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Figure 6. Correlation maps of cognitive performance and full-, short-, and long-range FCS values in the AD group. Red colors represent positive correlations and blue colors
represent negative correlations. MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; AVLT, World Health Organization-University of
California-Los Angeles Auditory Verbal Learning Test; CDT, Clock Drawing Task; FCS, functional connectivity strength.

Network Hubs, Connectivity Distance, and Diagnostic
Biomarkers

Disparate spatial patterns of short- versus long-range functional
connections have been reported previously (Sepulcre et al. 2010;
Liang et al. 2013). In the present study, long-range functional
hubs were mainly located in the PCC/PCu, MPFC, IPL, and lateral
frontal and temporal cortices, and these hubs exhibited signifi-
cant decreases in long-range FCS in AD. These regions are in-
volved in high-level cognitive functions such as episodic
memory, executive controls, integrity of sensory information,
and decision making, which are all impaired in AD. Previous
studies have suggested that the long-range connections provide
quick links between remote brain regions in the network (Achard
et al. 2006) and play crucial roles in supporting human cognitive
function by traveling across multiple modules to allow the dis-
tant hubs to act as connectors for information integration to sup-
port human cognitive function (He et al. 2009; Bullmore and
Sporns 2012). Previous studies have reported AD-related disrup-
tions in some long-distance connections involving the PCC/

PCu-MPFC and bilateral homologous regions (Delbeuck et al.
2003; Stam et al. 2007; He et al. 2008; Sanz-Arigita et al. 2010;
Liu et al. 2013). Therefore, we speculate that these long-range
hub abnormalities might cause disrupted functional integrity be-
tween different brain systems, which could underlie the cogni-
tive impairments in AD. This hypothesis was supported by our
findings of the most significant AD-related FCS decreases ap-
peared in the 100- to 130-mm range and significant correlations
between the long-range hub FCS values in the DMN and general
cognitive performances (MMSE and MoCA) in patients with AD. In
this study, we observed short-range connectivity hubs mainly in
the PCC/PCu, MPFC, insula, dACC/SMA, and sensorimotor and
visual cortices, and these regions showed significantly decreased
short-range FCSin AD. Interestingly, these disrupted short-range
hubs were primarily located at the distance of 0-10 mm. This very
short-range FCS might be approximately equivalent to the re-
gional homogeneity (Zang et al. 2004). A previous study has
found significant regional homogeneity decreases in the PCC/
PCu and significant increases in the left fusiform in the AD
patients (He, Wang, et al. 2007), which is consistent with our
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Figure 7. Disrupted FCS patterns in the very mild (CDR = 0.5) and mild (CDR = 1) AD groups when compared with the HC group. These group-based analysis results based on
full-, short-, and long-range FCS maps were separately obtained by using a voxel-based, one-way analysis of covariance (ANCOVA) with age and gender as covariates,
followed by post hoc two-sample t-tests. Notably, there were no significant differences in age, gender, and education level among the 3 groups. ANCOVA, one-way
analysis of covariance; CDR, Clinical Dementia Rating; FCS, functional connectivity strength; HC, healthy control.

findings. Of note, in this study, we obtained a cutoff point (i.e.,
90 mm) between short- and long-range hubs using FCS-based
hierarchical clustering analysis, which captured connectivity re-
lated information and could be better than the previously em-
ployed arbitrary cutoff point of 75 mm (Achard et al. 2006; He,
Chen, et al. 2007).

To further address the extent to which FCS metrics could
serve as a biomarker to differentiate individuals with AD from
HCs, we proposed the VDA-ROC analysis approach and found a
high sensitivity and specificity in the PCC/PCu, especially for
long-range FCS. The PCC/PCu is a core region of human brain
structural (Hagmann et al. 2008; Gong et al. 2009) and functional
(Tomasi and Volkow 2010; Liang et al. 2013) networks. Neuroima-
ging studies have consistently reported AD-related abnormalities
in this region, such as hypometabolism (Minoshima et al. 1997),

hypoperfusion (Hirao et al. 2005), amyloid deposition (Frisoni,
Lorenzi, et al. 2009), cortical thinning (He et al. 2008), and func-
tional disconnectivity (Greicius et al. 2004; Wang et al. 2007; Xia
et al. 2014). These studies provide crucial evidence that the
PCC/PCu FCS could be a biomarker for the early diagnosis of
AD, and could also be used to evaluate the progression of the dis-
ease. Recently, many pattern recognition techniques have been
widely investigated to automatically classify patients with AD
or prodromal AD from healthy elders (Wang, Jiang, et al. 2006;
Fan et al. 2008; Dai et al. 2012; Wee et al. 2012; Wang, Zuo, et al.
2013; Falahati et al. 2014). These approaches can be roughly
grouped into 2 different categories—node-based or connectiv-
ity-based—depending on the type of features extracted from
the neuroimaging data. In the first category, the features are
defined as the measures of the brain nodes, such as GM volume
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Figure 8. Validation analyses of between-group FCS differences. (A) The effect of GM density correction. The left panel shows Z-statistical differences in GM density
between 2 groups. The right panel shows Z-statistical differences in FCS after considering GM density as additional covariates. (B) The effect of head motion
correction. Between-group Z-statistical differences in FCS after considering the mean framewise displacement as an additional covariate (left panel) or after a
‘scrubbing’ procedure during preprocessing (right panel). (C) The effect of global signal regression. Within-group mean FCS maps and between-group Z-statistical FCS
difference maps without global signal regression. GM, gray matter; FCS, functional connectivity strength; HC, healthy control; AD, Alzheimer’s disease.

(Fan et al. 2008; Dai et al. 2012; Falahati et al. 2014), amplitude of
low-frequency fluctuations (Dai et al. 2012), and FCS (the current
study). In the second category, the features are the measures of
the connectivity, such as functional correlations (Wang, Jiang,
et al. 2006; Wee et al. 2012; Wang, Zuo, et al. 2013) and fiber con-
nectivity (Wee et al. 2012) between regions. Future studies would
be valuable to explore which type of features, or their combina-
tions, are more sensitive for classifying patients with AD.
Overall, our results support the hypotheses that: (1) brain
hubs with increased metabolic cost could result in amyloid pla-
que deposition and further lead to their functional disconnec-
tions, and (2) the disrupted brain hubs patterns in AD are
connection-distance-dependent, being characterized by the

disruptions of longer distance connections, which tend to con-
sume more energy.

Further Considerations

Several issues need to be further considered. First, to address the
recent concern about the spurious findings caused by head mo-
tion (Power et al. 2012a, 2012b; Van Dijk et al. 2012; Satterthwaite
et al. 2013), we used both regression and scrubbing methods to
validate our results, and our main findings were preserved. None-
theless, it is worth noting that the effects of residual motion
might still exist, which needs to be further validated using the op-
timal head motion correction methods. Second, the current
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dataset is cross-sectional, therefore not allowing us to examine
FCS-related dynamic changes with AD progression. Future fol-
low-up studies are warranted to examine AD-related longitudinal
changes in the network hub connectivity. Third, new criteria to
diagnose AD emphasized the biomarker evidence from positron
emission tomography amyloid imaging and cerebrospinal fluid.
In the future, effective combination of these biomarkers (Koch
et al. 2014; Myers et al. 2014) would be important to clinically
diagnose AD and explore the pathophysiological mechanisms
underlying these disruptions of brain hubs in AD.

Supplementary Material

Supplementary material can be found at: http:/www.cercor.
oxfordjournals.org/.
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