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Abstract

Older adults have a high prevalence of gait and balance disturbances and falls. Normal aging is 

associated with significant striatal dopaminergic denervation, which might be a previously 

unrecognized additional contributor to geriatric falls. This study investigated the relationship 

between the severity of age-associated striatal dopaminergic denervation (AASDD) and falls in 

community-dwelling subjects. Community-dwelling subjects who did not have a clinical diagnosis 

to explain falls (n = 77: 43 female, 34 male; mean age 61.4 +/− 16.4; range 20–85) completed 

clinical assessment and brain dopamine transporter (DAT) [11C]beta-CFT (2-beta-
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carbomethoxy-3beta-(4-fluorophenyl) tropane) positron emission tomography imaging followed 

by 6 months of prospective fall monitoring using diaries. Results showed a significant inverse 

relationship between striatal DAT activity and age (r = −0.82, p < 0.001). A total of 26 subjects 

(33.8%) reported at least one fall, with 5 subjects (6.5%) reporting two or more falls. While no 

significant difference was noted in striatal DAT activity between nonfallers (n = 51) and fallers (n 

= 26; f = 0.02, not significant), striatal DAT activity was modestly reduced in the small subgroup 

of recurrent fallers compared with the other subjects (f = 5.07, p < 0.05). Findings indicate that 

AASDD does not explain isolated self-reported falls in community-dwelling subjects. However, it 

may be a contributing factor in the small subgroup of subjects with recurrent falls.
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INTRODUCTION

Falls are a common problem in the elderly population [1–3]. In community-dwelling 

individuals aged 65 and older, approximately one-third fall every year and about half of 

these do so recurrently [1,4–5]. Falls are considered a multifactorial syndrome in which 

multiple contributing factors accumulate to disturb gait and balance [6]. Detectable gait 

abnormalities are present in 20 to 40 percent of persons over 65 and increase to 50 percent in 

those older than 85 [7]. Known contributors to falls include sensory disorders, cognitive and 

movement disorders, arrhythmias, orthostatic hypotension, and musculoskeletal problems 

[8]. While patients with Parkinson disease (PD) are known to have a very high prevalence of 

falls, the contribution to falls risk of non-PD, age-related decrease in dopaminergic 

innervation is not known.

Although not as severe as in PD, age-related dopaminergic changes in the striatum are 

significant [9] and are in the range of about 5 to 7 percent per decade as reported by in vivo 

positron emission tomography (PET) imaging [10–11]. It is unclear whether these age-

associated striatal losses are solely the result of frank neuronal loss of dopaminergic cells in 

the substantia nigra or involve other mechanisms such as axonal or synaptic dysfunction 

[12–14].

Volkow et al. were the first to show that age-related decreases in brain dopamine activity in 

nonparkinsonian elderly are associated with a decline in motor function [15–16]. The fact 

that this association is observed in nondisabled subjects indicates that while no typical PD 

symptoms are present, the decline in brain dopamine activity may lead to a subclinical 

threshold decline in an individual's balance and gait performance [17–18]. As falls are 

common and disabling, even in relatively early stage PD [19], the question then arises 

whether age-associated striatal dopaminergic denervation (AASDD) may be a possible 

mechanism contributing to geriatric falls. The present study investigated the relationship 

between severity of AASDD and prospectively ascertained falls in community-dwelling 

subjects. We hypothesized that fallers, especially those with recurrent falls, would have 

lower striatal dopamine transporter (DAT) activity than nonfallers.
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SUBJECTS AND METHODS

Subjects and Clinical Testing

A total of 113 subjects (63 female and 50 male) between the ages of 20 and 85 were enrolled 

in this study, and 77 subjects completed the full clinical fall assessment and PET imaging 

test battery (see next section for details). Written informed consent, approved by the 

Institutional Review Boards of the Department of Veterans Affairs (VA) Pittsburgh 

Healthcare System and the University of Pittsburgh, was obtained prior to subject 

participation. All subjects underwent a medical and neurological examination. Clinical 

assessment included a neurological examination, including visual acuity measurement, 

