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Figure 1 The major functional subdivisions of the human frontal lobes.

frontal region can exhibit dysfunction that at times mimics the lateral regions, and
in other instances are unique.
Inferior (ventral)medial frontal regions have been functionally dissociated from

ventrolateral and polar regions (Barbas 1995, Bechara et al. 1998, Elliott et al.
2000). Based on connectivity, Carmichael & Price (1995) divided the orbital and
medial prefrontal cortex into three regional (and functional) divisions for behavior
and emotional responses. The frontal poles, particularly on the right, are involved
in more recently evolved aspects of human nature: autonoetic consciousness and
self-awareness. The importance of polar regions in specific higher human functions
has also been highlighted in studies of humor and theory of mind (Baron-Cohen
et al. 1994; Shammi & Stuss 1999; Stuss et al. 2001c,d). We therefore consider the
frontal polar region to be distinctly involved in processes that define us as human.
We present data on the effects of frontal lobe lesions, grossly divided into

cognitive (DLPFC) and affective (VPFC) functions. As a means of maintaining
a coherence of anatomy to function for the purposes of this review, our primary
focus is on the DLPFC/VPFC separation, with additional separate consideration
of the frontal poles. Whenever possible, these sectors are considered separately
according to hemispheric lateralization. Although damage in our patients often
crosses medial and lateral sectors, distinctions between these regions are noted
where relevant.
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Class Logistics
• Exam #3 (noncumulative) review guide posted and 

lecture slides posted by tomorrow. Plenty of time to study. 

• Exam date: May 13th, 11:30am-2:30pm 

• Tuesday next week: Our very own Prof. Paul Maglio of 
UC Merced and IBM! 
• Will discuss cognitive science and industry. 

• Lumosity data science director sends his apologies; is sending some materials for 
us. 

• No class Thursday next week: Last day, and Rick 
traveling; work on your projects!

Final Paper Notes
• Conventional structure: Introduction, Methods, Results, 

Conclusion — that’s fine. 

• Philosophy final papers: Essay style narrative weaving from thesis 
to argument to conclusion (with background review). 

• Neurosynth project may be Introduction, Analyses, Conclusion. 

• Other points: 

• First-person / third-person: Take your pick, just be consistent. 

• APA style preferred but not required (just be consistent; give 
me all the information in a consistent way).



Last Time… Difficulties…
• It is, in some sense, at least as difficult to discern the 

underlying deficits, cognitive processes, and mental disorders 
that are relevant as it is to work with the brain. 

• Why? The vagueness and difficulty in defining and measuring 
these concepts. 

• Remember part I of this course: What are the constructs?

Historical Constructs…
• Neuropsychology is the field devoted to the relationship 

between psychological processes and the brain, and how 
we can discern when those processes break down. 

• Historical methods: qualitative, non-objective, poor 
validation, unstandardized, etc. 

• Modern methods: psychometrics and standardization, 
strict measurement protocols in batteries of tests

• E.g., “process approach”: Utilizes standardized tests, 
but also qualitative methods for determining how 
patients are solving tests.

Woodcock-Johnson



“Symbol Span”

http://www.pearsonclinical.com/psychology/products/100000281/wechsler-memory-scale

F      C      E      G

Process Approach

Edith Kaplan (1924-2009)

“process approach”

http://en.wikipedia.org/wiki/Wechsler_Adult_Intelligence_Scale

1) Run test, find deficits 
2) Observe subject, determine strategy

Subject 1 gets 50% correct Subject 2 gets 50% correct

“Suffers from severe 
anterograde amnesia 
and cannot encode 
new experiences”

“Suffers from severe 
monitoring and control 

deficits and cannot focus 
attention effectively”
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Figure 1 The major functional subdivisions of the human frontal lobes.

