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Subsystems Contributing to the Decline in Ability to Walk:

Bridging the Gap Between Epidemiology and Geriatric
Practice in the InCHIANTI Study

Luigi Ferrucci,” Stefania Bandinelli,” Enrico Benvenuti,” Angelo Di Iorio,! Claudio Macchi,?
Tamara B. Harris, and Jack M Guralnik,® for the InCHIANTI Group

BACKGROUND: Older patients are often referred to geria-
tricians because of complaints of progressive difficulties in
walking. The diagnostic and therapeutic approach to these
patients is complex. Multiple physiologic subsystems may
influence the ability to walk, and no standard criteria are
currently available to establish whether these subsystems are
functioning within the normal range. To address this lack of
knowledge we conducted the InNCHIANTI study.

OBJECTIVE: To identify measures that clinicians can use to
understand the causes of walking difficulties in older persons.

DESIGN: A population-based study of persons living in the
Chianti geographic area (Tuscany, Italy).

PARTICIPANTS: 1453 persons (age-range 20-102 years;
91.6% of the eligible) selected from city registry of Greve in
Chianti and Bagno a Ripoli (Tuscany, Italy), using a multi-
stage sampling method.

MEASUREMENTS: Factors that influence walking ability
were classified into six main physiologic subsystems: central
nervous system, perceptual system, peripheral nervous sys-
tem, muscles, bone/joints, and energy production/delivery.
Measures of the integrity and functioning of each of these
proposed subsystems were identified and administered to all
participants.

CONCLUSIONS: Data collected in INCHIANTI will be used
to identify the main risk factors that influence loss of the
ability to walk in older persons, to define physiologic sub-
systems that are critical for walking, to select the best mea-
sures of their integrity, and to establish critical ranges in these
measures that are compatible with “normal” walking ability.
The final goal is to translate epidemiological research into a
geriatric clinical tool that makes possible more precise diag-
nosis and more effective treatment in patients with walking
dysfunction. ] Am Geriatr Soc 48:1618-1625, 2000.

Key words: disability; Physical performance; walking; mobil-
ity; prevention; INCHIANTT; aging.
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MOBILITY IS A CRITICAL ASPECT OF
FUNCTIONING IN OLDER PEOPLE

Aging is often associated with a decline in physical
function that eventually leads to loss of autonomy in daily life
activities. In many older persons, such a decline has no
explicit connection to a defined medical condition! and,
often, it does not receive proper medical attention until a late
stage.>? Studies have suggested that the appearance of diff-
culties in walking marks a critical point in this process. In
fact, walking is important to maintain independence in daily
life activities, to enjoy an adequate level of social interac-
tion*® and to retain good emotional vitality,®” all of which
are main determinants of quality of life in old age.®~° Evenin
nondisabled older persons, poor performance in walking is
associated with accelerated decline in physical function and
elevated risk of been admitted to a nursing home.!!~13

Many older patients are referred to a geriatric specialist
because of the appearance of walking problems. In these
patients, the identification of the primary cause of their
functional limitation is often difficult, owing to the coexist-
ence of multiple diseases and impairments and because the
central nervous system can operate with different motor
strategies that fully compensate for minor damages. Further-
more, there is a lack of standard criteria for judging which of
the physiologic systems involved in the activity of walking are
functioning within normal limits. For example, studies have
demonstrated that over a critical threshold, muscle strength is
not related to walking performance, suggesting that when
muscle strength is above this threshold it is unlikely to be a
significant cause of walking disability.!* However, similar

‘thresholds of functioning have not been described for the

other physiologic systems, such as joint passive range of
motion or nerve conduction velocity, that play a role in the
activity of walking. Thus, the identification of the causes of
walking difficulties remains in the domain of the ars medica.

The clinical approach to walking problems is intrinsi-
cally complex. The activity of walking is so important to life
that efficient mobility has probably been a primary target for
natural selection throughout human evolution.!® This has led
to physiologic systems that not only are highly redundant but
also are capable of functioning and interacting in a number of
different ways to accomplish the same task.!® For example, if
a particular muscle cannot be used, its function may be taken
over by another muscle or group of muscles, maintaining the
same normal gait pattern. As a consequence, walking prob-
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lems become clinically evident only when this large func-
tional reserve is exhausted and even compensatory strategies
have failed.'” This explains why progressive walking difficul-
ties in old age often unfold in the context of frailty, a state
characterized by clinical instability and decline in physiologic
reserve.!® In spite of this, recent data suggest that appropriate
interventions can substantially improve frailty-related walk-
ing ability in-older persons'?~%? and, perhaps, counteract the
pathophysiologic process that eventually leads to disability.

MULTIPLE FACTORS INFLUENCE GAIT AND
ABILITY TO'WALK

- Multiple risk factors can influence mobility.*?* In pa-
tients with stroke, hip fracture and other diseases that result
in an acute and severe anatomic or functional injury, the
causal pathway between the disease and the lack of ability to
walk is immediately evident. In these instances, preventing
the disease should also prevent walking disability. Further-
more, when disability develops suddenly, as the consequence
of an acute medical condition, appropriate rehabilitation
techniques usually improve function?”® and, in a large percent-
age of cases, fully:restore walking ability.

In contrast, in older persons who develop walking dis-
ability slowly and progressively, the best clinical approach in
terms of prevention, diagnosis and treatment remains a mat-
ter of speculation. The distinction between acute catastrophic
and frailty-associated, progressive limitation in walking has
been formally addressed only recently.3?¢ Older age, female
gender, diabetes, recent history of acute infection, low muscle
strength, poor balance, visual deficit, low cognitive function,
and several biomarkers of frailty are all independently asso-
ciated with poor walking performance.?””?® Although these
findings suggest possible targets for prevention, they are of
little help in developing an integrated clinical approach.

