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Abstract

Manual volumetric measurement of the brain’s frontal lobe and its sub-regions from
Magnetic Resonance Images (MRISs) is an established method for researching neural correlates of
clinical disorders or cognitive functions. However, there is no consensus between methods used
to identify relevant boundaries of a given region of interest (ROI) on MRIs, and those used may
bear little relation to each other or the underlying structural, functional and connective
architecture. This presents challenges for the analysis and synthesis of such results. We therefore
performed a systematic literature review to highlight variations in the anatomical boundaries
used to measure frontal regions, contextualised by up-to-date evidence from histology, hodology
and neuropsychology. We searched EMBASE and MEDLINE for studies in English reporting
three-dimensional boundaries for manually delineating the brain’s frontal lobe or sub-regional
ROIs from MRIs. Exclusion criteria were: exclusive use of co-ordinate grid systems; insufficient
detail to allow method replication; publication in grey literature only. Papers were assessed on
quality criteria relating to bias, reproducibility and protocol rationale. There was a large degree
of variability in the three-dimensional boundaries of all regions used by the 208 eligible papers.
Half of the reports did not justify their rationale for boundary selection, and each paper met on
average only three-quarters of quality criteria. For the frontal lobe and each sub-region (frontal
pole, anterior cingulate, dorsolateral, inferior-lateral, and orbitofrontal) we identified
reproducible methods for a biologically-plausible target ROI. It is hoped that this synthesis will

guide the design of future volumetric studies of cerebral structure.
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1. Introduction

The brain’s frontal lobes are both cytoarchitectonically and functionally diverse, and a
large body of research examines their contributions to a range of cognitive processes and clinical
conditions. Regions of the frontal lobes are differentiated by laminar organisation dependent on
neuronal density, presence of granule cells, glial content, afferent and efferent connectivity
(Zald, 2007). Such differences have functional implications, broadly supported by evidence from
both neuropsychology and cognitive neuroscience that either discrete lesions to, or blood- oxygen
level dependent response in, a specific region can be related to behavioural symptoms or
hypothesised function, due to the high degree of segregation in the parallel fronto-subcortical
circuits (Middleton and Strick, 2001). As a result, attempting to reveal the ‘neural correlates’ of a
disorder by scrutinising the structure of a particular sub-region in relation to a specific
symptomatology has become a widespread practice, with the aim of providing insight into the
developmental aetiology or pathogenesis. Structural abnormalities of the frontal lobe (or their
absence) have been reported in psychiatric, behavioural and neurological disorders and also in
normal development and ageing (e.g. Convit et al. 2001; Salat et al. 2001; Yucel et al. 2008).
However, the methods used to define and measure frontal regions are highly variable among
publications. This variability has critical implications for the analysis, reporting and synthesis of
neuroanatomical abnormalities in clinical populations, and could explain areas of inconsistency
amongst findings of the reported neuroanatomical characteristics of a population (Zhou et al.

2005). A full review of such inconsistencies is beyond the scope of this review’,



1.1 Tools for brain measurement

Methods to measure brain structure fall into two categories: manual and automated.
Manual delineation of ROls affords precise control over boundary placement on a slice-by-slice
basis for the MR image of each participant. Although this confers a high degree of reliability and
allows adherence to individual differences in brain morphology, it requires expertise in
neuroanatomy and involves significant time investment. Automated methods can require less
user input thereby reducing personnel time-cost, making these methods potentially more feasible
for studying large cohorts. It also avoids the potential for bias and reproducibility issues
introduced by manual rater drift. However, choices throughout the processing chain may
introduce other forms of systematic and non-systematic bias; even automated parcellation
methods require user-driven input in the first instance. That is, the software for automated
segmentation of a target samples must be based on a particular structural schema or atlas. As
there is no standardised protocol to manually identify the ROIs in the first place, the parcellations
derived from automated atlas-based methods can only be as good as the manually-delineated
approach on which they are based. For example, the Desikan-Killiany atlas for Freesurfer
(Desikan et al. 2006), the Harvard Brain Atlas (Kikinis et al. 1996) and anatomical labels for
SPM (Tzourio-Mazoyer et al. 2002) are derived from the manual schema outlined by Rademacher
et al. (1992), and subsequent modifications by Caviness et al. (1996) and Tzourio et al. (1997).
The frontal lobe divisions for each of these are included in this review. In addition, different
methods of spatial registration (which attempt to account for individual differences in brain
morphology and size) can yield markedly different outcomes. Thus, choices of atlas selection and
registration method significantly influence automated parcellation results (Bohland et al. 2009;

Pantazis et al. 2010), and also offer no direct control over the positioning of ROI



boundaries for each individual. Consequently, although the remainder of this article is concerned
with the methods used in manual parcellation of the frontal lobes, the findings extend to

automated methods predicated on a manually-derived atlas.

1.2 Approximating cellular field locations

In manual parcellation, the approximation of cellular field locations on the cortex using
only neuroanatomical cues from an MR image gives rise to a complex set of issues which are
likely to be the main source of variability between methods for frontal lobe parcellation. There is
little doubt that distinct sub-regions of the frontal lobes can be defined histologically by distinct
patterns of cell distribution over the cortex, as evidenced by the general accord between many
influential brain cartographers over the last century. When examining the frontal lobes,
Brodmann (1909), Campbell (1905), Smith (1907), von Economo and Koskinas (1925), Sarkisov
(1949) and Petrides and Pandya (1994) amongst others, each identify an anterior tip, a region
anterior to the central sulcus, and intermediate regions on the lateral and ventral convexity of the
frontal cortex based on patterns of cell distribution. However, more detailed comparison of these
maps reveals subtle differences in the way in which sub-regions relate to cortical topography,
making it difficult to derive a clear and robust set of rules to apply to the topography of the MR
image to be parcellated. Discrepancies between cytoarchitectural maps are partly due to different
concepts of cortical organisation and different histology methods (Zilles and Amunts, 2010), but it
also reflects the high level of individual differences in frontal lobe morphology, both at the micro
and macro scale. Small sample sizes are typical in studies of cortical cellular fields, such that a
single study (and resultant map) is unlikely to have captured much of the possible variation in

morphology. As a result, differences between study samples can also partially account for



differences between these maps. It is understandable, then, that this margin for interpretation has

resulted in a variety of approaches for frontal lobe parcellation.

More recent studies of neuroarchitecture have gone some way to addressing the issue of
individual variability in selected ROIls. These studies are relevant for two reasons. Firstly, they
address one of the basic assumptions of manual parcellation; that the relationship between
underlying cell structure and gross morphology is more or less stable across individuals.
Secondly, they enable a more robust method for identification of ROIs by using sulcal and gyral
landmarks. The importance of the first point cannot be overstated, as without a generally stable
relationship between macro- and micro-anatomical variation, cortical parcellation would be futile.
Examinations of cortical fields such as Brodmann Areas (BAs) 17,41, 3b, 4 (Rademacher et al.
1993), 4, 6, 17, 18, (Fischl et al. 2008), the functional activation of the Frontal Eye Fields and
sensory-motor regions (Frost and Goebel, 2012) have all been shown to hold a strikingly
consistent position with specific gyri across a modest number of individual brains. Although other
regions such as the fusiform face area, Broca’s area (Frost and Goebel, 2012), orbitofrontal
regions (Ongur et al. 2003), BAs 9 and 46 (Rajkowska and Goldman-Rakic, 1995) and BAs 44
and 45 (Fischl et al. 2008) show some inter-individual variability of position on the folds of the
cortex, general observations about their likely location across individuals are still sufficiently
robust to allow a meaningful measure to be derived from the sulcal and gyral pattern evident on
an MR scan (Fischl et al. 2008)2. This suggests that not only can one be relatively confident
about the relationship between topography and underlying structure, but that parcellation

approaches should be sympathetic to the individual variability in gyrification rather than using



gross geometric boundaries derived from unrelated landmarks or coordinate systems (Devlin and
Poldrack, 2007; Uylings et al. 2005).

Even with this proviso, variations in parcellation approach can be attributed to different
configurations of the same gyri. Moreover, some regions are difficult to identify because no
study has yet identified a sulcus that reliability indicates a sub-field boundary, so the boundary is
sometimes determined using other easily-identifiable extrinsic landmarks that vary between

methods.

