferior  frontal  sulcus 
(continuous,  1  to  3  interruptions).  Ono  et  al.  found  a 
junction  of  the  inferior  precentral  sulcus  and  the  inferior 
frontal sulcus in approximately 90% of  cases.²

¹ Note however that Cunningham may have been somewhat 
biased  to  overestimate  the  variability  of  the  intermediate 
frontal  sulcus.  He viewed this  variability  as supporting his 
notion  that  the  intermediate  frontal  sulcus  is  not 
homologous  to  the  principal  sulcus  of  macaques  as 
proposed two years earlier by Eberstaller. For a more recent 
investigation of  the intermediate frontal sulcus focusing on 
sulcal basins, see Huttner et al. (2005).

² Note however that it has recently been suggested that in 
many cases the most posterior aspect of  the inferior frontal 
sulcus  might  be  a  part  of  the  inferior  precentral  sulcus 
(Germann et al., 2005).
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The sulcal morphology of  the human frontal lobe is highly variable. Although the structural images usually 
acquired  in  functional  magnetic  resonance  imaging  (fMRI)  studies  provide  information  about  this 
interindividual variability,  this information is only rarely used to relate structure and function. Here, we 
investigated the spatial relationship between posterior frontolateral activations in a task-switching paradigm 
and the junction of  the inferior frontal sulcus and the inferior precentral sulcus (IFJ) on an individual-
subject  basis.  Results  show  that,  although  variable  in  terms  of  stereotaxic  coordinates,  the  posterior 
frontolateral activations observed in task-switching are consistently and reliably located at the IFJ in the 
brains of  individual participants. The IFJ shares such consistent localization with other non-primary areas 
as  motion-sensitive  area  V5/MT  and  the  frontal  eye  field.  Building  on  tension-based  models  of  
morphogenesis,  this  structure-function  correspondence  might  indicate  that  the  cytoarchitectonic  area 
underlying activations of  the IFJ develops at early stages of  cortical folding. 

http://dx.doi.org/10.1002/hbm.20501


In addition to variations in the sulcal pattern, there is also 
a  high degree of  variability  in  the position of  sulci  when 
brains  are  brought  into  a  common  reference  space.  For 
example, Germann et al. (2005) have shown that the location 
of  the  inferior  precentral  sulcus  may  vary  up  to 
approximately  two  centimeters  in  anterior-posterior 
direction. 

Given this variability, the question arises how individual-
subject  functional  imaging  activations  are  related  to  sulcal 
patterns. It is well known from cytoarchitectonic studies that 
there  is  a  consistent  relationship  between  sulci  and 
cytoarchitectonic areas for a number of  primary areas (e.g., 
Amunts et al., 2000; Geyer et al., 1996, 1999; Rademacher et 
al.,  1993).  Accordingly,  primary  visual  activations  in 
functional imaging studies have been found in the calcarine 
sulcus (e.g., Bridge et al., 2005; DeYoe et al., 1996; Sereno et 
al., 1995; Tootell et al., 1998) and primary motor activations 
in the central sulcus (e.g., Dechent & Frahm, 2003; Geyer et 
al., 1996; Yousry et al., 1997). Thus, for these primary areas 
there is a strong correspondence between sulcal morphology 
and functional imaging activations. However, it is less clear 
whether there might be a similar correspondence for non-
primary areas. 

In one of  the few functional imaging studies investigating 
sulcal-functional relationships in higher-order areas, Watson 
et al. (1993) employing positron emission tomography (PET) 
and  structural  magnetic  resonance  imaging  (MRI)  showed 
that while peak activations of  the motion-sensitive area V5 
varied up to 27 mm between participants,  the location of  
these activations was consistent in relation to the individual 
sulcal patterns: activations were most frequently located just 
posterior  to  the  junction  of  the  ascending  limb  of  the 
inferior temporal sulcus and the lateral occipital sulcus. In a 
subsequent fMRI study, Dumoulin et al. (2000) showed that 
the junction of  the ascending limb of  the inferior temporal 
sulcus  and  the  inferior  temporal  sulcus  might  be  a  more 
reliable landmark for the location of  V5.  Dumoulin  et  al. 
found that  the  individual  activations  were  on  average  less 
than 10 mm from the junction of  these sulci. 

Another  study  investigating  the  relationship  of  sulcus 
morphology  and  functional  imaging  activations  was 
conducted by Amiez et al. (2006). In this study, Amiez et al. 
showed that  the  pattern  of  the  superior  precentral  sulcus 
provided information about the location of  activations in a 
saccade task and an arbitrary visuomotor mapping task: eye 
movement activations were consistently located in the ventral 
part of  the superior precentral sulcus, whereas the arbitrary 
visuomotor mapping activations were located in the dorsal 
part of  the superior precentral sulcus. 

