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Summary 
Background: Using traditional assessment 
procedures, prior research demonstrated that 
deficiencies in gait and balance occur in the 
later stages of dementia. 
Objective: We tested the hypothesis that an 
automated system capable of detecting path 
tortuosity (irregular movement) in elders 
would show that greater tortuosity was as-
sociated with greater cognitive impairment, 
potentially allowing early detection of de-
mentia over time as tortuosity levels slowly 
increased. 
Methods: An ultra-wideband sensor network 
using wireless transponders measured day-
time locomotion to an accuracy of 20 cm in 14 
elderly residents in an assisted living facility 
(ALF) as they traversed a shared living area 
while performing daily activities such as 
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going to a dining area, conversing and watch-
ing television. Transponder location was up-
dated at 0.4 sec intervals while in motion and 
revealed large individual differences in ac -
tivity patterns. 
Results: Fractal dimension (Fractal D), a 
measure of movement path tortuosity (di-
rected vs. irregular or apparently aimless loco-
motion) was significantly and negatively cor-
related with cognitive status as measured by 
the Mini Mental State Examination adminis-
tered to each participant at the study’s end. 
Conclusions: Previous studies of locomotion 
in laboratory settings that have demonstrated 
gait variability increases with poor cognitive 
status have necessarily controlled various 
components of gait. The present results dem-
onstrate that directional changes and other 
locomotion components can be studied by 
monitoring free movements in normal living 
settings over time. Implications for assess-
ment and management of dementia-related 
wandering are discussed. 

1. Introduction 
Gait and balance disturbances related to 
impaired cognitive functioning and falls 
have been studied on prescribed courses 
using devices such as gait mats and accel -

erometers [1–5]. Most of the published 
 research on the consequences on gait and 
balance resulting from cognitive deficits 
utilize brief, structured assessments that 
require ambulatory subjects to traverse a 
designated path under various challenges – 

cognitive deficits identified by independent 
psychological assessments, and /or those 
imposed by the task itself, e.g., dual tasking, 
walking speed, path complexity, etc. One 
major result of this work is the identifica-
tion of variability in the temporal com-
ponents of the stride to stride movements. 
Giladi et al. [6], Verghese et al. [7] and 
Hausdorff et al. [8] have applied fractal 
analytic techniques to standard gait assess-
ments to unveil new gait variability infor-
mation. Giladi et al. [6] have found that in-
creased stride time variability correlated 
negatively (– .47) with participants’ MMSE 
scores, and also predicted increased fall risk 
in community-dwelling elders. Temporal 
variability may reflect deficiencies in mem-
ory and cognition needed to navigate one’s 
environment, directly influencing demen-
tia-related wandering [9]. The expression 
of wandering’s spatial component has been 
defined as the difference in length of suc-
cessive strides or the number of times a step 
falls outside a specified path [10].  

The present investigation relates cog -
nitive functioning to the natural variability 
of movement paths unconstrained by a 
contrived test environment; we directly as-
sess natural path variability generated in 
routine activities in normal living en -
vironments using a technology that also 
measures rate and quantity of movement. 
Quantifying the temporal and spatial com-
ponents of wandering behavior, defined as 
repetitive or random variations in uncon-
strained voluntary movements [11], has 
 remained a challenging task because these 
components can be expressed over large 
areas. Wandering is manifested in goal-
 directed (e.g., going from bedroom to 
 bathroom), and aimless movements [12] 
and occurs in approximately 60% of de-
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mentia patients. The importance of the 
spatial component in detecting preclinical 
cognitive decline has been underscored in 
a longitudinal study that identified three 
cognitive functions which changed in the 
years prior to dementia diagnosis: visuo -
spatial, global, and verbal and working 
memory [13] declined at three, two, and 
one year prior to diagnosis, respectively. In 
a study of five years of clinical records of 
symptoms identified in patients with pre-
clinical dementia, gait disturbances were 
the earliest predictor, followed by cognitive 
complaints [14]. 

A behavioral rating scale [15] has been 
used to successfully classify different wan-
dering patterns in open field situations 
using trained observers; however it is ob-
trusive, requires vigilant observers, and 
necessarily restricts the range over which 
observations may be gathered. Algase and 
colleagues [16] have attempted to auto-
mate data collection and extend the scope 
of observations by comparing the effec -
tiveness of four accelerometer devices to 
measure wandering while simultaneously 
categorizing behavior using observers; the 
best device accounted for about 69% of the 
variance in observer-defined wandering. 
The devices tested did not provide par -
ticipant vector data, however, so no in -
formation regarding the directional char-
acteristics of the paths generated was 
 gathered.  