1.3 Aims of the review

The implications of the contradictory definitions of ROIs within studies of the frontal
lobes are far-reaching. These underplayed methodological discrepancies confound assessment of
the relationship between brain region and function or clinical symptom. Establishing an
overview of putative neural correlates of a given disorder or function is fundamentally
undermined by using standard nomenclature (e.g. “dorsolateral” or “orbitofrontal”) to label non-
standardised brain measures. The current review aims to determine the range of frontal lobe sub-
regional definitions that have been adopted, compare these with known relationships between
architecture and morphology and comment on factors of study quality. This synthesis of studies
investigating structure, function and connectivity offers useful guidance in relating underlying
cellular fields to topographical position for the most part, and also highlights gaps in our
understanding for some ROIs in particular. Compromises between accuracy (does it make good
biological sense?) and reproducibility (is it objective, feasible and applicable to all brains?) drive

the commentary and identification of areas for future research.



2. Methods
2.1 Study Identification

We undertook a systematic literature review of published articles reporting a manual
tracing method of the human frontal lobe, following PRISMA guidelines (Liberati et al. 2009).
Searching abstracts and article titles using MESH headings eliminated a number of relevant
articles identified in a preliminary scoping of the literature. Consequently, a full-text search in
both Medline and EMBASE was conducted (covering articles from 1946 to present) on 22"
September 2011 using the following search string: (structural OR structure OR volume OR
volumetric) AND (parcellate OR parcellated OR parcellation OR measure OR measurement OR
estimate OR estimation) AND (frontal OR prefrontal). The references of all screened articles

were searched for further relevant papers.

2.2 Screening and Eligibility

All studies reporting a method for manual tracing the human frontal lobe or its sub-
regions from landmarks on magnetic resonance images were included. Further inclusion criteria
were: studies which reported three-dimensional boundaries for manually delineating the frontal
lobe or sub-regional ROIs from MR images; and English language. Exclusion criteria were:
exclusive use of co-ordinate grid systems (Uylings et al. 2005); insufficient detail to allow
reproduction of the majority of reported ROIs; and publication in grey literature only (as defined

by the Grey Literature International Steering Committee; www.glisc.com). This latter criterion

was selected because grey literature would be unlikely to contain the amount of detail required to

describe a complete segmentation protocol. Information was reviewed from both publication and



supplementary material where available. Where a protocol was unpublished, the authors were

contacted in the first instance, and the study excluded if there was no reply.

c2.3 Data Extraction and Synthesis
The following information was collected: boundary limits for ROI in frontal
lobes, study population, sample size, age range, MR sequence used, magnet strength, slice

thickness, image pre-processing steps, and inter- and intra-rater correlation coefficients.

2.4 Study Quality

To quantify the steps taken by each paper to avoid bias and to justify and validate their
protocols, the QUADAS quality assessment tool (Whiting et al. 2003) was adapted for the
current review. The following criteria were used to rate reviewed publications: (1) Sufficient
detail provided to reproduce the protocol. (2) Justification for selection of anatomical landmarks
and sub-regional boundaries as evidence that the relationship between topography and
neuroarchitecture had been considered. (3) The reporting of intra-class correlation coefficients
(ICCs) was considered the minimum method for checking the reproducibility of the protocol in
question. Ideally, both inter- and intra-rater metric, and measures of spatial concordance, should
be reported. (4) Blinding to participant status where possible. (5) Robust rules accounting for
topographical variation. Applicable for regions known to vary significantly between individuals
(e.g. cingulate and orbital regions — discussed in 3.4.3 and 3.4.6). (6) Summary statistics of
volumes reported. (7) Demographics of the participant groups, including age, gender, number
and clinical characteristics reported. Both of these final points are useful in identifying

systematic biological variance both within and between participant groups, and whether or not



the protocol may be appropriately applied to another population. Duplicate scoring was
conducted independently by two raters (SRC & NAR) for a subset of papers (90) describing the
posterior frontal lobe boundary only, and points of disagreement were discussed and resolved.
For each publication, a score of 0 or 1 was given for each of the eligible criteria, and the total

was converted to a percentage as an indicator of quality.



3. Results

3.1 Study Selection

A total of 1740 records were initially identified, and reduced to 1544 once duplicates were
removed. Of these, 1312 reports did not meet the inclusion criteria mainly due to using automated
structural methods, functional MR techniques, or animals. Papers that repeated the same method
for the same participants were excluded. Studies applying the same protocol to different cohorts
were not excluded as they contribute unique information concerning validity and reproducibility
in a range of clinical populations or age groups. Further, their inclusion gives an undiluted picture
of general publication quality for the entire spectrum of clinical topics studied using manual
parcellation. The remaining 232 were potentially eligible for inclusion into the review. Twenty-
four of these were excluded due to: lack of boundary information (n=13), regions not intended to
be exclusively frontal (n=5), grey literature (n=1), and re-reporting previous results (n=5). This

left 208 reviewed publications (Figure 1).

- Insert Figure 1 around here -

3.2 Study Characteristics

The 208 reviewed papers include 11071 participants, with a mean of 29 per participant
group (median = 22, range = 1-200). The main topics of interest were schizophrenia (25%),
affective disorders (unipolar, bipolar, major and minor depressive disorders 13%), dementia
(7%), and healthy adults of various ages (26%). Study dates span 1988-2011, and MRI scanners

range from 0.1T to 3T in magnet strength.



3.3 Study Quality

On average, papers satisfied about three-quarters of the quality criteria (median score =
71.43%, range = 16.67-100%); 50% of papers did not attempt to justify their boundary selections
either explicitly or by citation. Reporting methods for controlling rater bias were also low, with
25% not reporting reliability measures, and 33% not reporting blindness to participant status.
Amongst those papers that relied on topography to carry out the protocol, 31% failed to give
explicit instructions on how to deal with known topographical variants, although only 4% did not
provide sufficient detail for all necessary boundaries. Twenty-one percent did not report the raw

volumes from their method, and almost 6% did not report the demographics of their participants.

3.4 Synthesis of Results

Two differences in the general type of approach to frontal lobe parcellation were noted.
Firstly, geometrical cut-planes were used in most methods, combined with sulcal and gyral cues,
or to demarcate large areas of lobe. The application of straight boundaries across the cortex
clearly has advantages. As observed by Lacerda et al. (2003), this method is faster to execute and
is more robust to rater subjectivity and difficulties caused by the highly variable sulcal patterning
between brains that can lead researchers to exclude brains from analysis (e.g. Szeszko et al.
19993, b). Nevertheless, this approach is unlikely to offer sufficient sensitivity to capture subtle
sub-regional differences, and is not sympathetic to brain topography. Given the known
relationship between cortical folding and underlying cytoarchitecture, landmarks that have been
used to derive a limit geometrically are usually distant from the ROI (for example, using a
coronal plane at the optic chiasm as the posterior extent of frontal cortex). Such landmarks are

less likely to account for inter-individual variations in both brain size and shape, or the different



effects of age and disease on the brain, potentially introducing error into the resultant
measurements. Thus, using gyrification as a cue to underlying cellular composition (where
possible) is a way in which such ambiguities can be controlled.

Secondly, the way in which white matter has been assigned to lobar sub-regions was
found to vary amongst protocols. Of those articles reviewed, two approaches established a
central point in each hemisphere and used radiating lines to the cortex to designate each segment
of white matter to its corresponding cortical area (Convit et al. 2001; Sanfilipo et al. 2000). Other
approaches quantified the cortex and sub-regional shallow white matter by drawing lines
between key sulci (van Elst et al. 2003; MacLullich et al. 2006; Sanches et al. 2009; Schenker et
al. 2005; Semendeferi et al. 1997) or separating CSF, grey and white matter.

A common misconception is that difficulties in reconciling anatomical findings across
publications are due to differences in nomenclature (as observed by Bohland et al. 2009), rather
than underlying differences in the method of ROI measurement. However, the reviewed papers
used fairly consistent names to identify broadly similar ROIs. Each frontal sub-region will be
discussed in turn under commonly used nomenclature, starting with the posterior frontal lobe
boundary, then the frontal pole, anterior cingulate, dorsolateral, inferior-lateral and orbital. Each
region below contains a brief introduction, results and short discussion. Finally, the most
plausible boundaries based on the discussed evidence will be summarised for each frontal sub-
region. For ease of reference throughout, only the papers from which a given protocol originated
will be cited in the proceeding text, although full details of all the reviewed papers are available
as supplementary material (Online Resources 1 & 2), and online at

www.bric.ed.ac.uk/research/imageanalysis.html.