Thus,  at  least  some  non-primary  areas  appear  to  be 
consistently  associated with particular  sulci.  Currently  it  is 
not  clear  whether  a  similar  correspondence  exists  for 
activations  located  at  the  junction  of  the  inferior  frontal 
sulcus and the inferior precentral sulcus (the so-called IFJ; 
Brass & von Cramon, 2002). Activations of  this region were 
repeatedly found in previous imaging studies that employed 
task-switching  paradigms  or  the  Stroop  task  (for  a  meta-
analysis, see Derrfuss et al., 2005). Employing variants of  the 
task-switching paradigm, Brass and von Cramon have shown 
that  activity  of  the  IFJ  is  correlated  with  efficient  task 

preparation  (Brass  &  von  Cramon,  2002)  and  that  this 
activity cannot be explained solely by cue-encoding processes 
(Brass & von Cramon, 2004). The studies by Brass and von 
Cramon (2002, 2004) indicated that the IFJ plays a role in the 
updating of  task representations. However, it is currently not 
known to  which degree  the  IFJ  is  specifically  involved in 
updating processes or whether it might play a more general 
role  in  the  integration  of  working  memory,  phonological, 
and motor-related information (Brass et al., 2005).

Based  on  studies  that  employed  averaging  across 
participants,  Derrfuss  et  al.  (2004)  have  suggested  that 
activations  of  the  IFJ  are  approximately  located  in  the 
following coordinate range: x-coordinates between ±30 and 
±47,  y-coordinates  between -1³ and 10,  and z-coordinates 
between  27  and  40.  This  region  encompasses  parts  of  
Brodmann  areas  6,  9,  and  44  according  to  the  atlas  of  
Talairach and Tournoux (1988). 

Here, data from Brass and von Cramon (2004) were re-
analyzed  to  investigate  activations  of  the  IFJ  on  an 
individual-subject level. In particular, we were interested in 
the question whether individual sulcal morphologies would 
be  predictive  of  functional  activations.  Furthermore,  a 
number of  subjects who participated in the study of  Brass 
and von Cramon (2004) also participated in the studies by 
Derrfuss  et  al.  (2004)  and  Zysset  et  al.  (2006).  For  these 
subjects, also the data from the latter two studies were re-
analyzed to investigate the stability of  IFJ activations over 
time. 

Materials and Methods
Participants
Fourteen volunteers  (8  females,  6  males)  took part  in  the 
study  by  Brass  and  von  Cramon  (2004).  All  were  right-
handed as assessed by the Edinburgh Inventory (Oldfield, 
1971) and had normal or corrected-to-normal vision. Mean 
age was 24.4 years (SD 1.9). Written consent in accordance 
with  the  regulations  of  the  local  ethics  committee  was 
obtained from all  participants.  Five of  the 14 participants 
also participated in a study by Derrfuss et al. (2004), three 
participants  also  participated  in  a  study  by  Zysset  et  al. 
(2006). 

Behavioral Paradigm
The  task  employed  was  a  modified  version  of  the  task-
switching  paradigm  introduced  by  Sudevan  and  Taylor 
(1987). Here, we give only a brief  account of  the task; for a 
more detailed description and a figure of  the sequence of  
events in a trial, see Brass and von Cramon (2004). Targets 
were numbers between 20 and 40 (excluding 30).  On each 
trial, participants had to execute one of  two tasks: either they 
had to decide whether the number was odd or even (parity 
task); or they had to decide whether the number was smaller 
or greater than 30 (magnitude task). Which task to execute 
was indicated by  cues:  The parity  task  was  indicated by  a 
diamond or a triangle, and the magnitude task was indicated 
by a square or an inverted triangle. 

³ Please  note  that  there  is  a  printing  error  in  our  2004 
publication. The y-coordinates should have read "-1 to 10", 
not "1 to 10". 
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In  double-cue  trials,  two  cues  were  presented 
consecutively before the target appeared. There were three 
different  double-cue  conditions:  a  condition  in  which  the 
same cue was presented twice (cue-repetition condition),  a 
condition in which the cue changed, but both cues indicated 
the  same  task  (cue-switch  condition)  and  a  condition  in 
which the cue switched to indicate the other task (meaning-
switch condition). As the group-level analysis by Brass and 
von Cramon (2004) was based on the contrast of  meaning-
switch  vs.  cue-switch  trials,  only  these  conditions  were 
considered for our single-subject analysis. 

The  experiment  consisted  of  two blocks  of  192  trials 
each; 192 double-cue trials (64 cue repetition/64 cue switch/
64  meaning  switch)  were  randomly  intermixed  with  128 
single-cue trials (not reported here) and 64 null events. Trial 
length was six seconds. 