One goal of the present study was to test 
an automated movement assessment sys-
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investigator (JLF) and informed that the 
intent of the study was to examine move-
ment patterns of elderly persons, and that 
to participate they would be required to 
wear a small tag during their waking hours 
for a period of 30 days. Informed consent 
and proxy consent were obtained under the 
supervision of JLF at the assisted living 
 facility to ensure prospective participants 
potentially having cognitive impairment 
could still participate. Participants were in-
formed the tag was safe and would emit 
very weak radio waves (about 1/10th that of 
a common cellular telephone) and that 
they could discontinue the study at any 
time they desired. By design, a second in-
vestigator (WDK) was blind to the identity, 
age, gender, mobility aids used and diag-
nosis of dementia of the participant. 

 2.4 Description of Monitored Area 
and Sensor Installation  

Four Ubisense 2.0 sensors were installed at 
each corner of an approximately rectangu-
lar (25.6 meters by 9.3 meters) common 
space that interconnected two dormitory 
wings, an exterior exit and a dining room 
where all subjects ate their meals. The 
monitored space served two major func-
tions: it was the conduit between the dor-
mitory wings and dining room or exterior 
door and it served as a gathering place for 
recreational activities with sofas, tables, 
comfortable chairs and a television set. The 
locations of the sensors and the entrances 
to the monitored space are shown in �Fig -
ure 1. As shown in Figure 1 and discussed in 
the results, there were large individual dif-
ferences in the amount of participant activ-
ity in the monitored space. 

2.5 Experimental Protocol 

Tags were attached after the participants’ 
morning meal and medications and sur-
rendered before retiring. When in motion, 
the tags transmitted x, y, and z coordinates 
in centimeters once every 0.43 seconds 
relative to an origin set in one corner of the 
room. Following 30 days of data collection, 
a trained gerontology graduate student 
blind to the study’s purpose administered 

the Mini Mental State Exam [33] to each 
participant. An independent measure of 
participant wandering behavior, the Re-
vised Algase Wandering Scale – Commu-
nity Version (RAWS-CV) [34], was also 
completed by ALF staff members who in-
teracted with the participants daily and 
were well acquainted with their behaviors 
during the study interval. ALF staff 
members were blind to the MMSE and 
Fractal D measures.  

2.6 Data Reduction and 
 Calculation of Fractal D 

Approximately 1.4 million data points were 
generated by all participants completing 
the protocol. Some readings, especially 
those from locations very close to corners 
and walls, may be less accurate than those 
from the more open areas due to radio 
 reflections [35]. Accordingly, radio reflec-
tions generating clearly impossible data 
(for example indicating a participant had 
passed through a solid wall) were rejected 
by software filters. Similarly, observations 
determined to occur outside the monitored 
area regardless of their accuracy, were re-
jected, leaving 854,336 data points. The 
rule defining a path was: 1) a tag that did 
not change for 60 sec or more was station-
ary; 2) the first datum recorded thereafter 
(in response to movement) started a new 
path; 3) successive data points were accrued 
until the tag was again stationary for an-
other 60 sec.  

Fractal D was estimated using the Frac -
talMean estimator (an extension of the 
 divider estimator) using the program Frac-
tal [36]. Visual inspection of the slope of 
the Fractal D output from the “Fractal” 
program for the first 10 participants (done 
with no knowledge of the MMSE scores) 
clearly indicated the greatest variability 
across subjects occurred in spatial scales 
ranging from 2 to 7; therefore these spatial 
scales were used in all subsequent analyses. 
Fractal D was estimated for each path 
 generated by each participant and then 
averaged to produce a single score for each 
individual. 

