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Background. The brain’s structural integrity is associated with mobility function in older adults. Changes in function
may be evident earlier than changes in structure and may be more directly related to mobility. Therefore, we assessed
whether functional brain networks varied with mobility function in older adults.

Methods. Short Physical Performance Battery (SPPB) and resting state functional magnetic resonance imaging were
collected on 24 young (mean age = 26.4+5.1) and 48 older (mean age = 72.04 +5.1) participants. Older participants were
divided into three groups by SPPB score: Low SPPB (score = 7-9), Mid SPPB (score = 10), High SPPB (score = 11-12).
Graph theory—based methods were used to characterize and compare brain network organization.

Results. Connectivity in the somatomotor cortex distinguished between groups based on SPPB score. The commu-
nity structure of the somatomotor cortex was significantly less consistent in the Low SPPB group (mean = 0.097+0.05)
compared with Young (mean = 0.163+0.09, p = .03) SPPB group. Striking differences were evident in second-order
connections between somatomotor cortex and superior temporal gyrus and insula that reached statistical significance.
The Low SPPB group (mean = 140.87+109.30) had a significantly higher number of connections than Young (mean =
45.05+33.79, p = .0003) or High (mean = 49.61+35.31, p = .002) SPPB group.

Conclusions. Older adults with poorer mobility function exhibited reduced consistency of somatomotor community
structure and a greater number of secondary connections with vestibular and multisensory regions of the brain. Further
study is needed to fully interpret these effects, but analysis of functional brain networks adds new insights to the contribu-

tion of the brain to mobility.
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UCH research on the effects of aging on mobility has

focused on muscle strength and cardiovascular fit-
ness. However, considerable variability in mobility function
remains after accounting for these factors. Recently, it has
been proposed that changes in the brain and nervous system
might account for some of this variability (1).

Behavior and neuroimaging evidence points to a role for
the cortex in mobility. Epidemiological studies show that gait
speed correlates with cognitive function and that low gait speed
or gait abnormalities may precede cognitive decline (2,3).
Furthermore, increased cognitive demand, particularly in the
domain of executive function, slows gait speed (4), suggesting
shared brain resources supporting cognition and mobility.

Structural neuroimaging studies suggest that the pre-
frontal cortex, which is associated with executive func-
tion, is important for mobility, along with frontoparietal

sensorimotor regions, basal ganglia, and cerebellum (5-9).
Lower regional brain volumes, including in frontoparietal,
frontal, and sensorimotor regions, are associated with poorer
gait speed, gait characteristics, and balance (5-9). Mobility
involves coordination of regions across the brain, and dam-
age to the connections between these regions may contribute
to declining mobility function. White matter lesions arising
from cardiovascular disease are associated with mobility
impairment, especially when they are severe and located
in frontal lobe (for review see Zheng and colleagues (10)).
Importantly, associations between brain changes and mobil-
ity are observed in the absence of frank disease, indicating
that brain changes are relevant to even healthy-appearing
older adults and may occur early on in mobility decline.
The strong links between white matter health and mobil-
ity suggest that brain connectivity is important for mobility
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function. However, analysis of structural connectivity can-
not directly assess how functional connections in the brain
differ with mobility impairment. Functional network analy-
ses have the potential to identify alterations in brain func-
tion prior to the development of irreparable tissue damage.

Graph theory analysis of functional brain imaging data
exploits the complexity of brain connections to charac-
terize the overall functional architecture of the brain net-
work. Rather than ascertaining whether individual brain
regions are associated with mobility disability, graph the-
ory analysis treats the brain as one integrated network and
asks whether the architecture of communication patterns
within that network is altered when mobility is impaired.
Here, we analyze functional magnetic resonance imaging
data using graph theory (11) to assess differences in func-
tional brain connections across participants with high, mid,
and low mobility function determined by Short Physical
Performance Battery (SPPB) score (12).