frontal region can exhibit dysfunction that at times mimics the lateral regions, and
in other instances are unique.
Inferior (ventral)medial frontal regions have been functionally dissociated from

ventrolateral and polar regions (Barbas 1995, Bechara et al. 1998, Elliott et al.
2000). Based on connectivity, Carmichael & Price (1995) divided the orbital and
medial prefrontal cortex into three regional (and functional) divisions for behavior
and emotional responses. The frontal poles, particularly on the right, are involved
in more recently evolved aspects of human nature: autonoetic consciousness and
self-awareness. The importance of polar regions in specific higher human functions
has also been highlighted in studies of humor and theory of mind (Baron-Cohen
et al. 1994; Shammi & Stuss 1999; Stuss et al. 2001c,d). We therefore consider the
frontal polar region to be distinctly involved in processes that define us as human.
We present data on the effects of frontal lobe lesions, grossly divided into

cognitive (DLPFC) and affective (VPFC) functions. As a means of maintaining
a coherence of anatomy to function for the purposes of this review, our primary
focus is on the DLPFC/VPFC separation, with additional separate consideration
of the frontal poles. Whenever possible, these sectors are considered separately
according to hemispheric lateralization. Although damage in our patients often
crosses medial and lateral sectors, distinctions between these regions are noted
where relevant.
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DLPFC

VPFC



Neurology
• Neuropsychology vs. neurology: Neurologists are explicitly 

concerned with the “tissue”; they are focused on the brain’s 
anatomy, as their emphasis. 

• Remember, neuropsychologists tend to focus on batteries of 
tests and their relationship to brain 

• Neuropsychiatry: Focus on brain structure and function as it 
pertains to mental disorders and (often) pharmaceutical drugs. 

• Again these are fuzzy categories: all are concerned with brain 
areas and functions, but have different disciplinary histories 
and emphases.
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Test (Delis et al. 1987), an excellent example from the Boston Process Approach of
modern clinical neuropsychology, which draws upon cognitive science to improve
the specificity of neuropsychological assessment. This test includes measures of
serial position learning, semantic organization, interference effects, cued recall,
recognition, and response bias. Although similar measures are incorporated into
the latest Wechsler Memory Scale revision (Wechsler 1997b), the verbal learning
test in this battery contains semantically unrelated words, precluding analysis of
semantic clustering.
The effects of frontal brain damage on these and other measures were studied

by Stuss and colleagues (1994), who showed that subjective organization (pair-
frequency), was specifically affected by frontal damage, although the intrafrontal
lesion location was not a factor. Right DLPFC patients had increased intralist rep-
etitions, possibly owing to a monitoring deficit. Category clustering deficits were
not found, although these have been reported elsewhere (Gershberg & Shimamura
1995). As expected, frontal damage (especially on the left) affected encoding and
retrieval. Contrary to clinical lore, recognition was also affected by frontal dam-
age. Analysis of this effect revealed that it was related to subtle anomia in left
DLPFC patients and subtle associative mnemonic deficits in patients with medial
frontal damage extending to septal regions. A subsequent meta-analysis confirmed
a small but significant role for the frontal lobes in recognition memory (Wheeler
et al. 1995), but only on tests that had an organizational component such as cate-
gorized lists.
Focal lesion studies have demonstrated the importance of the frontal lobes on

retrieval tasks in which monitoring, verification, and placement of information in
temporal and spatial contexts are of critical importance (Milner et al. 1985, Stuss
et al. 1994). Reduplication, confabulation, and focal retrograde amnesia, all disor-
ders of faulty episodic retrieval, are associated with frontal lesions (Levine et al.
1998a, Moscovitch &Melo 1997, Moscovitch &Winocur 1995, Stuss et al. 1978).
In the past decade, the role of the frontal lobes in memory has been greatly elabo-
rated by functional neuroimaging studies (Cabeza & Nyberg 2000), which allow
for separation of mnemonic processes not possible in straight behavioral research.
Of particular importance is the role of the right frontal lobe in episodic memory
retrieval (Tulving et al. 1994), which is consistent with the right lateralization often
observed in neuropsychological patients with paramnestic disorders.
More recent imaging work has provided greater intrafrontal specificity in re-