MRI Data Acquisition
Imaging  was  performed  using  a  3-T  scanner  (Medspec 
30/100,  Bruker,  Ettlingen,  Germany).  Twenty  axial  slices 
(19.2  cm  FOV,  64  x  64  matrix,  4  mm  thickness,  1  mm 
spacing) parallel to the AC-PC plane were acquired using a 
single-shot gradient-recalled EPI sequence (TR = 2000 ms, 
TE = 30 ms, flip angle = 90°). Before the functional runs, 20 
corresponding anatomical 2-D MDEFT and EPI-T1 slices 
were  acquired.  In  a  separate  scanning  session,  high-
resolution T1-weighted reference brain images were acquired 
from each participant. Stimuli were presented using a head-
mounted  display  with  a  resolution  of  1024  x  768  and  a 
refresh rate of  60 Hz.

Identification of  Sulci
Orthogonal  sections  of  the  high-resolution  T1-weighted 
brain scans, 3-D renderings, and white-matter segmentations 
were  used  to  identify  the  central  sulcus,  the  anterior 
ascending  ramus  of  the  Sylvian  fissure,  the  inferior 
precentral sulcus and the inferior frontal sulcus in all brains. 
The central sulcus was identified using the criteria of  Yousry 
et al. (1997) and the anterior ascending ramus of  the Sylvian 
fissure as the lateral continuation of  the circular sulcus of  
the insula. The inferior precentral sulcus was defined as the 
first major sulcus anterior and approximately parallel to the 
inferior part of  the central sulcus (Ebeling et al., 1989). The 
inferior frontal sulcus was identified as the first major sulcus 
running  in  a  caudorostral  direction  and  lying  immediately 
dorsal to the anterior ascending ramus of  the Sylvian fissure. 

Imaging Analysis
The  fMRI  data  were  processed  with  LIPSIA  software 
(Lohmann et al., 2001). This software package contains tools 
for  preprocessing,  registration,  statistical  evaluation,  and 
presentation of  fMRI data. First,  the functional  data  were 
corrected for movement artifacts. Then, the temporal offset 
differences  between  slices  acquired  in  one  scan  were 
corrected using a spline interpolation algorithm. A temporal 
high-pass filter with a cutoff  frequency of  80 sec was used 
for baseline correction of  the signal. 

Anatomical registration for each participant was done in 
three  steps:  first,  we  computed  a  transformation  matrix 
containing three rotational and three translational parameters 

that optimized the match between the 2-D MDEFT/EPI-T1 
slices  and  the  3-D  reference  data  set.  Then,  this 
transformation matrix was normalized to standard Talairach 
brain size (Talairach and Tournoux, 1988) by applying linear 
scaling.  Finally,  the  normalized  transformation  matrix  was 
applied to the functional  data  using trilinear  interpolation. 
Slice gaps were interpolated to generate output data with a 
spatial resolution of  3 x 3 x 3 mm.

The  statistical  evaluation  was  based  on  a  least-squares 
estimation  using  the  general  linear  model  for  serially 
autocorrelated observations (Aguirre et al., 1997; Friston et 
al.,  1995;  Worsley and Friston,  1995;  Zarahn et  al.,  1997). 
The  design  matrix  was  generated  utilizing  a  synthetic 
hemodynamic  response  function  with  a  variable  delay 
(Friston  et  al.,  1998).  The  model  equation,  including  the 
observation data, the design matrix, and the error term, was 
convolved with a Gaussian kernel with a dispersion of  4 s 
FWHM  to  account  for  the  temporal  autocorrelation 
(Worsley and Friston,  1995).  Subsequently,  z  maps for  the 
contrast  of  meaning-switch  vs.  null-event  trials  were 
computed for each participant. 

In the next analysis step, the T1-weighted individual MR 
data  were  brought  into  Talairach  space  and  white-matter 
segmentations were performed. We used these white-matter 
segmentations  and  the  T1  volumes  to  identify  the  left 
inferior precentral sulcus, left inferior frontal sulcus, and, if  
present, their junction in every brain. Then, we overlaid the 
individual z maps on the corresponding anatomical data and 
tried to localize an activation that was located at or close to 
the junction of  the inferior precentral sulcus and the inferior 
frontal sulcus. 

When such an activation was identified, we adjusted the 
significance threshold in such a way that this activation had a 
volume of  2000 mm3. That is, instead of  choosing the same 
significance  threshold for  every  participant,  we decided to 
choose a significance threshold that resulted in a predefined 
activation volume around the IFJ peak. In the present study, 
this  approach  was  superior  to  thresholding  at  a  common 
significance  level  since  we  wanted  to  compare  the 
localization of  these activations across participants. Thus, we 
were  less  interested  in  a  common  significance  threshold 
constant across participants, but rather in a constant volume 
of  activations.  In  addition,  the  volume-based  threshold 
assured that each participant contributed the same volume to 
a map displaying the overlap of  IFJ activations.  The 2000 
mm3 volume was chosen based on an approximation of  the 
volume of  the IFJ as resulting from the coordinate range 
described above (17 mm x 11 mm x 13 mm = 2431 mm3). 
The  selection  of  this  volume  does  not  imply  that  the 
cytoarchitectonic area underlying activations of  the IFJ has 
approximately the same volume. Instead, the chosen volume 
was  a  pragmatic  decision  given  that  we  currently  do  not 
know what the exact volume of  this area might be. It was 
selected  large  enough  to  likely  include  the  putative 
underlying cytoarchitectonic area, but small enough not to 
include major parts of  neighboring functional areas. 