Specific diseases produce patterns of gait that can be
recognized visually. Criteria for the classification of these
patterns have been proposed,?>:*® but only seldom do they
apply to older persons who are developing progressive limi-
tation in walking. In fact, comorbidity, coimpairments, and
age-associated sub-clinical impairments produce gait pat-
terns that combine aspects that are typical of various diseases
but cannot be classified as a pure type.>! Biomechanical and
kinematic measures performed in gait laboratories provide a
more promising and global approach to the assessment of
walking. Data generated from sophisticated equipment, in-
cluding force platforms, three-dimensional video recording,
and multi-channel electromyography, are fitted to mathemat-
ical models. Gait is described in terms of three-dimensional
trajectories, velocities and accelerations of the body seg-
ments, vectors of force applied to joints and to the ground,
and sequences of muscle group contractions. This approach
has been found very useful for better understanding gait
problems in patients with neurological and orthopedic con-
ditions.3273° However, it is still unclear whether gait analysis
can provide a synthetic way of abstracting information useful
for establishing appropriate treatment of older persons with
progressive walking disability. Furthermore, because of the
high cost of the equipment and the need for highly skilled
personnel, gait laboratories are limited to research institu-
tions.
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A CLASSIFICATION MODEL OF THE SUBSYSTEMS
THAT DETERMINE WALKING FUNCTION

In the spring of 1997 we decided to focus our research
activities on better understanding the causes of walking lim-
itations in older persons. We developed our hypotheses
within the framework proposed by the Institute of Medi-
cine,*® which is a revision of the original ICIDH model of the
World Health Organization.3”-3® This model provides defini-
tions for the elements of the dynamic pathway from disease to
various functional outcomes:3”> Active pathology refers to
biochemical and physiologic abnormalities that are labeled as
diseases in medical science; Impairments are dysfunctions
and structural abnormalities in specific body systems that can
be evaluated through clinical examination, laboratory tests,
imaging procedures, and symptoms reports. Factors that
affect the ability to walk are in this category; Functional
limitations are restrictions in performing fundamental phys-
ical and mental actions used in daily life. According to this
definition, walking should be included in this category; Dis-
ability is experienced difficulty doing activity in any domain
of life due to a health or physical problem.

Our purpose was to identify a finite number of impair-
ments that are critical for walking and can be practically
measured in a geriatric setting. After a review of the litera-
ture, a number of consultations with international experts
and extensive discussions, we outlined a reference model in
which walking was deconstructed into a simple cascade of
events as follows (the elements that were operationalized in
our model are in bold): under a motivational clue the brain
creates a motor program which is transported by peripheral
nerves and activates muscles in a proper sequence. By trans-
forming chemical into physical eénergy, muscles apply forces
to the skeleton, move the joints, and produce forces that,
applied to the floor through the feet, stabilize and move
forward the body. This activity requires the circulatory sys-
tem to continuously provide nutrients and oxygen to muscles
and visual, proprioceptive and vestibular systems to ensure a
continuous feedback.

The basic elements of this model can be classified into six
main subsystems: (1) Central nervous system; (2) Peripheral
nervous system; (3) Perceptual system, (4) Muscles; (5) Bone
and Joints; (6) Energy production and delivery. Ideally, a
comprehensive first-line approach to older patients who are
experiencing progressive difficulties in walking should in-
clude measures for all these subsystems. Even when a precip-
itating factor that has had a large impact on mobility is easily
identified, the potential coexistence of other impairments that
contribute to the clinical syndrome is likely and should not be
neglected.*® However, evaluating all subsystems is clinically
useful only if the relationship between each factor and walk-
ing ability is fully characterized. In fact, because all the
subsystems underlying walking ability have a certain amount
of functional reserve, small impairments are compatible with
normal walking. Only when the magnitude of damage falls
below a critical threshold may we assume that the impair-
ment in a specific system contributes to walking difficulties.
For example, as already mentioned, clinical and epidemiolog-
ical studies have shown that above a certain threshold, lower
extremity muscle strength is not related to walking
speed.!**142 Knowing analogous critical cut points for all six
subsystems would help to identify the cause of walking dis-
ability in specific patients and to lay out treatment nlans
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tailored to the underlying impairments. Finding such critical
cut points was the main reason why the InCHIANTI study
was implemented.

ESTABLISHING THE CAUSES OF DECLINE IN THE
ABILITY TO WALK IN AN EPIDEMIOLOGICAL
STUDY. THE DESIGN OF INCHIANTI

InCHIANTI (Invecchiare in Chianti, aging in the Chianti
area) is a study of the factors contributing to the decline of
mobility in late life designed by the Laboratory of Clinical
Epidemiology of the Italian Nationa! Research Council on
Aging, (INRCA, Florence, Italy) in a partnership with the
local administrators and the primary care physicians of Greve
in Chianti and Bagno a Ripoli, two small towns in the
countryside of the Tuscany area where Chianti wine s pro-
duced. The data collection started in September 1998 and
was completed in March 2000.

The main goals of the INCHIANTI study are: (1) To
understand multiple risk factors that influence loss of the
ability to walk in older persons; (2) To identify physiologic
subsystems that are critical for walking and to develop mea-
sures of their integrity that can be administered in a clinical
setting; (3) To define critical ranges for tests that evaluate the
integrity of the walking subsystems; (4) To translate epide-
miological data into clinical tools for the differential diagno-
sis of the causes of walking disability in older persons.

The Population Sample

InCHIANTI was performed in two sites: Greve in Chi-
anti (11,709 inhabitants; = 65 years: 19.3%; middle of a
rural area) and Bagno a Ripoli- (Village of Antella, 4704
inhabitants; = 65 years: 20.3%; located outside the urban
area of Florence).