METHODS

Participants

Participants included 24 young (mean age = 26.4+5.1, 15
women) and 48 older (mean age = 72.04+5.1, 27 women)
participants from two pilot studies examining age-related
changes in mobility and brain organization. Study 1 contrib-
uted 32 older participants and Study 2 contributed 15. Nine
young participants were from Study 1 and 15 from Study
2. The same study staff tested all participants. Exclusion cri-
teria included a Mini-Mental State Examination score greater
than 3 SDs below age and education adjusted mean (13);
reported diagnoses or medications consistent with psychi-
atric or neurological disorders, head injuries or stroke; evi-
dence of alcoholism using either the Alcohol Use Disorders
Identification Test (14) or the Michigan Alcohol Screening
Test (15); or moderate hearing loss (no more than 50 dB
measured with a digital audiometer (Digital Recordings,
Halifax, Nova Scotia) or inability to hear verbal commands
given from behind, where they could not see the exam-
iner). Participants reporting a diagnosis of depression were
included if they received treatment for at least 2 months and

HUGENSCHMIDT ET AL.

scored less than 16 on the Center for Epidemiological Studies
Depression Scale (16) or had study physician approval. All
participants had corrected vision of 20/40 or better using a
modified Snellen visual acuity exam. Table 1 presents partici-
pants’ demographic characteristics.

Test of Mobility Function

Mobility function was tested using the SPPB (12), a test
of lower extremity function with three parts. Standing bal-
ance was assessed by having participants stand with feet
in side-by-side, semitandem, and tandem positions for 10
seconds each. Gait speed was assessed with a 4-m walk at
usual pace without assistive devices. Time to rise from a
chair five times was measured. Each of these tests results
in both a measure of time and a performance score rang-
ing from 0—4 (0 indicates that the test was not able to be
performed and 4 is the best performance). The three scores
are summed to generate the final SPPB score (range: 0-12).
Older adults were divided into three groups based on SPPB
score cutoffs found to predict risk for mobility-related dis-
ability (17). The High SPPB (n = 19) group had total SPPB
scores of 11-12, the Mid SPPB (n = 17) group scored 10,
and the Low SPPB (n = 12) group scores ranged from 7-9.

Magnetic Resonance Imaging Acquisition

All images were acquired on a 1.5T echo speed hori-
zon LX General Electric scanner with twin speed gradi-
ents and a neurovascular head coil (GE Medical Systems,
Milwaukee, WI). High resolution T1-weighted structural
images were acquired and used for normalization. Resting
state blood-oxygen-level dependent functional magnetic
resonance imaging images were acquired using a whole-
brain gradient-echo echoplanar imaging sequence with the
following parameters: 28 contiguous slices; slice thickness
= 5mm; in-plane resolution = 3.75 x 3.75mm, TR = 2.0.
After discarding initial images to allow the signal to reach
steady state, the timeseries from Study 1 had 150 images
and from Study 2 had 188 images. The optimal duration of
a resting state scan needed to accurately estimate network
characteristics using graph theory is a matter of current

Table 1. Participant Characteristics

Older Younger

Low SPPB (7-9)

Mid SPPB (10)

High SPPB (11,12)

n 12 17 19 24

Age (years + SD) 73.7+£6.8 71.7£4.9 71.4+39 26.4+£5.1
Women 7 (%) 7 (58.3%) 9 (52.9%) 11 (57.9%) 15 (62.5%)
SPPB Score + SD 8.62+0.65 10+0 11.21+£0.42 11.50+0.88
BMI (kg/m?) 26.3 (22.6-30.5) 26.9 (24.8-28.0) 27.1 (25.0-29.1) 27.6 (24.7-31.0)
Education (years + SD) 15.0+£2.9 145+19 15.3+£2.6 16.0+2.4
MMSE 28.0 (26.0-29.0) 29.0 (28.0-30.0) 28.0 (28.0-30.0) 30.0 (29.0-30.0)

Notes: For variables approximating a normal distribution, means + standard deviation are presented; non-normally distributed variables are presented as median

(interquartile range).

BMI = body mass index; MMSE = mini-mental state examination; SPPB = Short Physical Performance Battery.
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investigation, but at this time, scan durations of 5-10 min-
utes are accepted as reliable (18) and scan times as low as
2-3 minutes may be adequate (19).