Unified Parkinson's Disease Rating Scale (UPDRS) parkinsonian motor examination [20], 

measurement of orthostatic vital signs, weight, and height. The Berg Balance Scale was used 

to assess clinical balance function [21]. Lower-limb large-fiber sensory function was 

assessed by using a 128 Hz tuning fork to measure the duration of perception of vibratory 

sensations at each ankle. Subjects with clinical evidence of defined impairments that affect 

balance or gait were excluded. These impairments included orthostatic hypotension (defined 

as drop in systolic blood pressure of >20 mm Hg upon standing), impaired vision (<20/40 

corrected in both eyes), vertiginous disorder (defined by clinical symptoms of linear or 

rotational illusion of motion), myelopathy (defined by neurological examination findings of 

hyperreflexia, weakness and/or sensory level), myopathy (defined by presence of muscle 

weakness and prior laboratory evidence of a myopathic process), radicular (defined by 

examination findings of decreased or absent deep tendon reflexes with segmental weakness 

or dermatomal sensory loss), or cerebellar (clinical examination findings of limb or gait 

ataxia) syndromes. The UPDRS was used to rate the presence of nonspecific parkinsonian-

like motor impairments often associated with normal aging [20,22]. Subjects with DAT PET 

evidence of PD, i.e., (asymmetric) gradient of putaminal more than caudate nucleus 

dopaminergic denervation [11], were excluded from this study. This DAT PET PD pattern is 

distinctly different from the age-associated pattern of symmetric and evenly distributed mild 

loss of dopaminergic activity in the putamen and caudate nucleus [11].

Additional exclusion criteria included a history of joint prosthetic surgery; subjects taking 

central nervous system suppressant medications, such as benzodiazepines, barbiturates, or 

skeletal muscle relaxants; or presence of dementia (Mini-Mental State Examination 

[MMSE] <24 [23]). Subjects with evidence of large-vessel stroke, tumor, focal intracranial 

lesion, or significant leukoaraiosis, i.e., stage >3 on the Brandt-Zawadzki et al. scale [24], on 

brain magnetic resonance (MR) were excluded from the study.

Falls were assessed prospectively using monthly diaries with telephone support [8,25]. We 

defined a fall according to International Classification of Diseases-9th Revision (ICD-9) 

criteria (ICD-9: E880A–E889A) as an unexpected event in which a person falls to the 

ground from an upper level or the same level. Fallers were classified as recurrent (two or 

more falls within 6 months) or nonrecurrent.

Of the original 113 participants, 5 were excluded: 2 subjects were found to have PD on 

neurological examination and/or DAT PET imaging and 3 had abnormal MR findings. The 

mean age (± standard deviation [SD]) of the remaining 108 subjects was 63.2 ± 15.4 years 
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(range 20–85 years; 60 female and 48 male). Of the 108 subjects, 89 completed the 6-month 

prospective fall diary study (mean age 62.5 ± 16.1 years, range 20–85 years; 51 female and 

38 male). From this sample of 89 subjects, 77 subjects also completed striatal DAT PET 

imaging (mean age 61.4 ± 16.4 years, 20–85 years; 43 female and 34 male) and were 

included in the primary analysis in this study. Compared with the 77 subjects included in 

this analysis, the 31 who were not included did not differ significantly in sex or fall status, 

but excluded subjects tended to be older (mean age 67.9 ± 11.3 years).

Dopamine Transporter Positron Emission Tomography and Magnetic Resonance Imaging

[11C]b-CFT (2-b-carbomethoxy-3b-(4-fluorophenyl) tropane) or [11C]-WIN 35,428 is a 

specific radioligand for DAT. [11C]b-CFT was prepared using a previously described method 

[26–27]. Dynamic PET scanning was performed for 90 minutes following a bolus 

intravenous injection of 370 MBq of [11C]b-CFT. Sequential emission scans were obtained 

in three-dimensional (3-D) imaging mode using an ECAT HR+ tomograph (CTI PET 

Systems; Knoxville, Tennessee), which acquires 63 transaxial slices (axial field of view: 

15.2 cm; slice thickness: 2.4 mm with an in-plane resolution of 4.1 mm). A thermoplastic 

mask was made for each subject to minimize head movement. The scanner gantry was 

equipped with a Neuroinsert (CTI PET Systems) to reduce the contribution of scattered 

photon events [28]. PET emission data were corrected for attenuation, scatter, and 

radioactive decay.