In August 1998, 1270 persons aged 65 years or more
were selected randomly from the population registry of the
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two sites. Another 29 subjects were selected randomly from
among those who were aged 90 years or older, until at least 30
men and 30 women from this age group were included in the
sample. Finally, men and women sampled randomly from the
age strata 20-29, 30--39, 40-49, 50-59, and 6064 years were
sequentially invited to participate in the study until at least 30
men and 30 women for each decade from 20 to §9, and 10 men
and 10 women aged 60 to 64 had been enrolled. Overall, under
the age of 65 years, 69.4% (299/431) of those who were con-
tacted were enrolled in the study. The age and sex distribution of
the sample for those persons aged 65 years or more, shown in
Table 1, is compared with the reference population and shown
separately for the two sites. Of the initial 1299 subjects included
in the sample, 17 men and 22 women were not eligible for the
study because they had already died or moved away from the
area. In those who were eligible, participation rate was very high
(overall 91.6%; 1154/1260), tended to increase with age, and, in
each age group, was higher for women than for men. There was,
however, a drop in participation of the oldest-old (age = 85
years, men: 77.1% women: 78.4%). The percentage of persons
who were interviewed but refused to participate in other phases
of the study was below 5% for participants younger than 75
years and increased progressively with age up to 19.1% and
21.0%, respectively, in men and women aged 85 years or older.

Overall, of 640 men and 813 women who were inter-
viewed, 577 men and 720 women completed the clinical test
session, 588 men and 729 women received a medical exami-
nation and functional evaluation on a separate day, and a
blood sample was collected from 587.men and 744 women.-

Field Data Collection

The INRCA ethical committee ratified the entire study
protocol. Shortly after receiving a letter of invitation, a home
interview was scheduled by telephone with the potential
participant. Subjects who refused the interview were con-

Table 1. Comparison Between the Referen;e Population and the Initial Sample of the InCHIANTI Study

Sita 1 Greve in Chianti

Site 2 Bagno a Ripeli (Antalla)

(Total residents' = 11.703) (Total residents n = 4.704)
Population Sample Papulation Sample
N %* 1337 %* N %" NY %*
Men
65-69 yrs 327 2.8 76 23.2 133 28 83 62.4
70-74 yrs 329 2.8 86 26.1 119 25 72 60.5
75-79 yrs 249 2.1 55 221 75 1.6 48 64.0
80--84 yrs 102 0.9 26 25.7 48 1.0 28 58.3
85-89 yrs 100 0.9 21 21.0 35 0.7 23 65.7
90+ yrs 25 0.2 15 60.0 20 0.4 20 100.0
Women
65-69 yrs 395 3.4 104 26.3 153 3.3 86 56.2
70-74 yrs 368 3.2 83 22.6 130 2.8 85 65.4
7579 yrs 301 2.6 73 243 112 24 86 76.8
80-84 yrs 181 1.6 42 23.2 82 1.7 48 58.5
85-89 yrs 179 1.4 41 22.9 64 1.4 45 70.3
90+ yrs 66 0.6 24 36.4 33 0.7 29 87.8

*Percentage of the total reference population, which includes all persons recorded in the town registry office except those whose parents were both non-lralian.

P N N St T

tThose over the agé of 90 were oversampled in order to obtain at least 15 men and 15 women in this age group.

tPercentages of those in the same sex and age group in the reference population.
The subsample of persons <65 vears is not reported in thic rahle
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tacted at least four additional times before being considered
refusals. Interviews were conducted at the participants’
homes by three experienced interviewers. In persons who
scored 18 or less on the Mini- Mental State Examination*?
the interview was administered to-a proxy. The participants
signed an informed participation consent that included per-
mission to consult administrative databases and medical
charts and to conduct analyses on samples stored in the
biological bank. The interviewer collected information on
architectural barriers, household composition and social net-
works, depressive symptoms,** ability to perform daily life
activities (with pamcular focus on walking and including
information on time since disability onset, most likely cause,
and availability of a caregiver),**~*® foot problems, falls and
fear of falling,*>-*° present and past health-related behaviors,
current and past pharmacological treatments,®® inconti-
nence, quality of sleep,*? and food intake.*® The interviewer
scheduled two additional appointments and explained the
procedure for the 24-hour urine collection, including the
food to be avoided (any meat and fish) during the urine
collection and over the previous 48 hours.

Within 3 weeks of the home interview, the participant
came to the study clinic in the:morning, having fasted for at
least 8 hours and having just concluded the 24-hour urine
collection. A 60-mL blood sample was drawn, stored in cold
glass tubes, and delivered within 2 hours to the central
laboratory that performed several tests of hematology and
clinical chemistry and prepared the samples for the biological
bank. These included: 0.3 mL aliquots of plasma and serum
and 10 mL aliquots of urine-stored at ~80°C. Samples of
genomic DNA extracted from:leukocytes were stored in
sterile tubes:at 4°C.>* On the same day, the participants
underwent a peripheral quantitative computed tomosgraphy
(pQCT, Norland Stratec XCT-960 pQCT scanner),** a sur-
face electroneurography assessing nerve conduction velocity
of the right peroneal nerve,*® a standard electrocardiogram,
an ultrasound color doppler examination of the carotids,
vertebral arteries, and veins of the lower limbs, and an
assessment of the ankle-brachial index.

Within 2 weeks, the participant returned for a structured
medical examination and an objective assessment of physical
function performed, respectively, by trained geriatricians and
physical therapists. Presence and severity of major medical
conditions were ascertained according to standard algo-
rithms’” that used information on medical history, drug
treatments, signs and symptoms, medical documents and
hospital discharge records. For participants affected by a
disorder of gait, the geriatrician was asked to estimate the
most likely cause. The functional examination was aimed at
objectively assessing several aspects of physical function,
with particular consideration given to muscle strength, joint
range of motion, and walking (Table 2). Most performance-
based tests had been specifically created for the INCHIANTI
study to obtain an ecological assessment of walking ability by
incorporating into the walking task several types of interferences
that recreate situations that pose environmental challenges, sim-
ilar to those encountered while walking in daily life.