Calculation of Brain Networks

The brain network was modeled using graph theory meth-
ods on a voxel-wise basis (each voxel is a network node).
Resting state functional magnetic resonance imaging data
were preprocessed using a band-pass filter (0.009-0.08 Hz)
to account for physiological noise associated with cardiac,
respiratory, and cerebrospinal fluid changes. Data were
normalized to Montreal Neurological Institute space using
FMRIB’s Software Library. A binary adjacency matrix (Aij)
was generated for each subject from the normalized, fil-
tered data. The adjacency matrix is an n X n matrix, where
n is the number of brain voxels (~20,000 in this case). The
adjacency matrix defines the presence or absence of a con-
nection between any two nodes i and j and is the basis for
generating network metrics.

First, the presence of a connection between two nodes
was determined by performing a time series regression
analysis that included motion parameters as well as mean
global, white matter, and cerebrospinal fluid to further cor-
rect for physiological noise. This yielded a cross-correlation
matrix representing the Pearson’s correlation coefficient
between every pair of network nodes. Data were dichoto-
mized, creating the final binary matrix Aij, by thresholding
the matrix such that the density of connections was com-
parable across participants. Specifically, the relationship
S = log (N )/log (K ) was maintained across participants,
where N = number of network nodes, K = average node
degree, and S was set at 2.0, 2.5, and 3.0. Global network
statistics are presented for all three thresholds. The analyses
with network parameters mapped back to brain space were
performed at S = 2.5. Networks generated with § = 2.5 have
a connection density that fits well with the expected density
based on the number of nodes in the networks (11).

Network Metrics

A variety of network properties can be derived from the
adjacency matrix. The global metrics calculated for each
group (Supplementary Figure 1) include total number of
nodes in the connected network component, degree, cluster-
ing, and path length. The remainder of the analyses focused
on somatomotor cortex connectivity.

A community is a group of nodes that are more con-
nected with each other than to nodes in other communi-
ties. More colloquially, a community is a group of brain
regions that form a neighborhood. Network modularity is a
measure that identifies communities (20). Determining the
optimal modular partition of the network into communities
is an NP-hard problem (21), meaning that different runs
of modularity algorithms can result in different modular

partitions. Therefore, the Qcut algorithm was run 10 times
for each subject. The solution with the highest Q value (a
metric describing optimal partitioning) was selected as the
representative map of community structure for that subject.

The consistency of community structure across partici-
pants was evaluated using a statistic called Scaled Inclusivity
(SD (22). SI measures the overlap of modules across par-
ticipants while penalizing for disjunction (23). The resulting
values range between 0 and 1, where a value of 1 represents
perfect consistency of that node in modules across all par-
ticipants and values less than 1 represent disjunction of mod-
ules. In practice, values of SI are much lower than 1 because
of the large number of nodes in the network. It is recog-
nized that SI values do not have an intuitive meaning, but
the values can be readily compared across groups to deter-
mine which group exhibited greater consistency. A detailed
review of the SI methodology can be found in (23). Once
the consistency of the community structure was determined,
data were transformed back into brain space to determine
the spatial extent of somatomotor communities.

In order to identify how the somatomotor cortex connects
to regions beyond the community boundaries, analyses were
performed to identify first- and second-order connectivity.
First-order connections are nodes directly connected to the
somatomotor cortex. Second-order connections are nodes
connected to the neighbors of the somatomotor cortex but
not directly to somatomotor cortex. Thus, first-order connec-
tions are one step away from the somatomotor area and sec-
ond-order connections are two steps away (Figure 1). This
analysis focused on connections with the pre- and postcen-
tral gyri as defined by the Automated Anatomical Labeling
Atlas implemented in WFU Pickatlas software (https:/
www.nitrc.org/frs/?group_id=46&release_id=1958) (24).
The bilateral pre- and postcentral gyri, which comprise pri-
mary motor and somatosensory cortex, were combined into
a single region-of-interest (ROI) and resliced to match the
voxel size of the functional magnetic resonance imaging
data (4 x 4 x 5 mm). The number of connections from each
voxel in the ROI to all other brain voxels was computed
using the connectivity defined in the adjacency matrix. This
yielded new images where each brain voxel contained a
value representing the number of connections it receives
from voxels in the ROI. For the second-order connections
the same process was performed to identify the connections
coming from any voxel that had a direct connection with
the somatomotor ROI. For second-order connections, an
edge was not counted if it was traversed in the first-order
analysis. In order to statistically compare the number of
first- and second-order connections to a brain region, the
average number of connections was calculated for the bilat-
eral pre- and postcentral gyri using the ROI described previ-
ously, and for an ROI in the superior temporal gyrus (STG)
and insula quantified using a 32 x 32 x 20 mm box-shaped
ROI centered at x =54, y=12,z=2and x=-54,y=12, z
= 2 bilaterally.
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Figure 1. Graphical representation of the concept of first- and second-order connections. The seed node (red) is directly connected to six other nodes (green).
Information traverses one edge between the red node and the green nodes. These green nodes each have a first-order connection to the seed. Second-order connections
are edges emitting from the direct neighbors of the seed node (blue). Information from the red node must traverse two edges to reach blue nodes. There are a total of
14 second-order connections. Some nodes (green and blue fill) have both first- and second-order connections to the seed node. Note that in this example a single node
is serving as the seed. In the analyses described here all nodes within an region-of-interest served as seeds.