3.4.1 Posterior Frontal Boundary

Introduction. At its posterior-lateral edge, the frontal lobe is situated anterior to the
central sulcus. Also known as the central fissure of Rolando, this deep sulcus runs from the
medial wall, over the lateral convexity until its ventrolateral termination at the sylvian fissure,
separating the frontal lobe from parietal tissue. The precentral sulcus (PrCS) contains the primary
motor cortex (BA4), with supplementary motor areas (SMA; BA6) immediately anterior to the
PrCS (Duvernoy, 1999). The differentiation between frontal and prefrontal lobe is traditionally
made on the lateral surface, with the latter excluding both motor and supplementary motor
regions (Semendeferi et al. 2001). The frontal lobe is ventrolaterally separated from the temporal
lobe by the sylvian fissure, and on the ventral aspect is divided from the insular cortex by the
circular sulcus of the insula.

Results. Amongst the reviewed publications, there were a number of variations in the use
of lateral, medial and ventral aspects of the posterior frontal lobe boundary. We identified 19
different methods, using 15 different landmarks, for establishing the posterior frontal boundary
(Figure 2), which has clear implications for between-study comparison. The central sulcus was
commonly adopted as the overall posterior boundary for the lateral surface, but the central sulcus
is more difficult to determine this boundary on the medial surface. The use of two coronal cut
planes, one above the body of the corpus callosum where the central sulcus traverses the
midsagittal line and one below the genu that intersects the anterior point of the inner surface of
the genu, were applied in studies after Crespo-Facorro et al. (1999). The absence of a clear
topographical landmark makes identifying the anterior limit of the supplementary motor area

(and therefore the posterior extent of the prefrontal region) problematic. This has led to common



use of the precentral sulcus (PrCS) as the most posterior boundary for defining the prefrontal (as
opposed to frontal) lobe. Thirty-one papers reported that their measures began anterior to the
PrCS. Although use of either central or pre-central sulcus was common, it can be challenging to
determine their course when visualising the brain in 2D slices, as reported by several authors
(Coffey et al. 1991, Lyoo et al. 1998 and Pantel et al. 1997). Common strategies to overcome this
were the use of simultaneous tracing in multiple slice orientations or software that allows
‘painting’ onto 3D renderings to be visualised as a guide during tracing onto standard 2D slices

were used.

- Insert Figure 2 around here -

Given the difficulty in accurately identifying caudal aspects of the frontal lobe where
such methods are unavailable, imposing a coronal cut-plane as the posterior boundary was also
found to be a common method. The slice just anterior to, or in which the genu of the corpus
callosum appeared was cited by 45 papers as the frontal lobe posterior boundary. Pantel et al.
(1997) used the splenium of the corpus callosum but only in the superior slices where it
appeared; above the mamillary bodies, a horizontal line from the lateral sulcus (Sylvian fissure)
to the midline was used. Other studies used a coronal plane at the midpoint of the corpus
callosum (Jernigan et al. 1991), or a coronal plane a set distance anterior to the most anterior
coronal extent of the white matter connecting frontal and temporal lobes, known as the temporal
stem (after Wible et al. 1995). Coronal cut planes have also been employed at the anterior
commissure (Bjork et al. 2009; Bremner et al. 2000; Filipek et al. 1997; Nifosi et al. 2010),

anterior extent of the lateral ventricles (Coffey et al. 1998), bilateral appearance of the insula



(Béckman et al. 1997; Ginovart et al. 1997), the optic chiasm (Coffey et al. 1991; Lyoo et al.
1998), the mamillary bodies and splenium in inferior slices (Cowell et al. 1994), or 6mm
posterior to the septum pellucidum (Noga et al. 1995). Several papers (Convit et al. 2001; Gold
et al. 2005) attempt to distinguish the supplementary motor area from the prefrontal lobe by
identifying the coronal plane that equally divides the distance between the anterior extent of the
cingulate sulcus and the precentral sulcus.

Although the majority of cut-plane methods use the selection of distant, sub-cortical
landmarks to position cut-planes for the posterior frontal boundaries, explicit attempts to
combine cortical topography and cut-planes have also been applied. Kates et al. (2002) selected a
coronal slice at the appearance of the precentral gyrus, which aimed to exclude the
supplementary motor area between this plane and the precentral gyrus, based on relevant cortical
folding and presumed underlying cytoarchitecture.

A number of cut planes have also been used to limit the most posterior extent of the
ventral frontal lobe. The substantia perforata is a landmark used for many of the papers after
Rademacher et al. (1992) to define the posterior boundary of the orbital regions, although
Szeszko et al (1999a, b) report difficulties in identifying this. They suggest instead using the
most posterior coronal slice in which the olfactory sulcus maintains its characteristic shape,
although this, too, may be subject to interpretation. However, the majority of studies that utilise
the central or precentral sulcus to guide frontal lobe segmentation stated the use of the circular
sulcus of the insula as the ventral boundary, following traditional anatomical and functional
convention. The medial boundary was not discussed in the majority of cases, possibly due to the
difficulty in following sulcal/gyral patterns on the medial surface (Coffey et al., 1991). As

already mentioned, Crespo-Facorro et al (1999) used two cut planes to determine this boundary.



Bartzokis et al., (1993) suggested that as the Sylvian fissure is followed to the circular sulcus, the
insula is excluded from the frontal lobe measurement. A straight line is drawn from the fundus of
the most superior portion of the insula to the superior and lateral most point of the lateral
ventricle.

Discussion. Delineation of conventional anatomical sulci results in general lobar
delineation where practicable. Whilst the method by Kates et al. (2002) may be a promising
approach to exclude BA8 because it avoids the difficulty in following the central or PrCS in two
dimensions and takes account of local cortical topography to some degree, further work would
establish whether the area of frontal lobe excluded is equivalent in each individual. Though the
extent of variation in the angle of the precentral gyrus as it ascends from the dorsal aspect of the
brain is relatively small (SD of 6°; Reignes et al., 2000), the volumetric and cytoarchitectural
nature of the excluded region are unknown. Likewise, the consistency with which more distant
landmarks such as the anterior commissure, mammillary bodies or lateral ventricles relate to the
cortex is untested, and thus does not provide a solid basis on which to parcellate the lobe. The
lateral ventricles vary greatly in size within a healthy population (Blatter et al. 1995), as well as
in pathological and ageing populations, and would be a significant determinant of the resultant

volumes if using these boundaries.

3.4.2 Frontal Pole

Introduction. Designated as area 10 by Brodmann, the anterior tip of the frontal lobe,
known as the frontal pole (FP) has been identified as a cellularly-distinct sub-region by a large
number of brain cartographers (Brodmann, 1909; Campbell, 1905; von Economo and Koskinas,

1925; Hof et al. 1995; Ongur et al. 2003; Petrides and Pandya, 1994; Sarkisov, 1949;



Semendeferi et al. 2001; Smith, 1907; Uylings et al. 2010). In addition to its structural
distinctiveness, it is phylogenetically the most recent addition to the cerebrum (Semendeferi et
al. 2001), is subject to an unusually long period of development and maturation (Burgess et al.
2006; Dumontheil et al. 2008) and thought to make functional contributions to higher cognitive
processes such as analogical reasoning and self-referential thought (Benoit et al. 2010; Volle et
al. 2010), and general intelligence (Glascher et al. 2010; Jung and Haier, 2007). FP activity has
been reported during a wide variety of stimulus- and task-related processes, when the mind
wanders and when engaged in a demanding cognitive task (Dumontheil et al. 2010). It has been
proposed that the FP acts as a “‘gateway’ through which the balance between stimulus-oriented
and stimulus-independent thought is controlled (Burgess et al. 2006; Gilbert et al. 2006).

The frontal pole is a clearly distinct sub-region, and like the posterior frontal lobe
boundary, volumes of some or all FL regions are dependent upon the FP boundary. If this region
is ignored, the resultant measures (of the frontal gyri for example) potentially include excess
noise resulting from distributing the anterior portion of the frontal lobes between multiple
regions. A further complication of ignoring this region then arises, as the anterior-most portions
of the frontal gyri in the coronal plane become more difficult to differentiate in 2D, making
continuing sub-regional parcellation challenging and potentially unreliable.