MEASURES FOR THE SUBSYSTEMS THAT
DETERMINE WALKING FUNCTION IN INCHIANTI

In designing InCHIANTI, we operationalized the assess-
ment of the six subsystems that may influence walking ability
into measures that are feasible both in a clinical setting and in
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Table 2. Assessments Performed in the INCHIANTI Functional
Evaluation

Height and weight
Standardized evaluation of balance (60)
Uni- and bi-manual dexterity using the Purdue Pegboard®’
Objective evaluation of the ability to use stairs
Time to perform 5 chair-stands'?
Dynamic baropodometric analysis
Performance-based tests of walking*
Walking 4 m and 7 m at usual pace
Walking 4 m and 7 m as fast as possible
Walking 4 m within the limits of a 25 and 15 cm wide
path, as fast as possible
Walking 7 m with steps as long as possible
Walking 7 m stepping over 2 obstacles with and without
sunglasses
Walking 7 m carrying a large package that does not allow
a view of the feet
“Talking while Walking” (7 cm)
Collecting a specific object from the ground during a 7-m
walk
Walking 400 m as fast as possible
Walking 60 m as fast as possible while wearing a heavy jacket
that increases the weight of the participant by 15%
Anthropometrical measures of the lower extremity
Range of motion of all principal movements of hips, knees,
ankles and shoulders®2:63
Lower extremity muscle power®*
Muscle strength assessed on 8 muscle groups of the lower
extremity and 2 muscle groups of the upper extremity®®
Grip strength (JAMAR dynamometer, model #BK-7498, Fred
Sammons, Inc., Burr Ridge, IL.

*The measure of times in the walking tests was performed using an optoelec-
tronic system connected to a digital chronometer and a printer {Chronoprinte:
Tag-Heuer CP501, Zingerle Sports Timing, BZ-Iraly).

a large population-based study. Walking ability, the principal
outcome of interest, was evaluated combining subjective and
objective information. The subjective evaluation started by
asking the participant to estimate the maximum distance
he/she could walk without stopping. The interviewer pro-
vided examples of distances taken from real life: for instance,
150 m was exemplified in Greve as the distance between the
municipal building and the local supermarket. Further ques-
tions were aimed at assessing: how long the participant
usually walked outside home on an average day, according to
weather conditions; the degree of difficulty experienced in
prolonged walks over uneven (e.g., country roads), slippery
(e.g., icy roads), or soft (e.g., sand) surfaces; whether disabil-
ity in specific activities of daily life was due to mobility
problems rather than to other functional limitations.

The objective assessment of walking started with a tra-
ditional evaluation of gait velocity over 4 and 7 meters,
followed by “provocative” tests incloding : (1) walking as
fast as possible without running; (2) walking fast within the
limits of a narrow path (particularly difficult for persons with
balance problems who need to maintain a large base of
support in order to walk safely); (3) walking with long steps
(more energy is required to move the center of gravity up and
down over a wider range); (4) overcoming obstacles first with
normal illumination and in a semi-dark condition (difficult
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Table 3. Tests Used in lnCH[ANTI to Evaluate the Degree of Impairment in Each of the Six Subsystems That Influence Walking

Performance.

Bone

Trabecular and cortical bone density estimated from pQTC images obtained from right lower leg®®

Biomarkers of bone metabolism included circulating levels of calcium, bone-specific alkaline phosphatase, Vitamin D,
parathyroid hormone and 24-hour urinary excretion of calcium and c-telopeptide of type | collagen.

Participants who reported foot pain while standing or walking evaluated by an expert podiatrist who performed an
objective and instrumental examination to establish the causes of such pain and estimate the chances of effective

treatment

Spinal mobility evaluated as absolute change in-the distance between the spinous processes of the C7 and S1 vertebrae
when moving from upright position to-maximal trunk flexion, and measuring the distance between C7 and the wall while
the person was standing straight with the back touching the wall®®

Joints

Goniometric measures of the passive range of motion of the hip (abduction, adduction, flexion, extension and external
rotation), knee (flexion and extension), ankle (flexion and extension) and shoulder (abduction and elevation)®2-63

Clinical joint examination

Pain of the lower back, hips and knees and its severity evaluated using standard instruments®’

Muscle

Lower leg muscle mass, intra-muscular fat and sub-cutaneous fat estimated from pQTC images*®

Isometric muscle strength using a hand held dynamometer (Nicholas Manual Muscle Tester, Mode! #BK-5474, Fred
Sammons, Inc., Burr Ridge, IL) on 8 muscle groups of the lower extremity (abduction, adduction, flexion and extension
of hip; flexion and extension of knee and ankle) and 2 of the upper extremity (abduction and elevation of the shoulder)®®

Lower extremity explosive muscle power (physical work delivered to the external environment in a unit of time) evaluated

using the device proposed by Bassey et. al®*

Biomarkers of muscle metabolism mcluded circulating levels of myoglobin and creatinine and 24-hour urinary excretion of

creatinine and 3-methylhystidine,%®
Peripheral nervous system and perceptual system

and the characterization of polymorphisms for myostatin

69,70

Nerve conduction velocity evaluated in the right peroneal nerve by standard surface electroneurography®®
Proprioceptive and vibration sensitivity assessed in the lower extremity by standard methods™*

Tactile sensitivity assessed using von Frey’s monofilaments of pre-defined rigidity”?