lation to retrieval success, retrieval monitoring, contextual recall, and material
specificity (Cabeza & Nyberg 2000). In addition to the right hemispheric bias
in retrieval, retrieval operations can also be distinguished according to relative
DLPFC/VPFC involvement within the right hemisphere. VPFC is involved in re-
trieval cue specification, whereas DLPFC is involved in higher-level postretrieval
monitoring operations (Fletcher et al. 1998, Petrides et al. 1995). This finding pro-
vided greater precision to the earlier patient work (Milner et al. 1991, Stuss et al.
1994) and later case studies (Schacter et al. 1996) on the nature and localization
of right frontal executive control in memory retrieval.
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frontal region can exhibit dysfunction that at times mimics the lateral regions, and
in other instances are unique.
Inferior (ventral)medial frontal regions have been functionally dissociated from

ventrolateral and polar regions (Barbas 1995, Bechara et al. 1998, Elliott et al.
2000). Based on connectivity, Carmichael & Price (1995) divided the orbital and
medial prefrontal cortex into three regional (and functional) divisions for behavior
and emotional responses. The frontal poles, particularly on the right, are involved
in more recently evolved aspects of human nature: autonoetic consciousness and
self-awareness. The importance of polar regions in specific higher human functions
has also been highlighted in studies of humor and theory of mind (Baron-Cohen
et al. 1994; Shammi & Stuss 1999; Stuss et al. 2001c,d). We therefore consider the
frontal polar region to be distinctly involved in processes that define us as human.
We present data on the effects of frontal lobe lesions, grossly divided into

cognitive (DLPFC) and affective (VPFC) functions. As a means of maintaining
a coherence of anatomy to function for the purposes of this review, our primary
focus is on the DLPFC/VPFC separation, with additional separate consideration
of the frontal poles. Whenever possible, these sectors are considered separately
according to hemispheric lateralization. Although damage in our patients often
crosses medial and lateral sectors, distinctions between these regions are noted
where relevant.
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Working Memory

Workingmemory is historically central to research on frontal lobe function (Fuster
1985, Goldman-Rakic 1987), beginning with the observation that monkeys with
frontal lobe damage are deficient in making stimulus-guided responses after the
stimulus is removed from view (Jacobsen 1936). After 65 years of research, how-
ever, the precise role of the frontal lobes in working memory tasks is still a matter
of debate. Much of this debate is concerned with separation of working memory
processes such as encoding strategies, storage/maintenance, rehearsal, interfer-
ence control, inhibition, and scanning of working memory buffers (D’Esposito
et al. 2000). These processes are addressed in experimental lesion or event-related
functional neuroimaging research on working memory and attentional control.
For the purposes of clinical neuropsychological assessment, the important

principles follow on those described for long-term memory above. As in long-
term memory, the frontal lobes’ primary role in working memory is in control
and manipulation of information held on-line, hence Baddeley’s notion of the
“central executive” (Baddeley 1986). Whereas the frontal lobes are certainly in-
volved in simple storage and maintenance, these operations are primarily medi-
ated by posterior regions, such as the inferior parietal lobule (“slave systems”)
(Baddeley 1986, D’Esposito et al. 1995); frontal involvement increases as infor-
mation held on-line is threatened by interference or exceeds working memory
capacity (D’Esposito et al. 2000). The dorsolateral prefrontal cortex (DLPFC) ap-
pears to be preferentially involved in monitoring and manipulation (Owen et al.
1996). The role of the ventral prefrontal cortex (VPFC) is less clear, with hypothe-
ses including maintenance, interference control, and inhibition (D’Esposito et al.
2000).
Workingmemory is important tomany neuropsychological tests, but fewwidely