2.7 Statistical Analyses Used 

The major hypothesis, and the one for 
which the study was powered, was that 
there would be a negative association of 
Fractal D with MMSE scores and this was 
assessed with a Pearson product moment 
correlation coefficient and a one-tailed test 
of significance, as the direction of the as-
sociation was predicted. A set of secondary 
exploratory analyses were also conducted. 
The first determined whether MMSE and 
Fractal D scores differed significantly by 
means of locomotion (wheelchair vs. 
walker/independent locomotion) and each 
was evaluated by a t-test (two-tailed) of 
that measure’s values for each type of loco-
motion. The second explored the relation-
ship of cognitive impairment to ability to 
perform activities of daily living and was 
evaluated using a Pearson product moment 
correlation coefficient and a two-tailed test 
of significance of MMSE and ADL scores. 
An exploratory diurnal variability analysis 
examined if hourly mean cumulative dis-
tance traveled across 30 days would differ 
by degree of cognitive impairment, using a 
mixed model (groups (2) × time (13)) 
analysis of variance in which the groups’ 
variable was whether a participant’s MMSE 
score fell above or below the median 
MMSE, and the within-subjects variable 
was the mean distance travelled during 
each of the 13 hours of daily recordings. 
The last analysis explored the relationship 
of MMSE scores to the recorded diagnosis 
of dementia using a two-tailed t-test. Fi -
nally, descriptive statistics describing the 
relationship of Fractal D values and the 
MMSE scores to the observer’s judgment of 
wandering (yes/no) on the RAWS-CV vali-
dation item were compiled.  

3. Results 

All participants but one were administered 
the MMSE after completing the protocol. 
One participant died before the test could 
be administered but had an MMSE admin-
istered within two months of the start of 
the study, and this measure was used as a 
proxy; the scores appear in �Table 1. 
MMSE scores did not differ reliably by 
method of ambulation (wheelchair vs. 



walker-ambulatory; t = – .33 df = 12, p = 
0.74). The Pearson product moment corre-
lation coefficient between MMSE scores 
and participants’ ADL levels was also not 
significant (r = .06, n = 14 p = 0.84).  

The median number of location data 
points (sightings) obtained per participant 
was 43,397, with a range of 3727 to 230,241 
reflecting large individual differences in 
both time spent by the participants in the 
monitored area and their rate of travel. The 
numbers of paths per participant also var-
ied considerably from 141 to 1029 with a 
mean of 530.2 and an SD of 269.6. 

 A Pearson product moment correlation 
coefficient computed between MMSE and 
Fractal D measures to evaluate the princi-
pal hypothesis that more variable walking 
paths would predict lower MMSE scores, 
was statistically significant (r = – .47 n = 14, 
p = .046), supporting the study’s primary 
hypothesis (�Table 1). Fractal D did not 
differ by means of ambulation (wheelchair 
vs. walker-ambulatory; t = .66 df = 12, p = 
0.52). A graphic presentation of two sub-
jects’ location data which differed consid -
erably on Fractal D values appears in 
 �Figure 1. 

Participants classified as wanderers by 
ALF staff using the RAWS-CV are identi -
fied in �Table 1; an entry of “Y” means that 
the rater responded “yes” to the validation 
item “Is this person (the one being rated) a 
wanderer?”. The descriptive statistics reveal 

all seven participants with Fractal D scores 
above the median for the sample and two 
with scores below it were rated as wander-
ers using the RAWS-CV. Only one of four 
participants having MMSE scores at or 
above 24 was classified a wanderer. These 
early findings suggest some overlap be-
tween the Fractal D measures and subjec-
tive observations made by untrained ob-
servers who are familiar with the day-to-
day movements of the participants. 

The relationship between MMSE scores 
and the recorded diagnosis of dementia 
was not statistically significant (t = – 1.52 
df = 12, p = .155 (two-tailed)) which may 
be a function of the small sample size. 
Three individuals with no diagnosis of de-
mentia in their client record were found to 
have MMSE scores below 21. 

3.1 Diurnal Variability Analysis 

The cumulative distance traveled for par-
ticipants above and below the median 
MMSE value of 20.5 by hour of the day was 
calculated. A two-way (high vs. low MMSE) 
by time (13-hour) mixed model analysis of 
variance was performed on these data to 
evaluate the effects of MMSE level on activ-
ity levels at each hour of the day. Neither 
the F test for MMSE status (F = 1.1, MS = 
45438744, df = 1, 12 p = 0.31), or time (F = 
1.7, MS = 13343711, df = 12, 144 p = 0.07) 

were significant although the analysis of 
the time factor was suggestive of a weak 
trend; neither was the groups’ x time inter-
action significant (F = 0.33, MS = 2618257, 
df = 12, 144 p = 0.98).  