Symptoms attributable to peripheral neuropathy and vestibular dysfunction investigated using specific questionnaires™
Near (30 cm) and far (3 m) visual acuity, contrast sensitivity and 3-dimensional perception investigated by standard

methods.
Central nervous system

Screening of cognitive impairment performed by the Mini Mental State Examination.*® Participants who screened positive
underwent a comprehensive clinical and neuropsychological assessment to establish the diagnosis of dementia based

on the DSM-IIIR criteria™

The psychological component of mobility was assessed in term of depressive symptoms and personal mastery by,
respectively, the Center for Epidemiological Studies Depression Scale (CES-D) (44) and selected questions from the

Hopkins Symptoms Checklist”®

Ability to maintain balance for ten second in progressively more challenging positions (free position, feet'under the anterior
iliac spines, feet side by side, semi-tandem, tandem, one leg)’®

Detailed neurological examination specifically designed to detect even minor signs of neurological impairment such as
tremor, pathological reflexes, sub-cortical reflexes, delay in movement initiation, manual dexterity, coordination, ability to

perform rhythmic repetitive movements.
Energy production and delivery

Daily intake of various macro and micronutrients assessed by the EPIC questionnaire77
Circulatory and respiratory function evaluated by standard medical examination

Venous insufficiency and thrombosis evaluated using color-doppler scan

Arterial circulation assessed by measuring ankle-brachia! index

for persons with even minor neurological impairments and
visual deficits, especially contrast sensitivity); (5) walking
agan;ymg a large, light package that obstructs the view of the
‘feet (challenging for persons with 1mpa1red proprlocepnon),
(6) talking while walking: answering a standard question
during walking (the superimposition of a motor and a cogni-
tive task is problematic in persons with even minimal cerebral
damage)*®%; (7) picking up an object from the floor while
walking; (8) walkmg fast for 400 m (exercise tolerance); (9)

walking 60 m while wearing a jacket that increased the
weight of the participant by 15%. Finally, the spatial and
temporal distribution of weight on the sole while walking
was measured with and without shoes using a 1.6-m-long
baropodometric mat {ACD Podinamic Sensor, Zeno Buratto
Spa. TV, Italy).

A list of the measures that were used to establish the
degree of impairment in each of the physiologic subsystems
affecting walking ability is shown in Table 3. Balance, a
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critical element in walking, is listed under the central nervous’

system but was difficult to classify under one category as
balance problems may result from multiple impairments.
Additional information: on assessment protocols can be
obtained upon request and is accessible on the web site
www.studioinchianti.it.

BRIDGING THE GAP BETWEEN EPIDEMIOLOGY
AND GERIATRIC PRACTICE

InCHIANTI has the potential to shed light on how
specific impairments influence the ability to walk in older
persons and, in most cases, on what is causing such impair-
ments. The approach is designed to be comprehensive. How-
ever, the number of variables needed to fully fit this theoret-
ical model is probably too large to be proposed “as is” for use
in geriatric practice. Indeed, the main purpose of INCHIANTI
is to establish a minimum set of clinical variables that, in the
majority of cases, allow the detection of the underlying causes
of walking difficulties and the identification of critical thresh-
olds in these variables that improve their clinical usefulness.

The concept of a clinical threshold is paramount for
InCHIANTI and will be-a unique contribution of this study to
the geriatric field. Thresholds values for blood levels of dif-
ferent cells or chemicals are used every day for the diagnosis
of many medical conditions such as diabetes (high glucose),
and anemia (low hemoglobin). To a certain extent, InCHI-
ANTI can bring to geriatricians analogous thresholds for the
clinical vanables that aré relevant in the assessment of walk-
ing abxllty, thereby making possible better diagnoses and
targeted, more effective treatments. However, threshold val-
ues estimated from cross-sectional data should be considered
with caution. Walking problems may start from specific
impairments, but the resulting reduction of mobility may
itself cause additional impairments that complicate the clini-
cal picture. For example, hip arthritis reduces mobility,
thereby causing a secondary reduction of muscle strength and
mass. Only when longitudinal data are collected will it be
possible to sort out the role of specific impairments in the
process that leads to walking disability in old age and to
estimate functional thresholds that are valid and precise. A
longitudinal perspective will also widen the clinical useful-
ness of the InCHIANTI model. We can hypothesize the
existence of ranges of impairments that coexist with normal
gait but are predictive of accelerated decline in walking
performance. The identification of such “soft” thresholds,
indicating preclinical impairments, will be particularly useful
for screening candidates for preventive interventions.

ACKNOWLEDGMENTS

We received the greatest support from the participants
whose patience and enthusiasm made possible the realization
of InCHIANTI. We are grateful to the many scientists that
contributed to the design of InRCHIANTI. A special thank to:
Maia Rigacci, Elisa Frosali and Benedetta Bartali for per-
forming the home interviews; Irene Sica for coordinating the
blood sampling with the help of Piera Baldi and Manuela
Chiari; Antonella Fasciglione and Simone Sabatini for per-
forming the podiatric visits; Stefania Fruzzetti, Marco Lam-
poni, Guido Gori, Bruna Frascelle and Gabriele Zeloni for
the neuropsychologic examinations. The Italian Union of

ASSESSMENT OF WALKING DISABILITY IN OLDER PERSONS 1623

Retired Persons (Sindacato Pensionati Italiani) was involved
in the recruitment. The Association “Misericordia” (Antella)
provided the facility where one the functional laboratories
was implemented. Supported as a “targeted project” (ICS
110.1/RS97.71) by the Italian Ministry of Health and in part
by the U.S. National Institute on Aging (Contracts
263__MD__9164__13 and 263_MD__821336).

REFERENCES

1. Hadley EC, Ory MG, Suzman R et al. Physical frailty. A treatable cause of
dependence in old age. Proceedings of a symposium on frailty. ancapohs,
Minnesota, November 18, 1989. ] Gerontol 1993;48:1-88.

2. Reuben DB. Warnings signs along the road to functiona! dependency. Ann
Intern Med 1997;128:138-139.

3. Fried LP, Bandeen-Roche K, Chaves PH, Johnson BA. Preclinical mobility
disability predicts incident mobility disability in older women. J Gerontol A
Biol Sci Med Sci 2000; 55:M43-52.

4. Simonsick EM, Kasper JD, Phillips CL. Physical disability and social interac-
tion: Factors associated with low social contact and home confinement in
disabled older women (The Women's Health and Aging Study). J Gerontol B
Psychol Sci Soc Sci 1998;53:5209-217.