used tasks seek to directly assess working memory per se. Digit span or spatial
span tasks are important for determining working memory storage capacity, but
do not provide information relating to rehearsal or executive control. Consistent
with the neuroimaging evidence described above, a recent meta-analysis showed
no evidence for an effect of frontal lobe lesions on digit or spatial span (D’Esposito
& Postle 1999). Reversal of the sequences (e.g., digits backwards) does measure
manipulation of information held on-line. Scoring methods that combine forward
and backward span confound these capacity andmanipulationmeasures. The latest
updates of the Wechsler Instruments have added new tasks stressing manipulation
and control (Wechsler 1997a,b) and even allow for a separate “working memory”
composite score. This too combines the dissociable processes into a single mea-
sure, although the neuropsychologist is still able to examine the more demanding
strategic subtests separately. The Brown-Peterson technique taps workingmemory
control processes in the presence of interference (Stuss et al. 1982), and supra-
span tests can be used to measure processing when working memory capacity is
exceeded (see Lezak 1995 for description).
A modern approach would incorporate additional measures validated in the

animal and human experimental literature. Delayed response tasks are among
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“Trail Making Test”
• DLPFC impairment causes difficulty in maintaining 

attention; VPFC patients not impaired.
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COGNITIVE FUNCTIONS ASSOCIATED WITH THE
PREFRONTAL CORTEX (DORSOLATERAL)

Our division of executive functions is functional, because this is the approach that
would be followed in clinical neuropsychology. Standard tests have come into
use through years of clinical practice and form the basis of the “frontal” part of
neuropsychological assessment batteries. Some were developed in the context of
focal lesion research, but most were classified based upon their face validity as
executive measures. Whereas these standard tests have been used clinically with
some validation in ancillary focal lesion and functional neuroimaging research, the
origin of modernmeasures is theory-driven research on frontal functions, followed
by clinical application.
We review the evidence from both the lesion and functional neuroimaging lit-

erature pertinent to the sensitivity and specificity of the standard “frontal” tests
as contrasted with novel approaches based on recent cognitive neuroscience re-
search. Our review is organized according to measures of higher-level language,
attention, and memory processes. This organization is more pragmatic than theo-
retical;we acknowledge overlap of control operations across these domains.Owing
to space constraints, we limit this review to those in wide usage and those with
enough validity data upon which to base a meaningful evaluation. To foreshadow,
there is evidence to support the validity of standard frontal tests, but this asso-
ciation depends on careful analysis of task parameters, lesion location, and the
exclusion of patients with basic sensory and linguistic deficits from the posterior-
lesion control groups. Novel approaches show considerable promise for improving
assessment.

Frontal Lobe Language Functions

Excluding motor deficits (e.g., articulation problems), and Broca’s aphasia, the
language deficits related to the frontal lobes can be grouped globally under acti-
vation and formulation (paralinguistic) deficits (Alexander et al. 1989). Activa-
tion problems in speech output (“dynamic aphasia”) are associated with medial
frontal damage (anterior cingulate gyrus and supplementarymotor area). Transcor-
tical motor aphasia, with notably truncated spontaneous language as well as other
deficits, may occur after damage usually to left DLPFC anterior and superior to
Broca’s area (Brodmann Areas 44, 46, 6, and 9) (Freedman et al. 1984).
Activation deficits can be tested by requiring the patient to generate a list of

words beginning with a specific letter (phonological or letter fluency) or from a
specific semantic category (semantic or category fluency). Next to the Wisconsin
Card Sorting Test (WCST, see below), letter-based fluency is the most popular
frontal test; its face validity derives from its lack of specification by external cues.
It is traditionally considered to reflect left frontal function (Milner 1964, Perret
1974), although other areas of damage have been shown to produce impairment
on this task (see Stuss et al. 1998 for review).
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Meunier et al., “Modular and hierarchically modular organization of brain networks”

speech pathologist

neuropsychologist

neuropsychiatrist

neurologist

Subjects
• 15 with AD and 13 with only minor memory issues 

(~70 years old). 

• Used EEG: 21 electrodes 

• Recorded electrical activity of brain  

• Looked at how electrodes (nodes) synchronize 
(edges). (Two nodes are connected if their 
corresponding electrodes show synchrony.)