A volumetric spoiled gradient recall (SPGR) MR image was collected for each subject using 

a Signa 1.5 Tesla scanner (GE Medical Systems; Milwaukee, Wisconsin) with a standard 

head coil. The coronal SPGR sequence (echo time = 5, repetition time = 25, flip angle = 40°, 

number of excitations = 1, slice thickness = 1.5 mm, image matrix = 256 × 192, field of view 

= 24 cm) was acquired to maximize contrast among gray matter, white matter, and cerebral 

spinal fluid and provide high-resolution delineation of cortical and subcortical structures. 

Volumes of interest (VOIs) were defined manually on the SPGR MR imaging (MRI) for 

striatum (caudate nucleus and putamen) with left and right hemispheres combined by 

manually tracing the outlines of the structures in 3-D using software developed in-house 

(VOILand). VOIs were transferred from MRI space to PET space using MRI-to-PET 

coregistration parameters that were obtained with the mutual information theory [29] as 

implemented in the intermodality coregistration module of the SPM2 image analysis 

software package (Wellcome Trust Centre for Neuroimaging; London, United Kingdom) 

[30]. VOIs were applied on successive dynamic PET frames to generate time radioactivity 

curves of the regions.

Regional cerebral [11C]b-CFT binding was determined by graphical analysis of the bolus-

plus-infusion transformation plot of bolus-only PET experiments [31]. Because of the 

relatively slow dissociation of [11C]b-CFT, the method that yielded the net uptake constant 

(Ki) of [11C]b-CFT was shown to be more robust in detecting early changes in DAT in 

experimental PD than methods that assumed dissociation of the ligand and yielded binding 

potential [31]. Results of associations between striatal DAT and specific aspects of gait and 

balance from this series have been previously reported [17–18].
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Data Analysis

Analysis of covariance (ANCOVA) was performed to compare fallers with nonfallers while 

controlling for the effects of age. Analyses were performed with SAS (version 9.1, SAS 

Institute, Inc; Cary, North Carolina).

RESULTS

Study Demographics, Clinical Variables, and Prospective Falls

Of the 77 subjects who completed the DAT PET study, 26 were fallers (including 4 with 2 

falls and 1 with 4 falls) and 51 were nonfallers. No significant difference was noted in mean 

age between the 26 fallers (64.7 ± 16.8) and 51 nonfallers (59.8 ± 16.2, t = 1.25, not 

significant). No significant difference was noted in sex between fallers (57.7% females) and 

nonfallers (54.9% females; c2 = 0.05, p > 0.05).

The Table lists information on clinical variables in the different subgroups of control 

subjects and single-time and recurrent fallers. Although no significant age difference was 

noted between the groups, the recurrent fallers tended to be older (72.8 ± 16.9; Table). No 

significant differences were found between the subgroups for the clinical variables of body 

mass index (BMI), lower-limb sensory function, UPDRS motor scores, and MMSE (Table). 

Recurrent fallers had significantly lower scores on the Berg Balance Scale than nonfallers 

(Table). However, scores on the Berg Balance Scale in the single-time fallers trended to be in 

the intermediate range between the control and recurrent fallers groups.

Striatal Dopamine Transporter Activity, Aging, and Falls

A significant inverse relationship was found between age and striatal DAT activity (r = 

−0.82, p < 0.001). Correlation coefficients between age and striatal DAT activity were 

identical for females and males, r = −0.82, p < 0.001. The Figure is a scatter plot for striatal 

DAT activity and age by fall status.

ANCOVA was used to compare striatal DAT activity between fallers (combined single-time 

and recurrent fallers) and nonfallers while adjusting for the effects of age. No significant 

group differences were found in striatal DAT activity between nonfallers and fallers: age-

adjusted striatal DAT activity for nonfallers was 0.0185 ± 0.0029 and for fallers was 0.0185 

± 0.0033 (f = 0.01, p > 0.05).

A subgroup analysis was performed to compare the subgroup of recurrent fallers with the 

other subjects (single-time fallers and nonfallers). ANCOVA analysis demonstrated that 

striatal DAT activity was modestly reduced (f = 5.07, p = 0.03) in recurrent fallers (0.0168 

± 0.0035) compared with other subjects (0.0186 ± 0.0029).