5. Simonsick EM, Guralnik JM, Fried LP. Who walks? Factors associated with
walking behavior in disabled older women with and without self-reported
walking difficulty. ] Am Geriatr Soc 1999;47:672-680.

6. Penninx BWJH, Guralnik JM, Simonsick EM et al. Emotional vitality among
disabled older women: The Women’s Health and Aging Study. ] Am Geriatr
Soc 1998;46:807-815.

7. Farmer ME, Locke BZ, Moscicki EK et al. Physical activity and depressive
symptoms: The NHANES I. Epidemiology follow-up Study. Am J Epidemiol
1988;128:1340-1351.

8. Turpie I, Strang D, Darzins P, Guyatt G. Healch status assessmenc of the el-
derly. Pharmacoeconomics 1997;12:533-546.

9. Guyatt GH, Eagle D], Sackett B et al. Measuring quality of life in the frail
elderly. J Clin Epidemiol 1993;46:1433-1444.

10. Hachisuka K, Tsutsui Y, Kobayashi M, Iwata N. Factor structure of satisfac-
tion in daily life of elderly residents in Kitakyushu. Sangyo Ika Daigaku
Zasshi 1999;21:179-189.

11. Guralnik JM, Ferrucci L, Simonsick EM et al. Lower-extremity functlon in
persons over the age of 70 years as a predictor of subsequent disability.

N Engl j Med 1995;332:556-~561.

12. Guralnik JM, Simonsick EM, Ferrucci L et al. A short physical performance
battery assessing lower extremity function: Association with self-reported
disability and prediction of mortality and nursing home admission. J Geron-
tol 1994;49:M85-94.

13. Guralnik JM, Ferrucci L, Pieper CF et al. Lower extremity function and sub-
sequent disability: Consistency across studies, predictive models, and value
of gait speed alone compared with the short physical performance battery.

J Gerontol A Biol Sci Med Sci 2000; 55:M221-231.

14. Ferrucci L, Guralnik JM, Buchner DM et al. Departures from linearity in the
relationship between measures of muscular strength and physical perfor-
mance of the lower extremities: The Women’s Health and Aging study.

J Gerontol 1997;52:M275-285.

15. Dickinson MH, Farley CT, Full RJ et al. How ammals move: An integrative
view. Science 2000;288:100~106.

16. Whittle MW, Gait analysis: An introduction. Chattanooga TN: Butterworth-
Heinemann Medical, 1997.

17. Chou L-S, Draganich LF. Stepping over an obstacle increases the motions
and moments of the joints of the trailing limb in young adults. J B:omcch
1997;30:331-337.

18. Fried LP. Conference on the Physiologic Basis of Frailty. Baltimore, MD,
April 28, 1992. Introduction. Aging Clin Exp Res 1992;4:251-252.

19. Hausdorff JM, Levy BR, Wei JY. The power of ageism on physical function
of older persons: Reversibility of age-related gait changes. ] Am Geriatr Soc
1999;47:1346-1349.

20. King AC, Rejeski W], Buchner DM. Physical activity interventions targeting
older adults. A critical review and recommendanons Am J Prev Med 1998;
15:316-333.

21. Shumway-Cook A, Gruber W, Baldwin M, Liao S. The effect of multidimen-
sional exercises on balance, mobility, and fall risk in community-dwelling
older adults. Phys Ther 1997;77:46~57.

22. Nelson ME, Fiatarone MA, Morganti CM et al. Effects of high-intensity
strength training on multiple risk factors for osteoporotic fractures. A ran-
domized controlled trial. JAMA 1998;272:1909-1914.



1624

FERRUCCI ET AL : Lo

23.

24,

25.

26.

27,

28.

29.
30.

31.

32.
33.

34.

3s.

36.

37.

38.
39.

40.

41.

42.

43.

44,
45.
46.
47.

48,

49.

50.
" striction: The survey of activities and fear of falling in the elderly (SAFE).

51

52.

Guralnik JM, LaCroix AZ, Abbott RD et al. Maintaining mobility in late
life. I. Demographic characteristics and chronic conditions. Am J Epidemiol
1993;137:845-857.

LaCroix AZ, Guralnik JM, Berkman LF et al. Maintaining mobility in late
life. IL. Smoking, alcohol consumption, physical activity, and body mass in-
dex. Am ] Epidemiol 1993;137:858-869.

Cameron 1, Crotty M, Currie C et al. Geriatric rehabilitation following frac-
tures in older people: A systematic review. Health Technol Assess 2000;4:1-
111.

Guralnik JM, Ferrucci L, Balfour JL et al. Progressive versus catastrophic
loss of the ability to walk: Implications for the prevention of mobility loss.
(submitted to ] Am Geriatr Soc).

Perkowski LC, Stroup-Benham CA, Markides KS et al. Lower-extremity
functioning in older Mexican Americans and its association with medical
problems. ] Am Geriatr Soc 1998;46:411-418.

Ferrucci L, Penninx BWJH, Leveille SG et al. Characteristics of non-disabled
older persons who perform poorly in objective tests of lower extremity func-
tion. J Am Geriatr Soc 2000;48:1102-1110

Alexander NB. Differential diagnosis of gait disorders in older adults. Clin
Geriatr Med 1996;12:689-703.

Su F, Wu W. Design and testing of a genetic algorithm neural network in the
assessment of gait patterns. Med Eng Phys 2000;22:67-74.

Watelain E, Barbier F, Allard P et al. Gait pattern classification of healthy
elderly men based on biomechanical data. Arch Phys Med Rehabil 2000;81:
579-586.

Kay RM, Dennis S, Rethlefsen S et al. Impact of postoperative gait analysis
on orthopedic care. Clin Orthop 2000;374:259-264.