When C and L are computed as a function of threshold T, the results
might be influenced by differences in the mean level of synchronization
between the 2 groups. Because the SL is expected to be significantly
lower for Alzheimer patients than controls, for a given value of T, AD
graphs will have fewer edges than controls graphs, and this will
influence the differences in C and L between the 2 groups. To control
for this effect, we repeated the analysis computing C and L as a function
of degree K, which is the average number of edges per vertex. In this
way, graphs in both groups are guaranteed to have the same number of
edges so that any remaining differences in C and L between the groups
reflect differences in graph organization.

The values of C and L as a function of degree K were compared
with the theoretical values of C and L for ordered (C = 3/4, L = N/2K)
and random (C = K/N, L = ln(N)/ln(K)) graphs. However, statistical
comparisons should generally be between networks that have equal
(or at least similar) degree sequences, as these are known to affect all
kinds of network measures. Because the theoretical networks have
Gaussian degree distributions and may thus not provide valid controls
for the experimental networks in the present study, which may have
some other degree distribution, we also generated random and ordered
control networks following the procedure described by Sporns and Zwi
(2004) and Milo and others (2002) which preserve the degree
distribution exactly. For a K value of 3, for each EEG 20 random and
20 ordered networks were generated, and the mean C and L were
calculated.

Statistical Analysis
Statistical analysis consisted of independent samples t-tests and linear
regression of the plots of C and L as a function of threshold. In order to
investigate correlations between changes in topological parameters
with cognitive measures, we calculated Pearson’s correlation coefficient
between MMSE scores (as a measure of cognitive function) and both
cluster coefficient and path lengths.

Results

As can be seen in Figure 2, the synchronization matrices of both
groups show a complex but nonetheless rather similar pattern,
with various regions of high (darker) and low (lighter) levels of
synchronization. For instance, the dark region in the upper left
corner corresponds to high levels of synchronization between
prefrontal, frontal, and frontolateral channels.
Overall, the beta-band synchronization was lower in the

Alzheimer group (main effect of group, F1,26 = 4.656, P = 0.040).
Figure 3 shows the graphs corresponding to the mean

synchronization matrices of Figure 2 using a threshold T =

0.029. The graphs for both groups show a similar complex
network, consisting of frontal and parieto-temporo-occipital
components, linked by long distance connections (Fig. 3B,C).
Compared with the AD group, the graph of the control group

has a larger number of edges between the central, temporal, and
frontal regions (Fig. 3D). The graphs shown in Figure 3
represent group averages and serve primarily to illustrate the
main patterns. For the actual analysis, the conversion of the
synchronization matrix to a graph was done for each subject
separately, and the averaging was done over the individual
values of C and L as a function of the threshold T.
The mean cluster coefficient C as a function of threshold for

the 2 groups is shown in Figure 4A.
For a low value of the threshold, the corresponding graphs

are almost fully connected with edges between almost all
vertices yielding a corresponding C close to 1 (for T = 0, C is
expected to be 1). For increasing values of the threshold, more
and more edges will be lost (providing the corresponding value
of SL < T), and the cluster coefficient starts to decrease. Over
the whole range of threshold values investigated (0.010--0.050),
C of the control group is slightly higher than C of the Alzheimer
group. However, due to the large variance, which increases with
higher values of T, there are no consistent statistical differences
between the 2 groups.
In contrast, the characteristic path length L does show clear

differences between the groups (Fig. 4B). In the curves of
Figure 4B, several patterns can be discerned. For small values
of T (0.010--0.019), the path length increases almost linearly
with the threshold. For increasing values of T, more and more
edges will drop out, increasing the average path length
between randomly chosen vertices. For an intermediate range
of values of T (0.020--0.032), the path length is significantly
larger for the Alzheimer group compared with the control
group; the most significant difference is found for T = 0.029
(t-test, P = 0.0049). For further increases of T, the path length
starts to level off; this phenomenon occurs earlier in the
Alzheimer group than in the control group. This can be
explained owing to the fact that for high values of T some of
the vertices (EEG channels) become disconnected from the
graph (splitting off); the resulting graph will be smaller, which
will limit the further growth of L. For very high values of

