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3. Timeline:  
 
Data are currently available. Analyses and manuscript preparation will be performed over the 
next 6-12 months. 
 
4. Rationale:  
 
Traumatic brain injury (TBI) is considered a chronic health condition due to its long-term 
sequalae and association with subsequent dysfunction and morbidity.1,2 Older adults have the 
highest rates of TBI,3 yet, a significant focus of the literature is on short-term outcomes, 
especially among college-aged individuals and athletes.4–6 As such, a need exists to investigate 
the relationship between head injury and long-term objective outcomes in older populations. 
  
Gait, mainly walking speed, is often considered to be the 6th vital sign since it correlates with 
balance, functional ability,7 cognitive status,8 postural control,9 mental health status,10,11 
hospitalization,12 and death.13 Gait and postural control impairments are reported in collegiate 
athletes beyond clinical recovery from concussion (mild TBI; mTBI) and in individuals with a 
history of mTBI years post-injury.14–19  Post-mTBI, individuals exhibit a conservative gait 
strategy that is characterized by a reduction in gait speed and stride length, and is theorized to be 
the result of lingering neuromuscular control and executive dysfunction.20 These gait 
abnormalities have persisted in young athletes beyond clinical recovery and after return to sport, 
and are thought to be a mechanistic link between the observed 2-fold increased odds of 
subsequent lower-extremity musculoskeletal injury in athletes post-mTBI.18,21,22 Despite 
evidence of lingering physical dysfunction post-mTBI and the potential additive effect of age 
and head injury on physical dysfunction among older individuals, the research on head injury 
and subsequent musculoskeletal injury and physical functioning is primarily limited to young 
athletes and young community dwelling adults (i.e., <35 years old).21,23 Therefore, a gap in the 
literature exists to investigate the relationship between head injury and subsequent 
musculoskeletal functioning in older cohorts.  
  
The ARIC study presents a unique opportunity for studying the relationship between head injury 
and musculoskeletal functioning in the form of physical function, frailty, and falls. Gait and 
physical function decrease with age while frailty increases with age; collectively, all of these 
factors increase risk for a fall in the ageing populations.24 Based upon previous research, it is 
hypothesized that prior head injury is related to future risk of falls, potentially due to worse 
neuromuscular/musculoskeletal functioning observed after a head injury.18,21 Moreover, this risk 
may be compounded by pre-existing factors (i.e., physical function and frailty). We acknowledge 
that the associations between head injury and physical functioning/frailty/fall risk are likely bi-
directional. However, in this proposal we will examine the association between prior head injury 
and physical function and frailty at ARIC Visit 5 and the prospective relationship (ARIC Visit 5-
7) between head injury, physical function, frailty, and falls (baseline ARIC Visit 5).  
 
5. Main Hypothesis/Study Questions: 
 
Aim 1: To examine associations between prior head injury and physical function and frailty 
assessed at Visit 5. 
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Hypothesis 1: Prior head injury will be associated with worse physical function and greater 
frailty at ARIC Visit 5 compared to no prior head injury. Further, individuals with multiple prior 
head injuries and more severe prior head injury will have greater physical dysfunction and frailty 
compared to individuals with no prior head injury and to individuals with a single prior head 
injury and to individuals with less severe prior head injury.  
 
Aim 2: To examine the prospective (Visit 5-Visit 7) associations between prior head injury and 
physical function and frailty.   
 
Hypothesis 2: Prior head injury will be associated with decreased physical function and 
increased frailty over time compared to no prior head injury. Individuals with multiple prior head 
injuries and more severe prior head injuries will have greater dysfunction (i.e., worse physical 
function and more frailty) over time compared to individuals with no prior head injury and to 
individuals with a single prior head injury and to individuals with less severe prior head injury. 
 
Aim 3: To examine the prospective (baseline Visit 5) relationship between head injury and fall 
risk. 
 
Hypothesis 3: Head injury will be associated with increased fall risk over time compared to no 
head injury. Individuals with multiple prior head injuries and more severe prior head injuries will 
have greater risk of falls over time compared to individuals with no prior head injury and to 
individuals with a single prior head injury and to individuals with less severe prior head injury. 
 