Kay RM, Dennis S, Rethlefsen S et al. The effect of peeoperative gait analysis
on orthopedic decision making. Clin Orthop 2000;372:217-222.

Arnold AS, Asakawa DJ, Delp SL. Do the hamstrings and adductors contrib-
ute to excessive internal rotation of the hip in persons with cerebral palsy?
Gait Posture 2000;11:181-190.

Kuhtz-Buschbeck JP, Johnk K, Mader $ et al. Analysis of gait in cervical my-
elopathy. Gait Posture 1999;9:184-189.

Nagi SZ. A study in the evaluation of disability and rehabilitation potential:
Concepts, methods, and procedures. Am J Public Health 1964;54:1568-
1579. ’
World Health Organization. Manual of the International Statistical Classifi-
cation of Diseases, Injuries and Causes of Death, based on the recommenda-
tions of the ninth revision conference, 1975. Geneva: WHO, 1977.

Jette AM, Assmann SF, Rooks D et al. Interrelationships among disablement
concepts. ] Gerontol A Biol Sci Med Sci 1998;53:M395-404.

Verbrugge LM, Jette AM. The disablement process. Soc Sci Med 1994;38:1-
14.

Rantanen T, Guralnik JM, Ferrucci L et al. Coimpairments as predictors of
severe walking disability in older women. J Gerontol A Biol Sci Med Sci
1999;54:M172-176.

Buchner DM, Larson EB, Wagner EH et al. Evidence for a nonlinear rela-
tionship between leg strength and gair speed. Age Ageing 1996;25:386-391.
Rantanen T, Avela J. Leg extension power and walking speed in very old
people living independently. J Gerontol A Biol Sci Med Sci 1997;52:M225~
231.

Folstein MF, Folstein S, McHugh PR. Mini-Mental State: A practical
method for grading the cognitive state of patients for the clinician. J Psychi-
atr Res 1975;12:189-198.

Sawyer Radloff L The CES-D scale. A self-report depression scale for re-
search in the general population. Appl Psychol meas 1977;1:385-401.
Heikkinen E, Waters WE. The elderly in eleven countries - A socio-medical
survey. Copenhagen: WHO, 1989.

Katz S, Akpom CA. A measure of primary sociobiological function. Int

J Health Services 1976;6:493-507. ’

Lawton MP, Brody EM. Assessment of older people: Self-maintaining and
instrumental activities of daily living. Gerontologist 1969;9:179-186.
Kasper JD, Shapiro S, Guralnik JM et al. Designing a community study of
moderately to severely disabled older women: The Women's Health and Ag-
ing Study. Ann Epidemiol 1999;9:498-507.

Tinetti ME, Richman D, Powell L. Falls efficacy as a measure of fear of fall-
ing. J Gerontol 1990;45:P239-243.

Lachman ME, Howland J, Tennstedt S et al. Fear of falling and activity re-

J Gerontol B Psychol Sci Soc Sci 1998;53:43-50.

Pahor M, Chrischilles EA, Guralnik JM et al. Drug data coding and analysis
in epidemiologic studies. Eur J Epidemiol 1994;10:405-411.

Buysse D], Reynolds CF 111, Monk TH et al. The Pittsburgh Sleep Qualicy
Index: A new instrument for psychiatric practice and research. Psychiatry
Res 1989:28:193-213.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

DECEMBER 2000-VOL. 48, ND. 12

JAGS

Slimani N, Deharveng G, Charrondiere RU et al. Structure of the standard-
ized computerized 24-h diet recall interview used as reference method in the
22 centers participating in the EPIC project, European Prospective Investiga-
tion into Cancer and Nutrition. Comput Methods Programs Biomed 1999;
58:251-266.

Lahiri DK, Bye S, Nurnberger JI Jr. et al. A non-organic and non-enzymatic
extraction method gives higher yields of genomic DNA from whole-blood
samples than do nine other methods tested. J Biochem Biophys Methods
1992;25:193-205. ‘

Braun M]J, Meta MD; Schneider P, Reiners C. Clinical evaluation of a high-
resolution new peripheral quantitative computerized tomography (pQCT)
scanner for the bone densitometry at the lower limbs. Phys Med Biol 1998;
43:2279-2294.

Buschbacher RM. Peroneal nerve motor conduction to the extensor digito-
rum brevis. Am J Phys Med Rehabil 1999;78:526-31.

Guralnik JM, Fried LP, Simonsik EM et al., eds. The Women’s Health and
Aging Study: Health and social characteristics of older women with disabil-
ity. Bethesda, MD: National Institute on Aging, 1995. NIH Pub. No: 95-
4009. .

Camicioli R, Howieson D, Lehman S, Kaye J. Talking while walking: The
effect of a dual task in aging and Alzheimer’s disease. Neurology 1998;48:
955-958.

Lundin-Olsson L, Nyberg L, Gustafson Y. “Stop walking when talking” as a
predictor of falls in elderly people Lancet 1998;349:617.

Buchner DM, Cress ME, Wagner EH et al. The Seattle FICSIT/Movelt study:
The effect of exercise on gait anf balance in older adults. ] Am Geriatr Soc
1993;41:321-325.

Tiffin J, Asher EJ. The Purdue Pegboard: Norms and studies of reliability
and validity. J Appl Physiol 1948;32:234-247.

. Gajdosik RL, Bohannon RW. Clinical measurement of range of motion. Re-

view of goniometry emphasizing reliability and validity. Phys Ther 1987;67:
1867-1872.

Kendal FP, McCreary EK. Muscle testing and function. Baltimore: Williams
& Wilkins, 1983. :

Bassey EJ, Short AH. New method for measuring power output in a single
leg extension: Feasibility, reliability and validity. Eur J Appl Physiol 1990;
60:385-390. ‘
Bandinelli S, Benvenuti E, Del Lungo I et al. Measuring muscular strength of
the lower limbs by hand-held dynamometer: A standard protocol. Aging
Clin Exp Res 1999;11:287-293.