Differences in whole-brain and ROI averages of network
metrics were statistically compared between the Young
and older groups (Low SPPB, Mid SPPB, High SPPB) and
between the High SPPB and Low SPPB and Mid SPPB
groups with two-tailed 7 tests using SAS version 9.3 imple-
mented in SAS Enterprise Guide 5.1 (SAS Institute Inc.,
Cary, NO).

RESULTS

Global Network Statistics

Analysis of global network properties included the total
number of nodes in the network (&), the number of nodes
contained in the largest connected component (Nc), degree
(K), path length (L), and cluster coefficient (C) across
all three thresholds evaluated. There were no significant
group differences at any threshold. The impact of the vari-
ous thresholds on network topology was consistent across
groups. As expected when increasing the sparsity of a net-
work, more stringent thresholds resulted in a decrease in
Nec, K, and C, whereas L increased with increasing thresh-
olds (Supplementary Figure 1).

Network Community Structure
Modularity analyses delineate the community structure in
complex networks. The overall strength of the community

organization for the whole brain was assessed by compar-
ing modularity (Q) values. Overall average modularity
did not differ between Young and any of the older groups,
(Low SPPB: Q =.677+0.104, Mid SPPB: Q =.728 + .068,
High SPPB: Q =.700 + .049, and Young: Q =.723 +.050).
Modularity analyses were then focused to assess whether
community structure of somatomotor cortex differed by
mobility function.

Figure 2 shows the consistency of the network communi-
ties that encompass the somatomotor cortex for all groups.
In these maps, color represents the consistency with which
a voxel is included in the somatomotor community across
participants. That is, if a voxel is present in the somatomo-
tor community in all participants, it would be 100% con-
sistent across participants. If the spatial location of the
somatomotor network is highly variable across participants,
consistency would be low. Warm colors show increased
consistency and cool colors show more variability across
participants.

The community in the region of the somatomotor cortex
included bilateral pre- and postcentral gyri as well as medial
somatomotor areas. The medial region of the community
included primary somatomotor cortex and extended anteri-
orly into the supplementary motor area. It is visually evident
that the somatomotor community is most variable across par-
ticipants in the Low SPPB group. The average SI value for the
somatomotor module was 59.5% higher for the Young group
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(mean = 0.163+0.09) than the Low SPPB group (mean =
0.097+0.05, p = .03). SI for the Young group was more simi-
lar to the Mid (0.156+0.08, p = .70) and High (0.143+0.10,
p = .67) groups. No statistically significant differences were
observed between the High SPPB group and the Low (p =
.15) or Mid (p = .67) groups. Qualitatively the communi-
ties are in the same regions in all groups; that is, differences
between groups were not due to a spatial reorganization of
the somatomotor community in the Low SPPB group, but to
a reduction in the consistency across participants.

First- and Second-Order Connections

Analysis of community structure yields information
about the somatomotor community within the brain net-
work but does not inform us how that community interacts
with other brain regions. Therefore, patterns of connectivity
between the somatomotor cortex and the rest of the brain
were evaluated.