4. Discussion 

The study evaluated the principal hypoth-
esis that movement path tortuosity would 
be greater in elderly ALF residents with 
lower measures of cognitive functioning. A 
wireless tracking technology gathered data 
across 30 days from 14 ALF residents mov-
ing in a common space measuring approxi-
mately 9 by 25 m. A fractal mathematic 
index of path tortuosity (Fractal D) blindly 
calculated from these data predicted par-
ticipants’ MMSE scores obtained at the end 
of the study, accounting for 22% of the 
variance in the total MMSE score. The rela-
tionship between ALF client record diag-
nosis of dementia and the observed MMSE 
was not statistically significant. This may be 
due to the fact that low MMSE scores were 
underrepresented in our sample; only two 
subjects in the present investigation had 
MMSE scores below 19. Some studies in the 
literature have reported weaker relation-
ships between MMSE scores and the pres-
ence of a dementia diagnosis in commu-
nity-dwelling elders with lower educational 
 levels [37, 38]. 
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Table 1 Participant characteristics and data

Participant # Age Dementia 
diagnosis 

ADLs 
need 
asst. 

MMSE Fractal D Number of 
trails 

 1† 
 2 
 3 
 4† 
 5* 
 6† 
 7† 
 8 
 9 
10† 
11* 
12† 
13† 
14† 

91 
63 
64 
93 
73 
92 
84 
88 
88 
88 
75 
79 
86 
88 

Y 
N 
Y 
N 
Y 
N 
Y 
N 
Y 
Y 
N 
N 
N 
N 

7 
6 
1 
2 
6 
6 
6 
7 
5 
5 
6 
6 
6 
7 

 8 
14 
19 
19 
20 
20 
20 
21 
21 
21 
24 
25 
25 
28 

1.68 
1.59 
1.84 
1.27 
1.30 
1.44 
1.54 
1.19 
1.79 
1.62 
1.35 
1.26 
1.24 
1.41 

 464 
1,029 
 521 
 373 
 398 
 430 
 456 
 141 
 793 
 940 
 813 
 313 
 557 
 189 

Number of 
sightings 

 69,557 
142,945 
230,241 
 33,341 
 23,457 
 42,858 
 43,937 
  3,727 
111,592 
 35,026 
 49,026 
 14,403 
 32,808 
 19,301 

* male, † wheelchair user 

Cumulative 
distance  
(in meters) 

23,315.9 
43,324.7 
91,384.3 
15,148.5 
11,476.1 
15,653.5 
10,853.1 
 3,151.8 
47,728.6 
11,817.6 
23,521.2 
 8,325.6 
14,633.7 
 8,499.9 

Rate of travel 
(m/sec) 

.30 

.37 

.58 

.55 

.61 

.43 

.17 

.65 

.42 

.29 

.60 

.48 

.37 

.51 

Wanderer 
(Yes/No) 

Y 
Y 
Y 
Y 
N 
Y 
Y 
Y 
Y 
Y 
N 
N 
Y 
N



Methods Inf Med 6/2010 © Schattauer 2010

596 W. Kearns et al.: Cognitive Impairment Increases Locomotor Variability

There was limited evidence that Frac -
 tal D scores corresponded to human judg-
ments of wandering behavior. All partici-
pants with Fractal D scores above the 
sample median were classified by the 
RAWS-CV as wanderers by ALF staff fa -
miliar with participants’ daily movement 
patterns.  

Our findings of increased spatial varia-
bility and lower MMSE scores are consist-
ent with earlier results [39, 40] which dem-
onstrate increased temporal variability in 
gait and balance in persons with dementia 
under controlled conditions. However, we 
present an approach for characterizing 
changes in gait related to cognitive decline 
through vector information obtained from 
freely moving individuals in their home 
 environments thus minimally intruding on 
normal routines and behavior. The present 
approach successfully predicted MMSE 

values irrespective of type of ambulation 
(ambulatory, walker, or wheelchair) pre-
cisely because it measures path tortuosity 
over large spatial scales (2–7); one would 
expect different types of ambulation to af-
fect movement at smaller spatial scales. The 
small number of subjects in the current 
 investigation precludes an analysis of the 
potential confounding effects of age and 
disease status on the observed relationship 
of Fractal D and MMSE measures, issues 
which should be evaluated in a larger study. 