Bellamy N. Muscoloskeletal Clinical Metrology. Dordrecht: Kluver Aca-
demic Publisher, 1993.

Bellamy N, Buchanan WW, Goldsmith CH, Campbell J. Validation
study of WOMAC: A health status instrument for measuring clinically
important patient relevant outcomes to anti-rheumatic drug therapy in
patients with osteoarthritis of the hip or knee. ] Rheumatol
1988;15:1833-1840.

Rathmacher JA, Flakoll PJ, Nissen SL. A compartimental model of -
3-methylhistidine metabolism in humans. Am J Physiol 1995;269:E193~
198.

Gonzalez-Cadavid NF, Taylor WE, Yarasheski K et al. Organization of the
human myostatin gene and expression in healthy men and HIV-infected men
with muscle wasting. Proc Natl Acad Sci USA 1998;95:14938-14943.
Ferrell RE, Conte V, Lawrence EC et al. Frequent sequence variation in the
human myostatin (GDF8) gene as a marker for analysis of muscle-related
phenotypes. Genomics 1999;62:203-207.

Martina IS, van Koningsveld R, Schmitz PI et al. Measuring vibration
threshold with a graduated tuning fork in normal aging and in patients with
polyneuropathy. European Inflammatory Neuropathy Cause and Treatment
{INCAT) group. J Neurol Neurosurg Psychiatry 1998;65:743-747.
McBride MR, Mistretta CM. Light touch thresholds in diabetic patients.
Diabetes Care 1982;5:311-315.

Harris M, Eastman R, Cowie C. Symptoms of sensory neuropathy in adults
with NIDDM in the U.S. population. Diabetes Care 1993;16:1446-1452.
Juva K, Eckinjuntti T, Ylikoski R, Valvaane J, Tilvis R. Staging the severity
of dementia: comparison of clinical (CDR, DSM-III-R), functional (ADL,
IADL) and cognitive (MMSE) scales. Acta Neurol Scand 1994;90:293-298.
Derogatis LR, Lipman RS, Rickels K, Uhlenhuth EH, Covi L. The Hopkins
Symptom Checklist (HSCL): A self-report symptom inventory. Behavioral
Sciences 1974;19:1-15.

Buchner DM, Guralnik JM, Cress ME. The clinical assessment-of gait, bal-
ance, and mobility in older adults. In: Rubenstein LZ, Wieland D, Bernabei
R, editors. Geriatric Assessment Technology: The State of the Art. Milano:
1995:75-88.

Bingham SA. Dietary assessments in the European prospective study of diet
and cancer (EPIC). Eur I Cancer Prev 1997-A(7).11%-174



JAGS DECEMBER 2000-VOL. 48, NO, 12 ASSESSMENT OF WALKING DISABILITY [N OLDER PERSONS 1625

. APPENDIX

Other members of the InCHIANTI Group:
" INRCA Geriatric Department—Florence, Italy: (Benedetta Bartah, Ellsa Bm1 Annamarla Cor51, Salvatore Gangeml, Sante
Giardini, Massxmlhano Bonafé, Claudio Franceschl, Carlotta Pini). =

Department of Medxcme and Aging, University G. D’Annunzxo, _Chxen, Italy (Giuseppe Abate, Nlcoletta Morelli, Sllv1a
Capasso)

The Municipalities of Greve in Chianti (Paolo Saturmm Alessandro Vanm, Moreno Vannom) and Bagno a Rlpoh (Sllvxa
Ocello, Luigi Remaschl, Andrea Rontml)

Florence Local Health Unit (Eva Buiatti) and the Laboratory of “Careggi” Hospital (Paola Tozzi)

Primary Care Physicians of Greve in Chianti and Bagno a Ripoli: Niccolé Altieri, Gianfranco Ardito, Alessandro
Azzerboni, Enrico Barzanti, Alessandro Biagioni, Marco Bonazza, Vittorio Boscherini, Patrizio Campi, Luca Cassese, Lucia
Casini, Massimo Dioscoridi, Giancarlo Fedele, Massimo Giuntoli, Marco Lepri, Maria Stella Lissona, Alessandro Marconi,
Massnmo Massai, Sonia Mascaro, Claudio Mazzotta, Ornella Nervini, Lorenzo Notabartolo, Renzo Pesciullesi, Riccardo
Pirozzi, Maria Cecilia Porciatti, Elena Rasolo, Daniele Ravenni, Corrado Romano, Paolo Serraglini, Silvio Sieni.

Epidemiology Demography and Biometry Program, National Institute on Aging (NIH), Bethesda MD, USA: Dick Havlik,
Stefano Volpato.

Foundation Don Gnocchi, Florence, Italy: Francesca Cecchi, Benedetta Miniati.
Department of Internal Medicine, Hospital “S. Giovanni di Dio”, Florence, Italy: Cosimo Russo.

Departments of Gerontology and Geriatric Medicine (Niccolo’ Marchionni, Mauro di Bari, Fulvio Lauretani), Clinical
Pathophysiology (Maria Luisa Brandi), Gastroenterology (Giuseppe Ciancio), Internal Mechcme and Immunoallergology
(Annalisa Tanini, Alessia Gozzini), University of Florence, Italy.

Institute of Gerontology and Geriatric, University of Perugia, Italy: Umberto Senin, Antonio Cherubini.

Unit of Infectious Diseases (Francesco Mazzotta, Pierluigi Blanc) and the Clinical Laboratory (Giampiero Ciampi) of the
S. Maria Annunziata Hospital, Florence, Italy

Cancer Study and Prevention Center, Florence, Italy: Domenico Palli ‘
Department of Geriatric Medicine and Metabolic Disease, University of Naples: Giuseppe Paolisso.
Sticht Center on Aging, Wake Forest University, Winston-Salem, NC, USA: Marco Pahor, Brenda WIH Penmnx