Figure 3 shows regional maps of first-order connectiv-
ity for each group. Color represents the average number
of connections across participants. Warm colors show the
highest number of connections, whereas cool colors reflect
lower connectivity. The majority of first-order connections

ngh SPPB Mid SPPB

Low SPPB
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from somatomotor cortex are with itself. This is not sur-
prising given that the community structure analysis iden-
tifies highly interconnected nodes. It is visually apparent
that first-order connections in older adults with poorer
mobility function are fewer, as in the community structure
analysis. However, differences in the mean of first-order
connections within the somatomotor cortex were not sta-
tistically different between Young (mean = 33.50+£23.34)
and Low SPPB (mean = 26.34+31.28, p =.36), Mid SPPB
(mean = 40.90+34.76, p = .42), or High SPPB (mean =
39.94+41.79, p = .55). There was also no significant dif-
ference noted between the High SPPB group and the Low
(p = .30) or Mid (p = .94) groups.

Figure 4 shows the regional distribution of second-order
connections with the somatomotor cortex. Note that the color
scale has changed from Figure 1 to accommodate the increase
in the overall number of connections. In High SPPB and
Young groups, the regions with the greatest number of con-
nections are still largely within somatomotor cortex. There
were no significant differences in the number of second-
order connections in the somatomotor area between Young
(mean=48.93+23.72) and Low SPPB (mean=40.23 +22.92,
p =.30), Mid SPPB (mean = 56.80+40.16, p = .43), or High
SPPB (mean = 57.28+46.74, p = .45) groups. There were

Young

et
N
N

Neighborhood Consistency

Figure 2. The consistency of the somatomotor community across participants. The community included bilateral and medial sensory and motor cortical areas.
A direct comparison of the consistency values across groups shows a reduction in the Low Short Physical Performance Battery group. For each group the upper
image is a midsagittal image showing medial somatomotor areas. The lower image for each group is an axial slice showing the lower edge of the medial region and

the bilateral somatomotor cortices.

Mid SPPB

High SPPB

Low SPPB

100

# of Connections

Figure 3. First-order connections from somatomotor cortex. The majority of first-order connections are contained within the somatomotor regions. The images in
the upper part of the figure are coronal slices through the somatomotor cortex. The lower images are midsagittal slices. Note that the color bar indicates the average

number of connections across all participants in a group.
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also no statistically significant differences between the High
SPPB group and the Low (p = .25) or Mid (p = .97) groups.

However, the SPPB groups were clearly distinguished
by second-order connectivity from the somatomotor cor-
tex to the STG and insula. The magnitude and spatial
extent of second-order connections with STG and insula
increased as mobility function decreased (Figure 5A).
The connection counts shown in Figure 5B replicated
the visually apparent patterns in the brain images. The
Low SPPB group had the highest mean number of con-
nections (140.87+109.30) followed by the Mid SPPB
group (70.35+51.20). The High SPPB (49.61+35.31)
and Young (45.05+33.79) groups had the lowest number
of connections. Statistical comparisons showed the Low
SPPB group had a significantly greater number of con-
nections than the Young group (p = .0003) and the High
SPPB group (p = .002). A trend for difference was appar-
ent between the Mid SPPB group and Young group (p =
.06), though not between the Mid and High SPPB (p =
.16) or Young and High (p = .67) groups.

The relationship between SPPB score and second-
order connections from somatomotor cortex to the STG

High SPPB  Mid SPPB

Low SPPB
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and insula was further evaluated using regression analysis
(Supplementary Figure 2). The data demonstrated a signifi-
cant (F [1, 70] = 9.37, p = .003) relationship with R> = .12,
meaning approximately 35% of the variance in SPPB score
can be accounted for by the number of second-order con-
nections with the STG and insula.

DiscussioN

We investigated associations between mobility func-
tion in older adults measured with the SPPB and the net-
work structure of the brain, particularly connections with
the somatomotor module. We observed that the commu-
nity structure of the somatomotor cortex is more variable
in older adults in the Low SPPB group (SPPB < 10) and
largely preserved in older adults in the High and Mid SPPB
groups. In addition, the groups are clearly differentiated by
a pattern of increased second-order connections between
somatomotor cortex and a region including the STG and
posterior insula. To our knowledge, this is the first time the
relationship between mobility function and functional brain
networks has been investigated.