The ability to differentiate subjects on 
path tortuosity independent of means of 
locomotion (wheelchair vs. walker/ambu-
latory) suggests Fractal D is sensitive to 
cognitive functions which direct locomo -
tion, and can potentially allow quantifi-
cation of wandering and assessment of its 
relative contribution to the risk of events 
such as falls even if the individual can gen-

erate no balance and gait data due to being 
wheelchair-bound and unable to stand. To 
the extent Fractal D can be assessed in less 
ambulatory individuals it may be relevant 
to the eventual development of fall predic-
tion models in frail elderly.  

Psychometric research on persons clini-
cally diagnosed with dementia indicates 
that long-term preclinical changes in spa-
tial abilities occur 3–5 years before diag-
nosis. The approach presented may yield a 
relatively simple and inexpensive way of 
charting changes in movement which may 
be predictive of a later diagnosis of demen-
tia. Currently formal gait and balance as-
sessments, as well as the short length of the 
present study, do not allow an assessment 
of longitudinal changes in movement, 
however the technology used in the current 
study is well adapted to long-term continu-
ous recording.  

Our research fits within the movement 
ecology paradigm [41], a transactional 
analysis linking three features of an indi-
vidual – internal state, navigational capac-
ity and motion capacity – to features in 
their external environment. Briefly, each 
change in an individual’s location, called 
the “movement path”, brings about a 
change in the person-environment dy-
namic that may change the three com-
ponents of the moving person. In the pres-
ent study, the internal state, or “why move”, 
could be defined by the goals of traversing 
the common space for meals, getting to a 
sleeping area, or for recreational purposes. 
Navigational capacity, or “where to move”, 
was compared in persons with or without a 
diagnosis of dementia and by differences in 
cognitive ability. Motion capacity, or “how 
to move”, applies to persons who either 
walk independently or with the aid of a 
walker or a wheelchair. The present re-
search extends the movement ecology 
paradigm to human studies of gait and 
mental status. Specifically the present re-
search evaluates the impact of cognitive 
deficits on navigational capacity, reflected 
in the tortuosity of the movement paths. 
Gait and balance research referenced earlier 
more directly addresses motion capacity, or 
“how to move”, since the “why” and 
“where” were determined by the research 
protocol.  

Fig. 1 Raw location data for two participants for two hours recorded beginning at 9 a.m. Upper 
panel: Participant #10 has highly variable paths resulting in a mean Fractal D of 1.62. Lower panel: Par-
ticipant #12 followed relatively straighter paths and had a mean Fractal D of 1.24. Participant #10 had 
the 4th highest mean Fractal D value of any subject and suffered a hip fracture from a fall which occurred 
after the study’s completion. Ovals denote the locations of sensors in the room, 0.0 indicates reference 
coordinates, breaks on left represent entrances to dormitory wings, break on upper right indicates exit 
door, break on lower right indicates entry to dining area. 



The drawbacks to the method we em-
ployed for tracking movement, including 
the technology’s high cost, and the difficul-
ty involved in initially setting up the system 
(which requires highly precise sensor 
placement) will diminish as the technology 
matures and becomes more widespread. 
Unlike active infrared systems which pro-
vide gross positioning information at a low 
cost but can be installed easily in many 
places [42] and which have yielded promis-
ing data on Parkinson’s disease, the tech-
nology we employ provides highly spe -
 cific placement information for passages 
through which persons routinely traverse 
and need not be installed in an entire as-
sisted living facility, which may facilitate its 
use in future studies. Furthermore the de-
vice can monitor several hundred individu-
als simultaneously, allowing for significant 
economies of scale. Ultra-wideband radio 
as a technology has improved markedly in 
the past five years; however radio reflec-
tions continue to introduce problems for 
accurate tracking of individuals [35]. UWB 
systems must be precisely calibrated (often 
requiring laser rangefinders) in order to en-
sure accurate data, and the cost of the sys-
tems (approximately US$ 7000 at the time 
of this writing) limit their availability to re-
searchers. However, this instrumentation 
shows some promise possibly as an early 
detection system for dementia or for assess-
ing risk of future falls related to the de-
menting process. Our results indicate that 
coupling UWB with Fractal D spatial ana-
lytic technique described 22% of the vari-
ance in MMSE scores; future research will 
be aimed at clarifying the nature of this 
 relationship. 
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