Results. The results of the systematic review revealed that, of the 71 papers reporting sub-
regional volumes extending to the anterior-most portion of the frontal lobe, 47 (66%) did not
include a measure of the FP. Amongst the remaining 24 studies (34%) that did, we identified 14
distinct posterior boundaries. As displayed in Figure 2, this variability can have a striking effect

on the reported size of the frontal pole.



Analysis of the variety of approaches shows that a commonly adopted method to deal
with the lack of a clear landmark was to orient all brains to a standard alignment, and then use a
single cut-plane in the coronal orientation to signify the FP boundary, based on a consistent and
readily-identifiable feature. It is the selection of the feature itself that differs between studies.
Several used a coronal plane positioned a fixed distance from a particular boundary (Planes B —
Wible et al. 1997; D — Sanfilipo et al. 2000, Tisserand et al. 2002; and | — Gilbert et al. 2001).
Others used a coronal plane at the anterior extent of the temporal lobes (Plane H — Rankin et al.
2004, Rosen et al. 2002), the termination of the anterior horizontal ramus of the Sylvian fissure
(Plane G — Sanches et al. 2009), the anterior-most extent of the ACC (Plane F — Convit et al.
2001), or the anterior termination of the olfactory sulcus (ATOS; Plane A — John et al. 2006,
McLaughlin et al. 2009; Nakamura et al. 2008). Finally, lordanova and colleagues (2006) used
the fronto-marginal sulcus (FMS) to define the posterior fronto-polar limit, including the
transverse fronto-polar gyri into measure of the superior and middle frontal measures.

Discussion. Whilst imposing a plane at a fixed distance from a landmark affords a high
degree of reproducibility, imposing a rigid dimension (e.g. x most anterior slices) on each
individual’s frontal pole fails to take into account individual differences in global and local brain
size and morphology. A similar issue can be said to apply to methods that use distant, unrelated
landmarks such as the anterior extent of the temporal lobes (Rankin et al. 2004, Rosen et al.
2002). The use of the termination of the anterior horizontal ramus of the Sylvian fissure to
identify the lateral FP boundary (Sanches et al. 2009), or the FMS for the dorsal limit (lordanova
et al. 2006) are preferable in terms of proximity; however, it has not been made clear how these
sulci relate to underlying structure. Although a reliable cortical landmark (Ono et al. 1990), the

FMS as a dorsal FP boundary does not correspond readily with numerous maps of



cytoarchitecture on the medial wall and may well exclude dorsal fronto-polar areas. Moreover,
this landmark was used to limit the tracing of the lateral frontal gyri by lordanova and colleagues
(2006) and so no ventral boundary was proposed.

Use of the anterior-most extent of the ACC (Convit et al. 2001) or paracingulate gyrus
where present, seems to concur more readily with reported cytoarchitecture, in that no reports
have yet suggested that the frontopolar cortex encroaches on the cingulate or paracingulate gyrus
(e.g. Petrides & Pandya, 1994; Ongur et al., 2003 area 10p). This structure presents a proximal,
clear and logical boundary for the most anterior medial point that we can be fairly certain does
not represent BA10, though how much more anteriorly this cellular field actually lies in different
people, or how it relates to the fronto-lateral gyri is unclear.

Finally, the ATOS appears to correspond to the posterior FP boundaries on schematics
reported by Brodmann (1909), Sarkisov (1949), von Economo and Koskinas (1925), Ongur et al.
(2003), Semendeferi et al. (2001) and Hof et al. (1995). Furthermore, it is the least variable
(Chiavaras et al. 2001; Uylings et al. 2010) and earliest of the orbitofrontal sulci to appear during
development (Chi et al. 1977) suggesting it may be a common feature between individuals. In
spite of the weight of this supportive evidence cited by John et al. (2007), they are cautious to
observe that whilst FP volumes using this approach show relatively little variance and
correspond with a previous post-mortem measure of BA10 (Semendeferi et al. 2001), this cannot
be taken as the ‘true’ limit of FP, and the ATOS may not necessarily be appropriate in other
populations. Uylings et al (2010) observed that using this boundary did not contain all of area 10,
and we found that using the ATOS as a boundary in AC-PC aligned MRIs of 88 healthy 72 year
old males yielded far greater variability than for any other region (SRC — unpublished data).

Whether this finding is reflective of the small sample used by John et al. (20 young healthy



volunteers), positional changes in the ATOS through generalised atrophy, a possible compromise
may be to use a coronal plane that bisects the distance between the ATOS and the anterior tip of
the cingulate sulcus, which appears to exclude the majority of area 10 in a small sample (Uylings
et al., 2010). However, work in a larger sample could usefully compare the degree of BA10
inclusion/exclusion between methods that incorporate this highly variable landmark (ATOS)
with those that use the most anterior extent of the cingulate/paracingulate gyrus. Just as with the
posterior boundary of the frontal ROIs, establishing the optimum FP boundary is of key
importance given the sizeable volumetric impact that a shift in the frontal pole boundary has on
the numerous other frontal ROIs with which this boundary is shared, thus further work is needed
to relate individual differences in morphology to underlying neuroarchitecture in a large and
varied sample of individuals before the accuracy of FP measurement from MRIs can be

improved.

3.4.3 Anterior Cingulate Cortex

Introduction. The anterior cingulate cortex (ACC) is the rostral portion of the cingulate
gyrus running immediately dorsal to the corpus callosum, wrapping around its most anterior
extent (genu) on the medial wall of the frontal lobes. This region is generally considered to
comprise BAs 24 (from callosal to cingulate sulcus) and 32 (between cingulate and paracingulate
sulci; Vogt 2008). Convergent evidence suggests that the ACC can be divided into at least two
distinct segments with differing connectivity (Beckmann et al. 2009), receptor distribution
(Palomero-Gallagher et al. 2009) and function (for a functional meta-analysis see Bush et al.
2000). The dorsal region is involved in goal-based action selection through its strong connections

to lateral frontal and pre-motor regions, while the ventral region contributes to emotional



processing and is preferentially connected to the ventral and medial frontal areas (Mansouri et al.
2009). This has made the ventral ACC a particular ROI for research into various affective

disorders.

Results. We found 14 reports that incorporated the cingulate gyrus into a more general
sub-regional measure (Beyer et al. 2009; Bjork et al. 2009; Carper and Courchesne, 2005; Gur et
al. 2000; Medina et al. 2008; Ratnanather et al. 2001; Sanfilipo et al. 2000; Semendeferi et al.
1997, Wilde et al. 2005). Amongst the remaining 59 papers measuring the cingulate, there were
26 distinct methods for delineating the ACC and its subregions, using a total of 19 different
boundaries, calculated from 12 landmarks. Two main points of variability between authors were:
1) the way in which a second cingulate or paracingulate gyrus (PCG) was considered; and 2) the

selection of anterior and posterior limits. These are discussed below:

Firstly, the cingulate area is a site of considerable inter-person morphological variation,
and authors have taken account of this in a variety of ways. A PCG is present in 30-60% of cases
and there tends to be a greater likelihood of a PCG in the left hemisphere (Fornito, 2004; Ono et
al. 1990; Yucel et al. 2001). Given that, where present, the PCG shares a boundary with the
cingulate gyrus, it also tends to result in a 39% decrease in cingulate volume compared to
individuals without a paracingulate sulcus when controlling for head size (Fornito et al. 2006).

Its presence (and the rater’s ability to detect it) is also likely to impact the medial superior frontal
gyrus volume as well as that of the frontal pole (particularly where the measure is taken as the
anterior-most extent of the cingulate formation). Interest in the PCG is relatively recent and the
functional implications of its presence are not well understood, it has been reported to associate

with executive functioning (Fornito et al. 2004). Evidence suggests that the connectivity between



other regions and the cingulate is comparable, irrespective of the presence or absence of a PCG

(Beckmann et al. 2009; Devinsky et al. 1995).