Young

200

# of Connections

Figure 4. Second-order connections from somatomotor cortex. Second-order connections to the bilateral superior temporal gyrus/posterior insula were signifi-
cantly increased with decreasing mobility function. The upper images are coronal slices through somatomotor cortex and lower images are midsagittal slices. Note

that the scale on the color bar has increased from Figure 3.

# of Connections
[-]
o

Young High SPPB  Mid SPPB Low SPPB

Figure 5. Second-order connections in the superior temporal cortex. (A) Depiction of the region-of-interest used to quantify the number of connections from
somatomotor cortex to the superior temporal cortex. (B) The number of connections in superior temporal cortex averaged across individuals in each group. Error bars
indicate the standard error for the group.
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The findings of enhanced connectivity with the STG and
posterior insula associated with decreased mobility function
were unanticipated but consistent with recent observations
from a study that used functional near infrared spectroscopy
(fNIRS) to evaluate the neural effects of degrading visual
and proprioceptive information in healthy young adults dur-
ing a postural task (25). In that study, Karim and colleagues
observed that when visual and proprioceptive informa-
tion were degraded, blood flow to the posterior insula and
STG increased in regions that match our observed regions
of increased connectivity in older adults with poor mobil-
ity function. They hypothesized that less reliable visual
and proprioceptive information resulted in compensatory
increases in vestibular contribution to balance.

Mobility requires integration of visual, somatosensory,
vestibular, and cognitive information, and these inputs come
together in the insula (26). Recent meta-analyses of functional
imaging studies of the insula are converging on the idea that
the insula has at least three functionally distinct subregions,
with the posterior, where we noted increased connectivity,
showing links to somatomotor function (27,28). Vestibular
processing is highly distributed and does not have a primary
cortex in the same way that primary visual or auditory areas
exist (26,29). The largest inputs from the vestibular branch
of cranial nerve VIII go to multimodal regions of the thala-
mus and cortex, particularly the insula and STG (26,30). The
insula and STG, along with somatomotor cortex, are part of a
distributed network receiving vestibular information includ-
ing projections from primary somatosensory cortex, and pri-
mary auditory and auditory association cortices in the STG
(27,29). The insula has efferent projections throughout the
brain (26), including projections to supplementary motor and
secondary somatosensory regions (31). Closer inspection of
the maps of second-order connections shows low level con-
nectivity with all of these regions.

Previous studies of brain structure and mobility have found
associations with the volume of subcortical brain regions
known to be related to movement, such as the basal ganglia
and cerebellum (5,7), and cortical structures involved with
both movement and cognition, including primary motor cor-
tex (6,8,32) and frontoparietal regions (6,7,9,33). In addition,
the association between disease of white matter connections
and mobility function is well documented (10). In the context
of this literature, our findings support the idea from white
matter lesion work that brain connectivity is altered with poor
mobility function, while highlighting a region of functional
change that was not evident in volumetric studies.

One recent study has used a slightly different method,
estimation of cortical thickness, to investigate relationships
between the brain structure and gait (34). In this study, de Laat
and colleagues observed that cortical thickness in the supe-
rior temporal gyrus has been associated with stride length and
width. This finding is in accord with our observation and as
well as earlier work suggesting that brain volume and cortical
thickness capture different properties of grey matter (35).
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This exploratory study is the first to demonstrate the
importance of the organization of functional brain networks
in understanding the relationship between the brain and
mobility. Results should be interpreted keeping in mind
the exploratory nature of the analyses, which limited the
sample size and range of measures available. In addition,
graph theory methods are currently an active area of study,
as noted in the Methods section. It is important to repli-
cate these results in a larger, better characterized cohort and
for the methods to be applied in other data sets. However,
these findings open up intriguing avenues for future studies,
including the importance of the interplay between sensory
function, the brain, and mobility, and the insights that can
be provided by applying new cutting-edge analysis meth-
ods, particularly graph theory.

SUPPLEMENTARY MATERIAL

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