Figure 2. Mean synchronization matrices for the Alzheimer patients (N = 15) and the control subjects with subjective memory complaints (N = 13). The synchronization matrix is
a 21 3 21 square matrix, where the x axis and the y axis correspond with the channel numbers, and where the entries indicate the mean strength of the SL between specific pairs of
channels. The strength of the SL is indicated with a gray scale, from white (SL = 0) to black (SL = 1). The diagonal running from the upper left to the lower right is intentionally left
blank. The names of the electrodes according to the 10--20 electrode placement system have been indicated next to the corresponding channel numbers on the left side.
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T (T > 0.043), the path length actually decreases with in-
creasing T. This is due to the fact that the graph will be divided
into 2 or more sub graphs (fragmentation). Because these sub
graphs will be much smaller than the original full graph, the

corresponding mean L will decrease. This graph fragmentation
occurs earlier in the AD group than the control group, re-
sulting in significantly larger path length of the controls for
very high values of T.

Figure 3. Mean synchronization matrices of Figure 2 converted to graphs using a threshold of T = 0.029. (A) Schematic image of the head seen from above, with the positions
of the electrodes indicated by small circles and numbered according to the 10--20 electrode placement system. (B) Graph of the control subjects. If the SL between 2 electrodes
is above a threshold, a line is drawn (an edge exists between the 2 vertices), otherwise not. (C) Graph of the Alzheimer patients. (D) Differences between the 2 groups:
Co-AD = edges only present in control group (solid lines), AD-Co: edges only present in AD group (dotted line). Abbreviations: F = frontal, P = posterior, L = left, R = right.

Figure 4. (A) Mean cluster coefficient C and (B) path length for the Alzheimer group (black diamonds) and the control group (open squares) as a function of threshold. Error bars
correspond to standard error of the mean. Black triangles indicate where the difference between the 2 groups is significant (t-test, P < 0.05). The cluster coefficient shows
a decrease for increasing threshold values. Although C is consistently higher for the control group, especially for higher values of the threshold, due to the large variance the
difference between the groups is statistically not significant. For intermediate ranges of the threshold (0.020--0.032) the path length is significantly longer in the Alzheimer group. For
very high values of the threshold (T > 0.043), the path length is significantly shorter in the Alzheimer group, due to fragmentation of the graph into sub graphs.

Cerebral Cortex January 2007, V 17 N 1 95
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New Designs?

BCI: Brain-Computer Interfaces

E.g., EEG systems (Emotiv, Neurosky)



Results of the analysis of C as a function of K are shown in
Figure 5A.
As expected, C increases with K. No significant differences

between the 2 groups are present. Comparisons with the
theoretical values of C for ordered (C = 3/4) and random graphs
with size N (C = K/N) (Fig. 5A) and with the constructed random
and orderedmatrices that preserve the degree sequences of their
experimental counterparts (Fig. 5C) show that C for EEG data is
intermediate between ordered and random graphs. Results of
the analysis of L as a function of K are shown in Figure 5B.
Here L decreases as K increases because more edges allow
shorter possible paths. L is significantly longer in AD patients for
2.85 < K < 3.15. Comparison with theoretical values of L for or-
dered and random graphs (ordered graph: L = N/2K, random
graph: L = ln(N)/ln(K)) shows that the path length of the EEG data
is very short and smaller than that of a random graph for K < 3.4
(Fig. 5B). However, for the constructed random and ordered ma-
trices, L of the EEG is lower than L of ordered networks and close
to (but not smaller than!) L of random networks; also L of the AD
group is significantly longer than L of the control group (Fig. 5D).
Pearson correlation coefficient between MMSE scores and

path length was significant for the combined AD and control
subject group: r = –5.91 (P = 0.01), but not for the AD group

alone: r = –4.05 (P = 0.13). Correlations between MMSE scores
and cluster coefficient were not significant for the combined
AD and control subjects: r = 0.28 (P = 0.15) or the AD group:
r = 0.22 (P = 0.42) (Fig. 6).