As  we  identified  IFJ  activations  based  on  a  null-event 
contrast,  we  also  computed  time  courses  to  ascertain 
differences between the meaning-switch and the cue-switch 
condition.  These  trial-averaged  time  courses  for  the 
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meaning-switch,  the  cue-switch,  and  the  null-event  trials 
were  extracted  from  the  peak  coordinate  in  the  IFJ  and 
expressed in percent signal change units. 

The  activations  were  displayed  in  three  ways  on  the 
individual brains. First, activations were shown on renderings 
of  white-matter segmentations of  T1-weighted MRI scans. 
These  figures  allow  an  identification  of  the  sulci  of  the 
frontolateral cortex and give a better idea of  the localization 
of  the activation volume. Second, we traced the outline of  
the  activation  volume  and  the  depths  of  the  inferior 
precentral  sulcus  and  the  posterior  part  of  the  inferior 
frontal  sulcus  on  the  white-matter  segmentations  and 
displayed these in schematic line drawings. Third, we show 
an axial and a sagittal slice through the peak activation in the 
IFJ.  These  figures  enable  the  identification  of  the  peak 
location relative to the surrounding sulci and the localization 
of  the activations in terms of  Talairach space. 

Laterality Analysis
In a meta-analysis of  switching studies (Derrfuss et al., 2005) 
we found significant clustering of  activations at the left  and 
the  right  IFJ.  However,  in  the  study  by  Brass  and  von 
Cramon (2004) significant IFJ activity was found only in the 
left  hemisphere.  Thus,  we  decided  to  also  inspect  right-
hemispheric  single-subject  IFJ  activations  to  gain  a  better 
understanding  of  laterality  effects  in  the  double-cueing 
paradigm. As Subject 12 showed reliable IFJ activation only 
in the right hemisphere, this subject was not included in the 
laterality analysis.

In  a  first  step,  right  IFJ  activations  were  identified 
analogue to those on the left. The mean right IFJ peak and 
the  distance  to  the  left  IFJ  peak  (absolute  x  values)  were 
computed. Then, percent signal change values were extracted 
from the  left  and right  IFJ  peak  voxels  for  the  meaning-
switch  condition  and  the  cue-switch  condition.  In a  third 
step, the maximum difference between these two conditions 
in  a  time  window  between  five  and  seven  seconds  was 
identified  for  each  participant.  These  maximum  percent 
signal change differences were then tested for significance.

Reliability Analysis
A subset  of  six subjects  who participated in the study by 
Brass and von Cramon (2004) also participated in the study 
by  Derrfuss  et  al.  (2004).  In  the  latter  study,  participants 
performed a task-switching paradigm, an n-back task, and a 
Stroop  task  (for  details,  see  Derrfuss  et  al.,  2004).  Three 
further subjects also participated in a study by Zysset et al. 
(2006).  This  study  employed  a  matching  version  of  the 
Stroop task (for details, see Zysset et al., 2006). The fMRI 
measurements  were  performed  between  August  2002  and 
March 2004. 

To  investigate  the  reliability  of  IFJ  activations,  we  re-
analyzed the data from the participants who took part in two 
or more of  the above studies. This was done with the same 
parameters employed for the analysis of  the data from Brass 
and von Cramon (2004). Again, the condition of  interest was 
contrasted with null events. Subsequently, the IFJ peak was 
identified and the volume around this peak was adjusted to 
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Figure 1. Left frontolateral views of  white-matter segmentations of  6 subjects with functional imaging maps overlaid in red. Relevant sulci are  
highlighted by triangles. Note the consistent activation at the junction of  the inferior precentral sulcus and the inferior frontal sulcus. 



correspond as closely as possible to 2000 mm3 (participant 
13 was excluded from this analysis because his IFJ activation 
was continuous with other activations and, thus, it was not 
possible to define a volume corresponding to 2000 mm3). 

Results 
A junction of  the inferior precentral sulcus and the inferior 
frontal sulcus (IFJ) was identified in 13 of  14 hemispheres. 
In 5 hemispheres the two sulci were connected at their fundi 
(Subjects  1,  2,  3,  9,  10),  in  7  hemispheres  the  inferior 
precentral sulcus was slightly deeper than the inferior frontal 
sulcus (approx. 2-3 mm; Subjects 4, 7, 8, 11, 12, 13, 14), and 
in  one  hemisphere  the  inferior  precentral  sulcus  was 
substantially deeper than the inferior frontal sulcus (Subject 
5). Subject 6 had a small gyral bridge between the inferior 
precentral sulcus and the inferior frontal sulcus and, thus, no 
sulcal junction. 