Out of a total of 56 reviewed publications reporting cingulate boundaries, 13 do not
mention the PCG (Ballmaier et al. 2004; van Elst et al. 2003; Flashman et al. 2001; Raz et al.
1995; Salat et al. 2001; Sowell et al. 2002; Woodward et al. 2006). Three treated the PCG as part
of the cingulate region (Convit et al. 2001; Ranta et al. 2009; Wible et al. 1995), 10 included it as
part of the superior frontal gyrus on the medial aspect (Bremner et al. 1998; John et al. 2006;
Lindberg et al. 2009; MacLullich et al. 2006; Suzuki et al. 2005; Szeszko et al. 1999a, b; Yamasue
et al. 2004), though 27 treat it as a separate entity altogether (Bremner et al. 2002; Crespo-Facorro
et al. 1999; Fornito et al. 2006; McCormick et al. 2006; Monkul et al. 2007,

Noga et al. 1995; Paus et al. 1996; Rademacher et al. 1992; Riffkin et al. 2005; Takahashi et al.

2002).

Secondly, both the sub-genual and posterior limit of the ACC vary between studies.
Although cytoarchitectonic explorations of the region consistently discriminate between the
anterior and posterior cingulate cortices, the boundary separating the two regions cannot be
readily identified from clear proximal landmarks in an MR image, resulting in an array of
approaches (summarised in Figure 3). Whilst some simply do not divide the cingulate gyrus into
two at all (Convit et al. 2001; Sowell et al. 2002; Tzourio et al. 1997), the most commonly
adopted landmarks for the ACC’s posterior extent use sub-cortical markers such as the anterior
commissure (Bremner et al. 2002; Fornito et al. 2006; Kaur et al. 2005; Nifosi et al. 2010; Paus et
al. 1996; Takahashi et al. 2002; Tisserand et al. 2002; Yucel et al. 2008) which is thought to
exclude the SMA (Jones et al., 2006), the most anterior or dorsal extents of the corpus callosum

(Bremner et al 1998; Haznedaar et al. 1997; Ranta et al. 2009; Raz et al. 1995; Salat et al. 2001),



the septum pellucidum (Noga et al. 1995) and mammillary bodies (Yamasue et al,. 2004), whilst
others have selected more proximal cortical features such as where the ascending ramus of the
Sylvian fissure joins the cingulate sulcus (McCormick et al. 2006) or the dorsal termination of
the precentral sulcus on the medial wall (Rademacher et al. 1992). Though there are several
informative studies on cingulate cytoarchitecture and receptor distribution (Vogt and others,
1995, 2008; Palomero-Gallagher et al., 2009), there is little specific guidance on how posterior
cytoarchitectural ACC limit covaries with local cortical landmarks across individuals.
Nevertheless, data from a probabilistic connectivity analysis appear to show that the cingulate
area ventral to the central and precentral sulci on the medial wall contains connections to motor
and premotor areas, whereas immediately more anterior cingulate regions connect to premotor
and dorsal prefrontal cortex (Beckmann et al. 2009). This converges well with evidence from
classical structural maps, suggesting that the spatial relationship between the central/precentral
sulci may give a more accurate index of the posterior ACC boundary than more distant

landmarks.

- Insert Figure 5 around here -

The anteroventral extent of the cingulate gyrus also affects the consistency of reported
cingulate volumes between studies. Figure 3 shows that several groups have elected to trace the
cingulate to its natural gyral extent; others use the appearance of the internal capsule or septum

pellucidum. The use of the genu of the corpus callosum is widespread for limiting the cingulate



gyrus or for excluding sub-genual cingulate regions altogether, though very few papers give an

explicit justification for adopting this boundary.

Convergent evidence from cytoarchitecture and tractography (discussed above) suggests
that the anterior cingulate may be divided into sub-regions, but the number and position of these
is not clear. For example, Ongur et al. (2003) suggests that the sub-genual extent of the
paracingulate stops near the superior rostral sulcus (similar to Smith, 1907 and Sarkisov, 1949),
whilst the ventral cingulate gyrus only becomes divided in very posterior sections. This latter
observation is consistent with Brodmann (1909), von Economo Koskinas (1925), and Petrides
and Pandya (1994) although they each depict sub-genual continuity of the paracingulate with von
Economo and Koskinas identifying sub-regions for the paracingulate only. In contrast, Vogt et
al. (1995, 2008) and Smith (1907) depict multiple cingulate regions on both ventral and dorsal
aspects with a continuous paracingulate, which relates closely to recent connectivity analysis
(Beckmann et al. 2009; Johansen-Berg et al. 2008), and broadly with previous reviews of

neuropsychology data (Bush et al. 2000; Devinsky et al. 1995).

Amongst the various methods for cingulate parcellation identified in the review, several
attempted to mirror the rostral ‘cognitive’ and ventral ‘affective’ cingulate divisions. Nineteen
reported boundaries were derived from the corpus callosum (Asami et al. 2008; Botteron et al.
2002; Brambilla et al. 2002; Coryell et al. 2005; Crespo-Facorro et al. 1999; Drevets et al. 1997;
Fornito, 2006; Hastings et al. 2004; Hirayasu et al. 1999; Kegeles et al. 2003; Lindberg et al.
2009; McCormick et al. 2006; Nifosi et al. 2010; Rauch et al. 2003; Takahashi et al. 2003), and
one used the anterior extent of the internal capsule (Bremner et al. 2002). Further differentiation

between smaller sub-regions used a coronal plane extended both above and below the genu



(Fornito et al. 2006; Takahashi et al. 2003), or the anterior extent of the internal capsule can be

seen (Coryell et al. 2005; Drevets et al. 1997; Nifosi et al. 2010).

Discussion. The correspondence between multiple studies of the architecture, function
and connectivity not only gives some indication of appropriate anterior and posterior boundaries,
but shows that there is a reasonably stable relationship between distinct connectivity profiles and
their location on the gyral surface across individuals. It is currently still unclear to what extent
the geometrical partitioning of these sub-regions in manual tracing can take account of true
individual variability in these boundaries and to what extent it is simply arbitrary. It is worth
bearing in mind that although landmarks such as the corpus callosum and internal capsule appear
to provide a convenient way of partitioning the ACC, the resultant volumes (and their reported
correlations with symptoms) could represent differences in morphology of these extrinsic
landmarks rather than the ACC itself. Particularly where small ROls are concerned, even small
fluctuations in boundary selection could result in a large percentage difference in the brain matter

being measured.

3.4.4 Dorsolateral Frontal Cortex

Introduction. Commonly referred to as the dorsolateral prefrontal cortex (DLPFC), BA 9
and 46 exhibit some variation in cortical positioning between individuals, based on the detailed
examination of brains post-mortem (Rajkowska and Goldman-Rakic, 1995). Nevertheless, BA46
lies predominantly on the middle frontal gyrus (MFG), whereas BA9 lies mainly on the superior
frontal gyrus (SFG; Figure 4). Evidence from functional imaging and lesion studies link this area

with working memory (Petrides, 2000), attentional control, switching (Cabeza and Nyberg,



2000; Shallice et al. 2008), planning (Unterrainer and Owen, 2006) and fluid intelligence (Deary
et al. 2010; Jung and Haier, 2007).

Results. Dorsal and ventral borders of the DLPFC on the lateral wall vary between
protocols. Whilst the superior and inferior frontal sulci were used consistently as boundary guides,
combinations of two or even all three frontal gyri were used. We identified 55 papers reporting
methods for measuring the lateral convexity of the frontal lobe. Of these, 7 explicitly combined
SFG and MFG (Croxson et al. 2005; Gansler et al. 2009; McLaughlin et al. 2009; Rosso et al.
2010; Sanches et al. 2009; Seidman et al. 2006; Tisserand et al. 2002), and 22 measured the
superior and middle frontal gyri separately (based on methods proposed by Crespo- Faccorro et al.
1999; Flashman et al. 2001; lordanova et al. 2006; John et al. 2006; Rademacher et al. 1992;
Ranta et al. 2009; Suzuki et al. 2005; van Petten et al. 2004; Wible et al. 1997; Zuffante et al.
2001).

In contrast, 6 papers separated the SFG and combined IFG and MFG, contrary to
Rajkowska and Goldman-Rakic (Baaré et al. 1999; Bjork et al. 2009; Gilbert, 2001; Prasad et al.
2005; Seidman et al. 1994, Wilde et al. 2005). Twenty publications combined all three frontal gyri
(Carper and Courchesne, 2005; van Elst et al. 2003; Head et al. 2002; Raz et al. 1995; Salat et al.
2001) or used geometrically derived boundaries without accounting for individual variation in
topography (Harris et al. 1994; Hill et al. 2003; Medina et al. 2008; Nagel et al. 2006; Ranta et al.
2009; Schlaepfer et al. 1994). It must be noted that Ranta et al. used cut planes following the
trajectory of the superior and inferior frontal sulci, but this is not fully sympathetic to individual

differences in the course of the frontal sulci.