Discussion

The principal finding of the present study is that changes in EEG
beta-band functional connectivity display a loss of small-world
network characteristics. We showed that AD was characterized
by a longer characteristic path length with relative sparing of
the local clustering. Functional connectivity matrices of beta-
band synchronization were converted to graphs and analyzed in
terms of cluster coefficients C and characteristic path length L
for a range of thresholds. This approach is quite general and
could also be applied to connectivity matrices based upon
reconstructed sources in future studies. The main purpose of
this analysis was to characterize the whole network in terms of
local and global integration and to determine which aspect
might be affected most in AD.
For a whole range of threshold values, the cluster coefficient

showed a nonsignificant trend to lower values in AD patients
(Fig. 4A), implying that the local connectedness of networks in
AD is relatively spared. The sparing of the cluster coefficient in

Figure 5. (A) Mean cluster coefficient C and (B) path length for the Alzheimer group (black diamonds) and the control group (open squares) as a function of degree K. Error bars
correspond to standard error of the mean. Black triangles indicate where the difference between the 2 groups is significant (t-test, P < 0.05). The theoretical values of C and L for
ordered and random networks as a function of K are shown for comparison. (A) C increases as a function of K, but no significant differences between the Alzheimer patients and
subjective complaints group are present. The cluster coefficient of the EEG data is intermediate between that of ordered and random networks. (B) For K between 2.850 and 3.15,
the path length is significantly longer in the Alzheimer group. The path length of the EEG data L is much shorter than that of ordered networks and even smaller than that of random
networks for K < 3.4. (C) Comparison of the experimental cluster coefficient and (D) path length with those of the constructed random and ordered matrices that preserve the
degree sequences of their experimental counterparts. C is intermediate between ordered and random networks, whereas L of the EEG is lower than L of ordered networks and close
to (but not smaller than) L of random networks; also L of AD is significantly longer than L of controls (*).
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clustering (C): 
“two friends of yours are also friends of each other” 
path length (λ): 
getting from person A to person B in how many steps?

studies have shown that neural networks with a small-world
configuration facilitate synchronization between distant neu-
rons and efficient information processing (Lago-Fernandez and
others 2000; Masuda and Aihara 2004). Stephan and others
(2000) have shown that graph analysis can be applied equally
well to patterns of functional and anatomical connectivity;
in both cases a typical small-world network was revealed.
In agreement with this, analysis of correlation matrices de-
termined from fMRI BOLD signals has shown typical small-
world patterns (Dodel and others 2002; Eguiluz and others
2005; Salvador, Suckling, Coleman, and others 2005; Salvador,
Suckling, Schwarzbauer, and Bullmore 2005). Finally, in a study
dealing with MEG recordings from healthy subjects, graph
analysis of synchronization matrices revealed small-world pat-
terns in low- and high-frequency bands (Stam 2004). When C
and L are expressed as ratios of C and L of random graphs, the
results of the present study are quite comparable with those of
several previous studies (Table 1).
The present study provides further support for the presence

of small-world features in functional networks in the brain.
Furthermore, this study shows for the 1st time that pathological
networks in AD may be less small world--like than normal brain
networks. Alzheimer patients have significantly longer path
lengths of their EEG graphs, even after correcting for differ-
ences in the mean level of synchronization, which suggests
a disruption in effective interactions between and across
cortical regions and provides further support for the concept
of AD as a disconnection syndrome. Graph theoretical analysis
can reveal abnormal patterns of organization of functional
connectivity. This approach may be useful not only in de-
generative dementia’s but also in other disorders such as
schizophrenia where abnormal functional connectivity plays
a role (Friston 1999; Breakspear and others 2003).