When the  z  maps were  overlaid  on  the  corresponding 
anatomical data sets, we were able to locate an activation at 
the left IFJ in 11 of  13 participants (Subjects 1-10, 13, 14). 
Two participants did not show an activation of  the left IFJ. 
One of  them (Subject 11) still had an activation in the left 
inferior  precentral  sulcus;  it  was,  however,  located  further 
superior,  at  the  dorsalmost  part  of  the  inferior  precentral 
sulcus. Another participant (Subject 12) had no activation of  
the left IFJ, but of  the right IFJ. 

Figure  1  and  Supplementary  Figure  1  display  the  IFJ 
activations  on  white-matter  segmentations  of  individual 
brains.  Figure  2  displays  schematic  drawings  of  these 
activations and Figure 3 depicts the individual peak locations 
and the outline of  the 2000 mm3 activation volumes on the 
individual  anatomies of  six  participants (Table 1 gives the 
peak  locations  for  all  participants).  Overall,  the  peak  was 
located  in  the  inferior  precentral  sulcus  in  86%  of  
participants. The peak was located in the most posterior part 
of  the  inferior  frontal  sulcus  in  the  remaining  two 
participants (14%). 

Because the activations described above were identified in 
contrasts  against  null  events,  we  also  analyzed  the  time-
courses of  the meaning-switch, the cue-switch, and the null-
event  condition  for  the  IFJ  peaks  (Fig.  3).  The  meaning-
switch condition showed a higher percent signal change in all 
participants. 

The comparison of  the Talairach coordinates of  the peak 
locations with the IFJ range as originally defined based on 
group studies (i.e., x between -30 and -47, y between -1 and 
10, and z between 27 and 40) showed that the individual IFJ 
peaks were located within this range in 50% of  participants. 
In six of  the seven remaining participants, the IFJ peak was 
4 mm or less outside this range. The peak of  Subject 11 was 
located 8 mm above the upper z limit. The mean of  the peak 
activations,  excluding  the  participant  with  the  right-
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Figure 2. Schematic  views of  IFJ activations.  IFJ activations are  
shown in grey; black lines indicate the fundi of  the inferior precentral  
and  inferior  frontal  sulci.  Double  lines  indicate  truncations  of  the  
inferior frontal  sulcus.  What is  marked as inferior frontal  sulcus in  
Subject 4 would be considered a part of  the inferior precentral sulcus  
following  the  scheme  of  Germann et  al.  (2005).  The  circle  at  the  
junction of  the inferior precentral sulcus and the inferior frontal sulcus  
in Subject 5 denotes a clear in-depth separation of  these sulci. 

Table  1. Inferior  frontal  junction  peaks  and  z  thresholds  for  all  
participants. 

Subject IFJ peak z threshold

1 -35, -2, 30 6.5

2 -33, 4, 33 5.2

3 -35, -2, 33 6.1

4 -40, 2, 27 3.9

5 -47, -3, 39 7.1

6 -41, 6, 32 7.2

7 -41, 0, 33 4.0

8 -41, 1, 27 3.9

9 -29, 1, 33 2.6

10 -38, -4, 36 4.0

11 -47, 0, 48 3.3

12* 37, 5, 27 4.1

13 -35, 11, 33 5.1

14 -51, 6, 30 6.0

   

Mean -39, 2, 32  

*Not included in the computation of  the mean.

Note:  The  z  thresholds  were  adjusted  such  that  the  IFJ 
activation peaks were surrounded by a 2000 mm3 activation 
volume (see Methods).



lateralized activation, was -39, 2, 32. The standard deviations 
of  the peak locations in x-, y-, and z-direction were ±6, ±4, 
and  ±5  mm,  respectively.  The  ranges  in  x-,  y-,  and  z-
direction were 22 mm, 15 mm, and 21 mm (12 mm in z-
direction without  Subject  11).  An overlap analysis  showed 
that  maximally  5 out of  13 z maps overlapped in a given 
voxel (Fig. 4). 