Another significant variation is the differentiation of lateral and medial portions of the

SFG. Methods explicitly dividing lateral and medial SFG identify relevant matter up to the



lateral extent of the lateral ventricles from the midline (Bjork et al. 2009), lateral extent of grey
matter at the lateral orbital sulcus (Gur et al. 2000), or a straight line into the grey matter at the
superior margin of the inter-hemispheric fissure (Carper and Courchesne, 2005; Semendeferi et
al. 1997; Suzuki et al. 2005; Tzourio et al. 1997). One alternative method used the longitudinal
fissure for anterior slices and the deepest part of the MFG more posteriorly (McLaughlin et al.

2009).

- Insert Figure 4 around here -

Discussion. There is some variation in the use of frontal gyri to delineate the DLPFC,
although the extant data suggests combining superior and middle frontal gyri to the exclusion of
the inferior frontal gyrus most plausibly reflects BAs 9 and 46 (Rajkowska & Goldman-Rakic,
1995). The division between superior and medial SFG may be important in task switching
behaviours, where superior medial areas are explicitly implicated in activating novel, non-
learned response operations (for a review, see Shallice et al. 2008). Nevertheless, it is unclear
which regions of superior medial frontal cortex are involved due to the lack of spatial resolution
afforded by lesion studies and possible issues with registration of functional neuroimaging in this
region. The method for defining medial and lateral SFG volumes is fairly reproducible, although

more work is needed to establish a clear cytoarchitectural and functional basis for this approach.

3.4.5 Inferior Lateral Frontal Cortex
Introduction. The inferior frontal gyrus extends ventrally from the inferior frontal sulcus
and comprises the pars opercularis and triangularis (BA44 and BA45, also known as Broca’s

Area), and the pars orbitalis (BA47; Keller et al., 2009; Petrides et al 2012). Posteriorly, it is



bound by the precentral gyrus, and anteriorly by the frontal pole. In Brodmann’s original
designation, area 47 referred to a large cellular field extending dorsally from the pars triangularis
to the medial orbital sulcus. However, more recent investigations suggest that this region can be
divided by the lateral orbital sulcus (LOS) in order to achieve better concordance with Walker’s
(1940) map of the macaque frontal lobe which serves not only to preserve the correspondence to
primate models from which a great deal of functional detail has been learned, but also preserves
the lateral portions of the orbital frontal cortex which have been reported to exhibit distinct
functions (see next section; Mackey and Petrides, 2009; Petrides and Pandya, 1994). Other
cytoarchitectural studies do not agree on the number of lateral orbital subregions or their relation
to orbital morphology (Ongur et al. 2003; Uylings et al. 2010). In terms of functional
contribution, the left IFG has been consistently associated with word comprehension and
production (for reviews, see Costafreda et al. 2006; Bookheimer 2002), whilst the right IFG has
been implicated in response inhibition (for a review, see Aron et al. 2004). The IFG is thought to
be a core substrate of the mirror neuron system and the pathophysiology of disturbed action
imitation and social reciprocity in autism spectrum disorders (Yamasaki et al. 2010). The IFG
has also been implicated in thought disorder (reviewed in Nishitani et al. 2005) which has made
this region of interest in schizophrenia research (e.g. Suga et al. 2010; Suzuki et al. 2005;
Yamasue et al. 2004).

Results. All 28 papers reporting IFG measures used the inferior frontal sulcus as a guide
for the superior boundary (and their anterior and posterior boundary selections are discussed in
3.4.1 and 3.4.2), but there was some disagreement regarding the ventrolateral limit. Seventeen
publications used the anterior horizontal ramus of the Sylvian fissure to differentiate orbital

regions from the IFG (Convit et al. 2001; Bremner et al. 1998; Knaus et al. 2006; Rademacher et



al. 1992; Suga et al. 2010; Tisserand et al. 2002; Yamasaki et al. 2010) or as a landmark for an
axial cut-plane (Baaré et al. 1999). As a result, the pars orbitalis was excluded from the IFG in
these cases, whereas in other studies, it was included when the lateral orbital sulcus was used as
the ventral boundary (Crespo-Faccorro 1999; John et al. 2006; lordanova et al. 2006; Suzuki et
al. 2005) or middle orbital sulcus (Salat et al. 2001) though in one case it was not clear how the
pars orbitalis and OFC were divided (Tzourio et al. 1997).

A small group of papers also examined sub-regions of the IFG in isolation. There is some
evidence to suggest that in this region too, researchers have been able to identify the functional
differentiations that underlying differences in architecture suggest. Based on a meta-analysis of
functional studies reporting activity during verbal fluency tasks, a significant difference in the
reported loci of activation was found between phonologic and semantic verbal fluency tasks,
with the former activating dorsal regions on the left IFG, and the latter activating ventral regions
(Costafreda et al,. 2006), while the orbitalis is thought to facilitate semantic retrieval (Sabb et al.
2007). This supports the possibility of functionally meaningful parcellation of the IFG. There is
consensus amongst parcellation methods that this can be done by using the horizontal and
vertical rami of the Sylvian fissure. Yet here too, morphology patterns are highly variable
between individuals. Amongst 50 individuals, Keller et al. (2007) documented great variation in
the morphology of the inferior frontal and diagonal sulci (both the horizontal ramus of the
Sylvian fissure and a diagonal sulcus within the pars opercularis) and document instances in
which these sulci are discontinuous or entirely absent. Likewise, Amunts et al. (1999)
demonstrated that macroscopic features could not reliably differentiate areas 44 and 45. In
contrast, Tomaiuolo et al. (1999) examined the variability of the pars opercularis in 54 brains and

reported a large degree of variability, but that the vertical ramus of the Sylvian fissure was a



consistent and reproducible landmark in 106 of the 108 sampled hemispheres. Another study
reported that the distinct cytoarchitecture of the triangularis and orbitalis regions can be
consistently distinguished near the anterior horizontal ramus of the Sylvian fissure, based on a
combination of MRI and histological methods in a total of 27 brains (Uylings et al. 2010).

Discussion. The variance in ventral IFG boundaries reflects confusion concerning cellular
architecture of the pars orbitalis and its inconsistent reclassification in recent studies of
cytoarchitecture (e.g. Petrides et al., 2012; Ongur et al., 2003; Uylings et al. 2010). It also
reflects the wide array of topographical variations exhibited by the orbital surface of the frontal
lobes (Chiavaras and Petrides, 2000; Lacerda et al. 2003). Consequently, the ventral limit of the
IFG is a compromise between approximating the presumed distribution of cellular fields and
ensuring consistent identification of the boundary on MR scans.

Further parcellation of the IFG into subregions shows some consensus amongst reviewed
methods. However, the difficulty in accurately identifying the anterior horizontal ramus has been
highlighted both in histological and volumetric studies. Ono et al. (1990) observed that this
sulcus was not present in some of the brains they examined. Difficulty in identifying this
landmark during parcellation (Foundas et al. 2001) has led to excluding participants apparently
without a horizontal ramus (Szeszko et al. 1999a, b; Rupp et al. 2005). Furthermore, Fischl et al.
(2008) and Amunts et al. (1999) demonstrated that BAs 44 and 45 have more inter-individual
variability in gyral configuration than non-frontal regions; suggesting that correspondence
between architecture and cortical location may also vary considerably.

Taken together, this evidence highlights the potential of measuring the IFG and its sub-
regions. The traditional anatomical definition of the IFG (lying between the IFS and LOS; Keller

et al., 2009; Petrides et al., 2012) can be reliably applied, and may then further be divided at the



horizontal ramus of the Sylvian fissure (given the difficulty of reproducibly placing a boundary
into the midpoint of this fissure on the lateral orbital gyrus as suggested by Uylings et al., 2010).
However, the significant and unreliable covariance of cortical folding and underlying

cytoarchitecture for areas 44 and 45 suggest that further parcellation may be problematic.