Post Hoc Analysis: Clinical Correlates of AASDD in Subjects 65 and Older

As AASDD is expected to have more clinical significance in the elderly, we performed a 

post hoc analysis to evaluate clinical correlates of striatal dopaminergic denervation in the 

subgroup of elderly aged 65 and over (n = 35). Age-adjusted ANCOVA analysis limited to 

the elderly demonstrated a significant group effect (f = 5.46, p = 0.03) of reduced striatal 
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DAT activity in the recurrent elderly fallers (0.0141 ± 0.0020) compared with other subjects 

(0.0166 ± 0.0019). Significant correlations were also found between lower striatal DAT and 

higher scores on the UPDRS motor (r = −0.39, p = 0.02), but no significant correlations 

were found with MMSE, Berg Balance Scale, BMI, or ankle vibration sense scores.

Subjects were also classified as AASDD if their striatal DAT binding was >3 SD below the 

mean of that in the younger age group (20 to 49 years). Following these criteria, 9 elderly 

had AASDD and 26 had striatal DAT levels higher than this cutoff (NO-AASDD). As 

expected, risk of falling was higher in the AASDD than the NO-AASDD subjects (c2= 6.4, p 
= 0.04) and AASDD subjects had a trend toward higher UPDRS motor scores (7.9 ± 6.2) 

than NO-AASDD subjects (4.5 ± 4.0, t = 1.86, p = 0.08). No significant differences in age, 

Berg Balance Scale, MMSE, BMI, or ankle vibration sense scores were noted between the 

AASDD and NO-AASDD groups.

DISCUSSION

Of the age-related neurochemical changes in the brain, those involving the dopamine system 

appear to be of paramount importance [9]. Although an average person may lose about 33 

percent of striatal dopaminergic innervation between the ages of 25 and 75 [10], this loss is 

not as severe as in PD, where losses often exceed 50 to 80 percent [32]. We should note, 

however, that normal aging is associated with substantial interindividual variability in 

dopaminergic losses, with some elderly having more pronounced AASDD while others have 

relatively preserved activity. However, despite a large number of studies documenting 

significantly decreased dopamine activity with normal aging [10–11], very little is known 

about its functional significance. We previously reported findings of reduced striatal 

dopaminergic activity with normal aging from subjects in this series and found that, in 

normal aging, the central ability to inhibit balance-destabilizing vision-related postural 

control processes depends at least partially on striatal dopaminergic pathways. In contrast, 

striatal dopaminergic denervation does not appear to impair the ability to disengage 

destabilizing proprioceptive inputs and trigger the vestibular control system during 

challenging sensory perturbations [17]. With respect to gait, we found that gait cadence was 

significantly slower than age-based predictions in adults with lower striatal DAT activity 

[18]. This result translated into slower speed and longer single- and double-support 

durations [18]. Despite this specific balance- and gait-related dopaminergic evidence, our 

present findings indicate that AASDD is not a significant factor to explain self-reported 

isolated falls in community-dwelling subjects. One potential explanation for this apparent 

difference in results is the multidimensional nature of the causes of falls. Indeed, it is well 

known that community-dwelling older adults can fall for many reasons and thus isolated 

"falls" may lack specificity to be correlated with AASDD. Our prior gait and balance studies 

have considered very specific aspects of the postural control system and thus may have been 

more sensitive to striatal dopaminergic denervations. Additionally, it is interesting to note 

that our preliminary results from a subgroup analysis in this current study suggest that 

AASDD may be a contributing factor in the small subgroup of subjects with recurrent falls. 

This finding may also suggest that the relationship between altered biomechanics and falls 

may be nonstochastic in nature; i.e., effects are characterized by a threshold dose below 

which they do not occur. Given the multifactorial nature of geriatric falls, it is also plausible 
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that different risk factors, when present together, may have a synergistic detrimental effect 

on fall risk that is disproportionately larger than when a single risk factor is studied in 

isolation.

De Lau et al. studied subjective complaints that may precede the diagnosis of PD and found 

that subjects who reported imbalance at baseline had a significantly increased risk of PD at 

2-year follow-up, with a hazard ratio of 3.47 [33]. Perceived imbalance may be a very early 

symptom that progresses to overt postural instability and an increased risk of falling later in 

the course of the disease. Our data may not necessarily indicate that the group of recurrent 

fallers is at risk of developing PD in the (very) near future, because DAT PET imaging in our 

study did not demonstrate evidence of the typical PD striatal topographic pattern since this 

represented an exclusion criterion. All subjects in this study, including those with mildly 

increased motor ratings on the UPDRS examination demonstrated evidence of diffuse 

striatal DAT loss with aging, i.e., a pattern of bilateral and symmetric striatal loss without 

evidence of predominant or asymmetric putaminal denervation that would indicate PD. 