Laterality Analysis
An activation of  the right IFJ could be identified in all of  the 
13 subjects included in the laterality analysis. The mean right 
IFJ peak was located at 42, 2, 31. For absolute x values, the 
distance  between  the  left  and  the  right  IFJ  peak  was  on 
average  8  mm.  At  the  left  IFJ,  the  percent  signal  change 
difference  between  the  meaning-switch  condition  and  the 
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Figure 3. Sagittal and axial slices through the IFJ peak for six individuals. The activation peak is marked by a yellow square, the volume of  
activation by a red outline. On the right, time-course analyses for the activation peaks are shown. 



cue-switch condition was on average 0.15% (SD = 0.1%). A 
t-test  showed  that  the  differences  between  these  two 
conditions were significantly different from zero (t(12) = 5.5, 
p <  .0001).  At  the  right  IFJ,  the  difference  between  the 
meaning-switch condition and the cue-switch condition was 
on average 0.07% (SD = 0.17%). The percent signal change 
differences at the right IFJ were not significantly different 
from zero (t(12) = 1.4, p < .18). A paired t-test showed that 

the signal change differences on the left tended to be higher 
than on the right (t(12) = 2.1, p < .06). An interesting finding 
was that the variability was considerably higher on the right. 
In fact, four participants (Subjects 4, 8, 10, and 14) showed 
higher percent signal changes for the cue-switch condition in 
the  right  hemisphere.  When  these  participants  were 
excluded,  the  mean  percent  signal  on  the  right  was  very 
similar to the one on the left (M = 0.16, SD = 0.08). 

7

Figure 3 (cont.).



Reliability Analysis
Table  2  and  Figure  5  display  the  results  of  the  reliability 
analysis. Mean IFJ peak distance between tasks averaged over 
all subjects was 7.4 mm. Four subjects showed high reliability 
of  the IFJ peak location with distances below 5.4 mm. Such 
distances approximately correspond to a shift of  one voxel 
diagonally (5.2 mm at a 3 x 3 x 3 resolution). Two subjects 
(Subjects 1 and 2) had peak distances of  11.2 and 14.1 mm, 
respectively. A more detailed inspection of  these latter two 
subjects revealed that Subject 1 had a sub-peak within the 
IFJ  activation  volume  in  the  task-switching  paradigm  of  
Study 2 located at -32, 1, 27. This peak had a z score of  4.2 
(in comparison to 4.5 of  the main peak at -44, 1, 33). This 
sub-peak was very similar to the peaks observed in the other 
two tasks. Using this peak for the computation of  the mean 
peak distance reduces this distance for Subject 1 to 5.2 mm. 
Similarly,  Subject  2  had a sub-peak  in  the  Stroop task  of  
Study 3 at  -33,  4,  33.  This peak had a z score of  5.3  (in 
comparison to 6.1 of  the peak at -42, 13, 27). The location 
of  the sub-peak was identical to the location of  the peak in 
Study 1. No further sub-peaks could be identified in Subjects 
1 and 2. Consideration of  the sub-peaks for Subjects 1 and 2 
reduces the mean peak distance averaged across subjects and 
tasks to 4 mm. 

Discussion
The  present  study  investigated  the  relationship  of  fMRI 
activations and sulcal morphology in the lateral frontal lobe 
on  an individual-subject  basis.  Data  from a  task-switching 
study  (Brass  &  von  Cramon,  2004)  were  re-analyzed  to 
assess  the  consistency  of  activations  in  the  posterior 
frontolateral  cortex  and  to  determine  the  relationship  of  
these activations to individual morphologies of  the inferior 
precentral sulcus and the inferior frontal sulcus. We found a 
junction  of  the  inferior  frontal  sulcus  and  the  inferior 
precentral sulcus (IFJ) in 13 of  14 brains. Twelve of  these 13 
participants (86%) had an activation that was located at the 
individually identified IFJ. Additional analyses for a subset of  
these  participants  showed  that  IFJ  peak  activations  were 
stable  across  time.  Taken  together,  in  the  participants 
included in our study IFJ activations can be reliably identified 
based on the analysis of  sulcal morphology. 

Structural-functional Relationships 
The  results  of  the  present  study  indicate  that  posterior 
frontolateral  activations  in  the  task-switching  paradigm  in 
individual  subjects  bear  a  consistent  relationship  to 
individual sulcal morphology. These data supplement results 
from earlier studies in other brain regions that have shown a 
similarly consistent structural-functional correspondence for 
temporo-occipital (V5; Dumoulin et al., 2000; Watson et al., 
1993) and dorsal frontal areas (frontal eye fields and dorsal 
premotor cortex; Amiez et al., 2006). These results suggest 
that the cytoarchitectonic areas responsible for the functional 
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Figure  4. Upper  panel:  IFJ  peak  activations  of  all  individuals  
(yellow squares) overlaid onto an individual brain in Talairach space.  
Anatomical slices were chosen to correspond to the mean peak location  
(orange square). Lower panel: Overlap of  IFJ activation volumes. The  
color bar denotes the number of  z maps overlapping at a given voxel.  
There was a maximum overlap of  5 z maps. 