3.4.6 Orbitofrontal Cortex

Introduction. The orbitofrontal cortex (OFC) is found on the ventral aspect of the frontal
lobes immediately superior to the orbital part of the frontal bones, anterior to the insula cortex,
and extending dorso-medially to the sub-genual cingulate sulcus (Petrides & Pandya, 1994;
Chiavaras et al., 2001). Although originally designated as comprising BAs 11, 12 and 47 by
Brodmann (1909), some authors use areas 13 and 14 to describe more posterior OFC areas,
although these were originally positioned in the insular cortex by Brodmann himself (see
Uylings et al., 2005). Animal models, human imaging and lesion studies suggest this region
combines the processing of taste and smell with representations of emotional valence and
expected reward value of stimuli (Hof et al. 1995). Through its dense interconnectivity with
other frontal and non-frontal regions, it influences decision-making from situations involving
basic sensory reward to complex social and emotional interactions by processing the emotional
salience of potential actions (Rolls and Grabenhorst, 2008; Torralva et al. 2007). As a
consequence, this region has been of particular interest in psychiatric disorders where affect is
low or flattened (such as depression), schizophrenia in which olfactory insensitivity has also
been observed (Moberg et al. 1997; Rupp et al. 2005), obsessive compulsive disorder and
affective disorders, in which OFC abnormalities have been reported (Blumberg et al. 1999;

Cotter et al. 2005; Rajkowska et al. 2005). However, reports of OFC volume from MRI in these



disorders have been inconsistent in schizophrenia (as discussed in Nakamura et al. 2008) and
bipolar disorder (see Najt et al. 2007), as are the selections of anatomical limits we have
identified in this review.

Results. Amongst these methods, two points of contention were noted from our search®.
Firstly, the medial extent of the orbital region varied significantly (Figure 5). The OFC extended
onto the medial wall in 37 protocols using the superior rostral, cingulate or supraorbital sulcus as
the dorsal boundary (Baaré et al. 1999; Berryhill et al. 1995; Convit et al. 2001; Crespo-Faccorro
et al. 1999; Croxson et al. 2005; Flashman et al. 2001; Rademacher et al. 1992; Szeszko et al.
19994, b; Rankin et al. 2004; Ranta et al. 2009; Rosen et al. 2002; Salat et al. 2001; Tisserand et
al. 2002; Suzuki et al. 2005; Uylings et al. 2010; Wible et al. 1997). Other researchers imposed a
limit on the medial wall at the depth of the olfactory sulcus (OS), although we found 7 different
methods amongst 15 papers for identifying this. Three papers used the shortest straight line to the
midline from the deepest point of the OS in coronal slices (Ballmaier et al. 2004). The dorsal
disappearance of the olfactory sulcus was also used, defined as either most superior axial slice in
which >50% of the OS can still be seen (Bremner et al. 1998), where combined grey matter and
CSF comprise less than three-quarters of the overall length of the OFC (Lai et al. 2000), or
where grey matter ran its entire length (Wilde et al. 2005). Other geometric approaches applied
an axial cut-plane at the most anterior extent of the genu of the corpus callosum (Medina et al.
2008) or the anterior commissure (Bjork et al. 2009; Gur et al. 2000). One further approach used
the anterior cingulate sulcus until it intersected a geometrically-determined cut-plane more
anteriorly. The plane begins at the genu of the corpus callosum. Its angle is determined
coronally, as a line drawn from the intersection of horizontal and vertical lines at the lateral and

ventral extents of the hemisphere to a point at the most ventral extent of the corpus callosum



(Lacerda et al. 2003). Conversely, some studies excluded the medial wall by using the central
fissure via a limit through the crown of the gyrus rectus (Semendeferi et al. 1997), or olfactory

sulcus (Raz et al. 1995) as the medial boundary.

- Insert Figure 5 around here -

The second subject of variability between methods is in the further parcellation of the
OFC. As discussed in depth by Uylings et al. (2010), the nomenclature, methods and criteria for
architectural analysis of orbitofrontal composition are inconsistent for orbital sub-regions. There
is consensus on a lateral/medial differentiation amongst cellular maps, and also partial support
for an anterior-posterior boundary (e.g. Brodmann, 1909; Beck, 1949; Hof et al., 1995; Petrides
& Pandya, 1994; Ongur et al., 2003; Sarkissov et al., 1955; von Economo & Koskinas, 1925).
These two directional trends also have support from functional studies, whereby lateral and
medial OFC are involved in punishment and reward evaluation respectively, and the anterior-
posterior divide corresponds to a spectrum of complexity from abstract to simple reinforcers
(Kringelbach and Rolls, 2004 as cited in Uylings et al. 2010). Nevertheless, the ease with which
subregions can be identified is dependent upon how consistent the main orbital landmarks are
among brains. Unfortunately the cortical features on the orbital surface are subject to marked
inter-individual variability (Chiavaras and Petrides, 2000; Nakamura et al. 2008; Uylings et al.

2010).

Amongst the reviewed parcellation methods, we found that further parcellation of the

ventral surface was achieved by dividing the straight gyrus from the orbital gyri either by using



the olfactory sulcus (Ballmaier et al. 2004; Bremner et al. 1998; Crespo-Faccorro et al. 1999;
Flashman et al. 2001; Nakamura et al. 2008; Rademacher et al. 1992; Szeszko et al. 19994, b;
Suzuki et al. 2005) or the crown of the gyrus rectus itself (Tisserand et al. 2002; Uylings et al.
2010). On the medial wall, two approaches further divide the gyrus rectus and medial OFC using
a line bisecting the depth of the olfactory sulcus (Crespo-Faccorro et al. 1999) or the inferior
rostral sulcus (Suzuki et al. 2005). Several studies of neuroarchitecture justify dividing the
ventral surface of the OFC using the middle and lateral orbital sulci (Croxson et al. 2005;

Uylings et al. 2010).

Discussion. As discussed in the previous section, contention over the status of the pars
orbitalis is central to inconsistency in the lateral OFC boundary. Variability in the medial extent
of the OFC is also apparent, although exclusion of the inferior rostral gyrus from orbital
measures was not generally accompanied by a cytoarchitectural justification. Further parcellation
of the orbital gyri may also be possible, but the variability of these gyri makes such detailed
parcellation a technically demanding feat, particularly without the detailed knowledge and
experience required to make sense of the variable orbital topography. Nevertheless, the extant
data suggests that medial and lateral OFC can be differentiated by using the crown of the gyrus
rectus, and that anterior/posterior border can be approximated by extrapolating the path of the
transverse orbital sulcus; though there is no clear sulcal boundary and a wide anterior/posterior

transition zone (Uylings et al., 2010).



4. Discussion

This review has identified a large body of literature whose methods aim to quantify the
volumes of the frontal lobe and its sub-regions from MR images. Against a backdrop of research
linking cortical positioning with frontal cytoarchitecture, connectivity and function, we have
described the marked variability with which different research groups have defined and reported
each ROI. Such discrepancies may not be immediately apparent, but may underlie fundamental
inconsistencies between reports of the neural correlates of various conditions. The variety of
methods discussed range from those using geometry to divide the lobes into gross measures, to
fine-grained parcellation of a single sub-region using available gyral cues, with the majority of
methods using a combination of the two. For each of the frontal ROIs, we have identified an
assortment of boundaries and attempted to illustrate the large degree to which a named single
anatomical region can vary.

Nevertheless, it would be premature to conclude that detailed volumetric analysis of the
frontal lobes is intractably complex at the sub-regional level. There is sufficient evidence to
assume that some local gyral landmarks are common to all individuals. Further, these are most
likely to allow a biologically meaningful measure sympathetic to presumed individual
differences in neuroarchitecture. Likewise, analyses of variability in cortical folding and its
implications have also been published. Observations on identification, measurement and
potential effects on adjacent structures can offer useful guidance for protocol design. Crucially,
for each region we identify some pre-existing boundaries that allow a reproducible method for a
biologically-plausible target ROI based on the information discussed. It is hoped that the

synthesis of these in our review, in addition to comments on the need for measures to address



questions of bias and quality, will guide design decisions in future volumetric studies of frontal
lobe and other regions.