Furthermore, the modest reductions of striatal DAT binding in the recurrent fallers are above 

typical denervation levels seen in PD [11]. The fact that this association is observed in 

otherwise nondisabled subjects indicates that, while no typical symptoms of PD are present, 

the decrease in age-associated brain dopamine activity may lead to a decline in the 

individual's balance and gait performance. This effectively would indicate that a minimally 

symptomatic hypodopaminergic state of aging exists that potentially could benefit from 

dopaminergic therapy yet is distinct from idiopathic PD. We should also note that PD is now 

being recognized as a multisystem disorder in which nigrostriatal dopaminergic denervation 

is only one of many neuronal degenerations present in the peripheral and central nervous 

systems [34–35].

Results of our post hoc analysis of subjects 65 years and older demonstrated inverse 

correlations between scores on the motor UPDRS and striatal DAT activity but not with the 

Berg Balance Scale. A trend toward lower scores was also noted on the Berg Balance Scale 

in the group of the single-time fallers who did not differ in striatal DAT binding from 

nonfallers. Therefore, the mechanism underlying increased fall risk that may be related to 

age-associated decreases in striatal DAT binding does not appear to intrinsically overlap 

with the fall risk mechanism underlying abnormal performance on the Berg Balance Scale. 

We should note that the UPDRS specifically assesses motor impairments present in PD 

while the Berg Balance Scale represents a more global assessment of balance control.

A limitation of this study was the small number of recurrent fallers within our study sample. 

Another limitation of the study was that the duration of the diary study was only 6 months. 

Therefore, categorization of groups into fallers and nonfallers remains arbitrary given the 

limited study observation period. Furthermore, members of the single-time fallers group 

may have fallen for many reasons related to chance or extrinsic or accidental circumstances. 

In this context, recurrent fallers may represent a more reliable assessment of intrinsic fall 

risk in the elderly. This small subgroup also represents a disproportionately larger burden on 

healthcare costs [36].
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CONCLUSIONS

We conclude that AASDD is not a significant factor to explain self-reported isolated falls in 

otherwise nondisabled subjects. However, it may be a contributing factor in the small 

subgroup of subjects with recurrent falls.
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Figure. 
Striatal dopamine transporter (DAT) activity versus age and fall status: Nonfaller = open 

circles, single-time faller = black rhombus, recurrent faller = black triangle. Plot shows 

significant age-associated nigrostriatal dopaminergic denervation. Linear regression line is 

presented. No overall significant difference was noted in nigrostriatal dopaminergic activity 

between fallers and nonfallers.
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Table

Demographic and clinical information (mean ± standard deviation) unless otherwise noted of single-time and 

recurrent fallers and nonfallers who completed 6-month prospective fall diary and positron emission 

tomography imaging study. For significant overall group effects, Duncan's Multiple Range post hoc testing 

was used to compare differences between subgroups.

Variable Nonfallers
(n = 51)

Single-Time Fallers
(n = 21)

Recurrent Fallers
(n = 5)

Group Effect

Sex (n: F/M) 28/23 11/10 4/1 c2 = 1.30*

Age 59.8 ± 16.2 62.8 ± 16.6 72.8 ± 16.9 f = 1.56*

Body Mass Index (kg/m2) 27.2 ± 5.2 26.9 ± 4.9 25.3 ± 2.7 f = 0.32*

MMSE 29.5 ± 0.8 29.5 ± 0.9 29.8 ± 0.5 f = 0.32*

Berg Balance Scale 54.9 ± 2.0a 53.1 ± 3.8ab 51.2 ± 5.0b f = 5.62†

Motor UPDRS 3.3 ± 3.8 3.5 ± 4.6 4.2 ± 4.7 f = 0.13*

Ankle Vibration (s) 10.4 ± 4.5 10.4 ± 5.4 13.5 ± 2.6 f = 1.03*

Note: Subgroup means with same letter are not significantly different; i.e., nonfallers are significantly different from recurrent fallers, but single-
time fallers are not significantly different from either non- or recurrent fallers.

*
p > 0.05.

†
p = 0.005.

F = female, M = male, MMSE = Mini-Mental State Examination, UPDRS = Unified Parkinson's Disease Rating Scale.
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