Figure 5. IFJ  activations  for  the  six subjects  who  participated  in  
multiple studies. Volumes of  IFJ activations are indicated by colored  
outlines  and  are  overlaid  onto  the  individual  anatomies.  For  each  
subject, on the left a sagittal slice is shown and on the right an axial  
slice. The sulcus abbreviations are explained in Figure 3. 



activations  in  the  tasks  investigated  also  bear  consistent 
relationships  to  the  sulci.  In  a  cytoarchitectonic  study, 
Malikovic  et  al.  found  that  hOc5/V5  had  the  highest 
probability (in 65% of  the hemispheres) of  being located in 
the  anterior  occipital  sulcus  (the  ascending  limb  of  the 
inferior  temporal  sulcus  in  Dumoulin  et  al.'s  study).  This 
localization corresponds well with the results of  Dumoulin 
et  al.  who  found  the  anterior  occipital  sulcus  most 
consistently activated (in 53% of  the hemispheres). In both 
the  cytoarchitectonic  study  by  Malikovic  et  al.  and  the 
imaging study by Dumoulin et al. V5 was less likely located 
in  the  sulci  adjacent  to  the  anterior  occipital  sulcus. 
Furthermore,  evidence  has  been provided that  the  frontal 
eye field as defined in high-resolution fMRI (Rosano et al., 
2002),  chemoarchitectonics  (Rosano  et  al.,  2003),  and 
cytoarchitectonics  (Schmitt  et  al.,  2005)  is  located  in  the 
superior precentral sulcus. 

These results indicate that not only primary (e.g., primary 
visual or motor cortex), but also some non-primary areas like 
V5 and the frontal eye field are consistently associated with 
particular sulci. Such an association between cytoarchitecture 
and sulcal morphology could be explained by tension-based 
models  of  morphogenesis  (Van  Essen,  1997;  Hilgetag  & 
Barbas, 2006) which assume that white-matter development 
is a critical factor in determining cortical folding. Following 
these models,  it could be argued that areas which form or 
receive connections early during ontogeny tend to be those 
areas where the first sulci will develop. Thus, a consistent co-
localization  of  cytoarchitectonic  areas  and  sulci  might 
emerge. It is interesting to note in this context that the sulci 
found  to  include  primary  areas  are  among  the  first  to 
develop in ontogeny. For example, Chi et al.  (1977) found 
that the calcarine sulcus develops around gestational week 16 
and the central sulcus around week 20. Also, the inferior and 
superior  precentral  sulci  develop  relatively  early  (week  24; 
Chi et al., 1977).  In comparison, sulci delineating secondary 
frontal  gyri  develop  around  weeks  32  to  35,  and  sulci 
delineating tertiary frontal gyri develop around weeks 36 to 
39  (Chi  et  al.,  1977). Likely,  there  will  be  less  consistent 
associations  with  cytoarchitectonic  areas  for  the  late-
developing secondary and tertiary sulci (e.g., see the results 
of  Amunts et al. [1999] for the diagonal sulcus). 

In  the  present  study  a  consistent  relationship  between 
sulcal  morphology  and  functional  imaging  activations  was 
observed for the junction of  the inferior frontal sulcus and 

the  inferior  precentral  sulcus.  While  the  activation  peaks 
were variable in terms of  their Talairach coordinates,  they 
were consistently found at the IFJ of  individual participants. 
Activation volumes were mostly confined to the dorsal part 
of  the inferior precentral sulcus, but sometimes reached the 
most posterior part of  the inferior frontal sulcus and more 
ventral  parts  of  the  inferior  precentral  sulcus.  This  result 
suggests  that  the  cytoarchitectonic  area  underlying 
activations of  the IFJ might be mainly located in the part of  
the  inferior  precentral  sulcus  above  the  junction  with  the 
inferior  frontal  sulcus,  with  an  extension  into  the  inferior 
frontal sulcus or the ventral part of  the inferior precentral 
sulcus in some brains. This is reminiscent of  the results for 
V5  which  was  most  consistently  located  in  the  anterior 
occipital sulcus but could also be found in sulci adjacent to 
the anterior occipital sulcus. 

Laterality
A number of  switching studies have reported IFJ activations 
in the right hemsiphere (for review, see Derrfuss et al., 2005). 
However, the study by Brass and von Cramon (2004) found 
only left-lateralized IFJ activity. The present study shows that 
this  result  was  most  likely  due  to  a  sub-group  of  four 
participants who had higher percent signal change values for 
the  cue-switch  condition  in  comparison  to  the  meaning-
switch  condition  in  the  right  hemisphere.  It  is  currently 
unclear whether this might be a result of  the specific strategy 
employed by these participants or might reflect a different 
cortical organization in these participants. Also, it is an open 
question whether this pattern of  results would be replicable. 
Thus, the current results offer some insights into why a left-
lateralization was found by Brass and von Cramon (2004), 
but  clearly  further  studies  will  be  necessary  to  better 
understand the functional role of  the right IFJ. 