Given the difficulties in identifying papers by their methodology rather than subject of
interest (exemplified by the large proportion of papers identified from manual reference
searching, Figure 1), it is possible that not all relevant publications were identified in our search,
thereby under-representing the true variability of methods. In addition, the current review cannot
be considered a definitive guide to frontal lobe parcellation, as it refers mainly to manual
methods. The use of automated approaches is widespread, and although some of the reviewed
protocols are directly implemented by Freesurfer and SPM, we do not discuss non-atlas-based
approaches to frontal lobe parcellation, nor their comparative merits and drawbacks.

For some regions — notably the frontal pole and anterior cingulate — further work is
needed to help identify cellular field boundaries from structural landmarks. Such work may come
in the form of traditional histology — such as the direct comparison of OFC cytoarchitecture and
MRI parcellation undertaken by Uylings et al. (2010) - or elsewhere. For example, a technique
by which myelination patterns can be objectively assessed in vivo across most of the cortex holds
promise (Glasser and Van Essen, 2011). By generating a contrast between T1 and T2 weighted
MR images, myelin maps were shown to enable the delineation of numerous cortical sub-regions
which corresponded well with probabilistic cytoarchitectonic areas mapped onto the same surface.
Exploitation of the microstructural qualities of the cortex can also be further enhanced
by high-field imaging; the use of 7T magnetic fields and more sensitive receiver coils enables
extremely detailed visualisation of intracortical myeloarchitecture. This technique accurately
resolves the border between somatosensory and primary motor cortex when compared to a post-

mortem analysis of the same tissue (Geyer et al. 2011). Such an approach could not only allow



further investigations into “‘problem’ areas such as the frontal pole and posterior border of the
ACC, but also has potential for the guidance of manual or semi-automated parcellation in the
future, whereby intensity signal changes can be mapped as sub-field boundaries across the cortex
to complement the use of cortical morphology when identifying ROIls. Finally, the use of resting
state fMRI may also offer insights for structural brain parcellation. Combining this imaging
modality with unsupervised clustering techniques, recent studies have reported parcellations of
both lateral PFC (Goulas et al., 2012) and OFC (Kahnt et al., 2012) which successfully identify
neuroanatomically realistic sub-regions.

In the meantime however, topographical boundaries that appear to fit most plausibly with
current knowledge of frontal lobe sub-fields are as follows (Figure 6). The posterior boundary of
the frontal lobe, excluding the motor cortex can be traced on the lateral surface anterior to the
precentral sulcus and extended medially to the cingulate or paracingulate sulcus, and ventrally at
the insular sulcus in order to differentiate OFC from insula. The presence of a 3D surface view of
the studied brain, in combination with 3 orthogonal plane viewing is of considerable benefit to
the rater (e.g. Gronenschild et al., 2010). In situations where one might wish to exclude pre-
motor areas, or where 3D visualisation software is unavailable, use of a coronal cut plane at the
most anterior extent of the precentral gyrus might be used for lateral aspects, and a coronal plane
where the OFC and insula cannot be distinguished for ventral aspects of the frontal lobe. For the
frontal pole, the use of a coronal cut plane at the most anterior extent of the ACC appears
plausible. Between these two points, the lateral convexity can be parcellated into the three main
frontal gyri, (affording the option to combine SFG and MFG into DLPFC), using the lateral
orbital sulcus to differentiate OFC and IFG. Medial and lateral portions of OFC and SFG can be

separated using the crown of the most medial gyrus. The anterior cingulate can be measured



from its most ventral sub-genual extent to its posterior dorsal border in line with dorso-medial
and lateral limits. Distinction between dACC and VACC can be made using a sagittal or coronal
cut plane at the genu of the corpus callosum, although further work is clearly needed to establish
relationships between topography and architecture for both posterior- and mid-cingulate
boundaries, and authors may wish to pay closer attention to certain regions using finer-grained
parcellations, expanding upon this general schema.

The reviewed studies have made crucial contributions to the development of frontal lobe
parcellation, but it is hoped that this review will contribute to a consensus which might eliminate

persisting differences in methods and reduce noise in the field to maximise future progress.
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Fig. 1 Systematic literature review flow diagram, adapted from Moher et al. (2009).
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Fig. 2 Variation in boundary selection shown on a 3D rendering of an MRI of a young healthy
male. Left hemisphere shows posterior frontal boundaries, Right hemisphere shows frontopolar
boundaries. * medial FP border for the Rademacher/Caviness protocol, ** lateral FP border for
the Rademacher/Caviness protocol, “//” marked plane corresponds to multiple landmarks. Caudal
and rostral broken red lines follow the course of the Central and PreCentral sulci respectively.
Ommitted cut planes are variations of +/- xmm from landmarks shown in this figure. Fronto-

marginal sulcus and method described by Flashman et al., (2001) not shown.
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Fig. 3 Common anterior and posterior boundaries that have been used to delineate the ACC and
its subregions, shown on a midsagittal MR slice of a young healthy male. A: Most ventral axial
slice in which the globus pallidus, caudate and putamen can be clearly seen. B: Most dorsal axial
slice where the CC divides the hemispheres. C: 16% of the distance between the CC genu and
the tip of the frontal lobe. D: Coronal plane at the genu of the corpus callosum. E: Internal
capsule separates caudate and putamen. F: Coronal plane at the posterior part of the CC genu. G:
Most anterior coronal slice showing the temporal stem. H: Coronal plane at the most dorsal axial
slice where the CC divides the hemispheres. I: Coronal appearance of the mammillary bodies. J:
Coronal plane at the connection of the superior frontal sulcus and precentral sulcus / coronal
plane at the dorsal termination of the precentral sulcus on the medial wall. K: Coronal plane at the
anterior commissure.



Fig. 4 Reconstructions of the variability of Brodmann Areas 9 and 46 based on 5 brains using the
Talairach coordinate system. Red: overlap in all cases, orange: 4 brains, green: 3 brains, blue: 2
brains, purple: 1 brain, CS: central sulcus. Figure is an amended version of Rajkowska and
Goldman-Rakic (1995) in Uylings et al. (2005), reproduced with permission.
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Fig. 5 Two frontal coronal sections immediately posterior (left) and anterior (right) to the genu
of the corpus callosum showing various boundaries for the lateral and medial orbitofrontal
cortex. A: Axial slice at the genu of the corpus callosum. B: Axial slice at the anterior
commissure. C: Cingulate sulcus. D: Shortest line to the midline from the deepest part of the
olfactory sulcus / rostral sulcus. E: Plane at the axial termination of the majority of the olfactory
sulcus. F: Grey matter limited by the central fissure. G: Olfactory sulcus. H: Lateral orbital
sulcus. ACC: Anterior Cingulate Cortex. IRG: Inferior Rostral Gyrus. GR: Gyrus Rectus. OFC:
Orbtiofrontal Gyri. Red lines indicate the tangent lines (dashed) and locator line (solid) which
runs from 5 slices below the anterior commissure to the tangent bisection (from the Lacerda

2003 protocol). Images modified with permission from www.thehumanbrain.info
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Fig. 6 Primary sulcal landmarks for the parcellation of the frontal lobes, shown on the right
hemisphere. Colour-coded lines represent the number of papers that report using these
boundaries. ahrSF: Anterior horizontal ramus of the Sylvian fissure; arSF: Ascending ramus of
the Sylvian fissure; CS: Cingulate sulcus; CSI: Circular sulcus of the insula; CentS: Central
sulcus; IFS: Inferior frontal sulcus; LOS: Lateral orbital sulcus; OS: Olfactory sulcus; PCS:
Paracingulate sulcus; PrCS: Precentral sulcus; SF: Sylvian fissure; SFS: Superior frontal sulcus.
Line A represents the most anterior extent of the cingulate or paracingulate sulcus (frontal pole).

* denotes sulcus partially obscured from view (represented by transparency).



Footnotes:

! The data compiled over the course of this review (and the available supplementary material)
may provide the basis for further reviews explicitly dealing with the effects of boundary
variability on reported results and inconsistencies on a syndrome-specific basis.

2 These studies too are examinations across a small number of brains and so may not have fully

captured population-wide variability.

*In addition to the difficulty in identifying the lateral boundary between the IFG and OFC, and
the posterior and polar boundaries discussed above.

Online Resource 1 Excel spreadsheet of all reviewed parcellation methods. Bold horizontal
dividers identify groups of papers that use broadly the same protocol, starting with the paper in
which the cited method originated. Details of the sample, acquisition hardware, sub-regional

boundaries and quality scores are included.

Online Resource 2 Complete references of all reviewed protocols.
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