Notes
Address correspondence to B. F. Jones, Department of Neurology, VU
University Medical Centre, PO Box 7057, 1007 MB Amsterdam, The
Netherlands. Email: b.jones@vumc.nl.

Appendix: Mathematical Details of Computation of SL

This appendix is based upon Posthuma and others (2005). The SL is
a measure of the ‘‘generalized synchronization’’ between 2 dynamical
systemsX and Y (Stam and Van Dijk 2002). Generalized synchronization
(Rulkov and others 1995) that exists betweenX and Y of the state of the
response system is a function of the driver system: Y = F(X). The 1st step
in the computation of the SL is to convert the time series xi and yi

recorded from X and Y as a series of state space vectors using the
method of time delay embedding (Takens 1981):

Xi = ðxi ;xi + L ;xi + 23L ;xi + 33L; . . . ;xi + ðm –1Þ3LÞ; ð1Þ

where L is the time lag and m the embedding dimension. From a time
series of N samples, N – (m 3 L) vectors can be reconstructed. State
space vectors Yi are reconstructed in the same way.

SL is defined as the conditional likelihood that the distance between
Yi and Yj will be smaller than a cutoff distance ry, given that the distance
between Xi and Xj is smaller than a cutoff distance rx. In the case of
maximal synchronization, this likelihood is 1; in the case of independent
systems, it is a small, but nonzero number, namely, Pref. This small
number is the likelihood that 2 randomly chosen vectors Y (orX) will be
closer than the cutoff distance r. In practice, the cutoff distance is
chosen such that the likelihood of random vectors being close is fixed at
Pref, which is chosen the same for X and Y. To understand how Pref is
used to fix rx and ry, we first consider the correlation integral:

Cr =
2

N ðN –wÞ
+
N

i = 1

+
N –w

j = i +w

hðr – jXi –Xj jÞ: ð2Þ

Here the correlation integral Cr is the likelihood that 2 randomly chosen
vectorsXwill be closer than r. The vertical bars represent the Euclidean
distance between the vectors. N is the number of vectors, w is the
Theiler correction for autocorrelation (Theiler 1986), and h is the
Heaviside function: h(X) = 0 if X > 0 and h(X) = 1 if X < 0. Now, rx is
chosen such that Crx = Pref, and ry is chosen such that Cry = Pref. The SL
between X and Y can now be formally defined as:

SL =
2

N ðN –wÞPref

+
N

i = 1

+
N –w

j = i +w

hðrx – jXi –Xj jÞhðry – jYi –Yj jÞ; ð3Þ

SL is a symmetric measure of the strength of synchronization betweenX
and Y (SLXY = SLYX). In equation (3), the averaging is done over all i and j;
by doing the averaging only over j, SL can be computed as a function of
time i. From equation (3), it can be seen that in the case of complete
synchronization SL =1; in the case of complete independence SL = Pref.
In the case of intermediate levels of synchronization Pref < SL < 1.

In the present study, the following parameters were used: L = 10,
M = 10, and Pref = 0.01.
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Table 1
Cluster coefficient C and path length L expressed as ratios of theoretical C and L of random
networks for several studies

C/Crandom L/Lrandom

Present study AD 1.6 1.12*
Controls 1.58 1.07

Stam (2004) Healthy subjects 1.89 1.19
Salvador, Suckling, Coleman and others (2005) Healthy subjects 2.08 1.09
Hilgetag and others (2000) Macaque visual cortex 1.85 1.02

Cat whole cortex 1.99 1.07

For the present study, data are shown for K 5 3.0 for the generated control networks
preserving N, K, and degree sequences; for the Stam (2004) study, data are shown for the
gamma band and K 5 20.
*Significant difference between AD patients and controls, P 5 0.046 (2-tailed t-test).
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Meunier et al., “Modular and hierarchically modular organization of brain networks”

Stam et al., 2007

Importance of Basic Science
optional reading re: importance of basic methods, even in clinical domains
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