Reliability 
The reliability of  IFJ activations was good. When sub-peaks 
were considered in two subjects who showed less consistent 
peak locations,  mean peak distance could be reduced to 4 
mm.  This  result  is  remarkable  considering  that 
measurements were separated by at least four months (up to 
19 months for the subjects who participated in Study 1 and 
Study 3) and that different tasks were employed (variants of  
the task-switching paradigm and the Stroop task). Thus, our 
results are in line with another study that provided evidence 

9

Table 2. IFJ activation peaks for the six subjects who participated in multiple studies. 

Subject Study 1 
(task switching)

Study 2 
(task switching)

Study 2 
(Stroop)

Study 3 
(Stroop)

Mean peak 
distance

1 -35, -2, 30 -44, 1, 33 -29, 1, 27 - 11.2

2 -33, 4, 33 - - -42, 13, 27 14.1

3 -35, -2, 33 -38, -2, 30 -38, 1, 27 - 5.3

4 -40, 2, 27 -40, 5, 33 -43, 5, 30 -41, 5, 27 4.8

6 -41, 6, 32 -41, 3, 29 -38, 3, 35 - 5.4
11 -47, 0, 48 -50, -3, 48 -50, -3, 48 -50, 0, 45 3.5

Note: Study 1 is Brass & von Cramon (2004), Study 2 is Derrfuss et al. (2004), and Study 3 is Zysset et al. (2006). 



for a high long-term reliability  of  fMRI data (Aron et  al., 
2006).  A limitation of  our analysis is that conditions were 
contrasted against null events. We chose this way to analyze 
the data as the event-related designs employed in the studies 
analyzed here did not have enough power to show between-
condition differences for all participants (in particular, Study 
2 employed event-related designs with task lengths of  only 
around  15  min).  However,  we  inspected  timelines  to 
ascertain  that  the IFJ activations  were  generally  not  solely 
due  to  low-level  processes  but  were  modulated  by 
experimental  conditions.  Nevertheless,  future single-subject 
studies preferably employing blocked designs might be useful 
to provide evidence for the reliability of  IFJ activations in 
contrasts against higher-level baselines. 

Limits of  Localization
When one considers the localization of  activations in fMRI 
studies in relation to anatomical structures, the question of  
localization accuracy arises.  The within-plane resolution of  
the  EPI  sequence  in  the  present  study  was  3  mm, 
representing  the  upper  limit  of  spatial  resolution.  In 
addition, there are other factors which are likely to have had 
an  influence  on  the  accuracy  of  the  localization  of  
activations.  One  such  factor  is  that  with  gradient-echo 
sequences the strongest signal changes are often observed in 
draining  veins,  not  in  neural  tissue  (e.g.,  Lai  et  al.,  1993). 
Turner (2002) estimated that "an activated cortical area of  
100  mm2 will  generate  an  oxygenation  change  in  venous 
blood that extends without dilution along the vein no more 
than  4.2  mm  beyond  the  edge  of  the  activated  area.  At 
greater  distances  along  the  draining  vein  this  oxygenation 
change  will  be  diluted"  (p.  1062).  In  a  study  comparing 
gradient-echo  BOLD  at  1.5  T  with  electrophysiological 
recordings in the macaque, Disbrow et al. (2000) found that 
the  maximal  mean  displacement  of  the  BOLD center  of  
volume  was  9.5  mm  in  a  given  direction  of  space.  In 
addition,  one  has  to  consider  that  the  registration  of  the 
functional  data  to  the  anatomical  data  will  be  less  than 
perfect and that this will introduce additional small errors in 
localization. 

Taken  together,  in  the  present  study  the  active  neural 
tissue  might  be up to two or three  voxels  away from the 
observed  activation  peak.  Given  this  spatial  resolution,  it 
appears save to conclude that the activation volumes in our 
study were located at the IFJ. However, we would generally 
consider it problematic to draw conclusions about whether 
the posterior or the anterior bank of  the precentral sulcus 
was activated in a given participant. 

Conclusion
Based on group studies, we have previously argued that the 
junction region of  the inferior frontal sulcus and the inferior 
precentral sulcus, the IFJ, is consistently involved in updating 
processes (Brass & von Cramon, 2002, 2004; Derrfuss et al., 
2004).  Here,  we  have  shown  that  posterior  frontolateral 
activations in a task-switching paradigm are consistently and 
reliably located at  the IFJ of  individual  participants.  Thus, 
the IFJ is suggested to be similar to the superior precentral 
sulcus  in  that  it  indicates  the  location  of  a  functionally 

defined area. This structure-function correspondence could 
be explained by tension-based models of  morphogenesis. In 
addition, preliminary results from cytoarchitectonic analyses 
(Amunts & von Cramon, 2006) suggest that the functionally 
defined  IFJ  region  might  have  a  microstructural 
correspondent not labeled in classical cytoarchitectonic maps 
like  that  of  Brodmann  (1909).  Structure-function 
relationships  like  the  one  observed  in  the  present  study 
become increasingly relevant in the context of  transcranial 
magnetic stimulation studies that use structural MRI scans to 
identify stimulation sites. 
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