6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of 
interest with specific reference to the time of their collection, summary of data analysis, 
and any anticipated methodologic limitations or challenges if present). 
 
Study Design/Study Population:  
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Aim 1: Head injury occurring prior to Visit 5 and Visit 5 measures of physical function and 
frailty. All ARIC visit 5 participants with non-missing head injury, physical function, frailty, and 
covariate data will be included. 
 
Aim 2: Prospective analysis using head injury occurring prior to Visit 5 and prospectively 
collected (Visit 5 to Visit 7) measures of physical function and frailty. We will also consider 
head injury as a time-varying exposure in order to include head injuries occurring after Visit 5. 
All ARIC visit 5 participants with non-missing head injury, Visit 5 physical function, Visit 5 
frailty, and covariate data will be included. Included participants will also have non-missing 
Visit 6 and/or Visit 7 physical function and frailty data. 
 
Aim 3: Prospective analysis using head injury occurring after Visit 5 with follow-up for incident 
falls through most updated CMS/hospitalization data. Head injury will be modeled as a time-
varying exposure. All ARIC visit 5 participants without prior head injury and with complete 
covariate data will be included. 
 
Exposure:  
 
Consistent with previous work in ARIC,25,26 prior head injury (yes; no) will be defined using a 
combination of self-reported data (from Visits 3, 4, 5, 6, 7, and the brain MRI visit) and ICD-
9/10 code data from hospitalizations (ARIC hospitalization surveillance; Centers for Medicare 
and Medicaid Services [CMS] Fee-for-Service [FFS] data) and emergency department visits 
(CMS FFS data). As secondary exposures, we will use the number of previous head injuries (0; 
1; 2+) and in the subset of head injuries identified using ICD-9/10 code data, we will separate by 
head injury severity (mild; moderate/severe). Below are self-reported questions and ICD-9/10 
codes.  
 
Self-reported head injury questions: 
 
ARIC Visit 3 (1993-1995)  
1. Have you ever had a head injury which led you to see a physician or seek hospital care?  
2. How many times has this happened?  
3. How many of these head injuries resulted in your losing consciousness, no matter how 
briefly?  
4.In what year was your head injury for which you sought medical care?  
ARIC Visit 4 (1996-1998)  
1. Have you ever had a major head injury? That is, one that resulted in your losing 
consciousness, no matter how briefly, or that led you to see a physician or seek hospital care?  
2. How many times has this happened?  
3. How many head injuries resulted in your losing consciousness, no matter how briefly?  
4. In what year was your head injury for which you lost consciousness sought medical care? 
ARIC Brain MRI Visit (2004-2006)*  
1. Have you ever had a head injury that resulted in loss of consciousness (knocked out)?  
2. How many times?  
3. In what year or how old were you when this first occurred?  
4. In what year or how old were you when this last occurred?  
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ARIC Visit 5 (2011-2013)*  
1. Have you ever had a head injury that resulted in loss of consciousness?  
2. Have you had a head injury with extended loss of consciousness (>5 minutes)?  
3. Have you had a head injury that resulted in long-term problems or dysfunction?  
ARIC Visit 6 and 7 (2016-2017 and 2018-2019)  
1. Have you ever had a head injury that resulted in loss of consciousness?  
2. Have you had a head injury with extended loss of consciousness (>5 minutes)?  
3. Have you had a head injury that resulted in long-term problems or dysfunction?  
 
*Questions asked in a subgroup of ARIC participants selected for brain magnetic resonance 
imagining (MRI) scans. 
 
ICD-9 and ICD-10 codes used to define head injury: 
 
ICD-9 Codes 
800.xx Fracture of vault of skull 
801.xx Fracture of base of skull 
803.xx Other and unqualified skull fractures 
804.xx Multiple fractures involving skull or face with other bones 
850.xx Concussion 
851.xx Cerebral laceration and contusion 
852.xx Subarachnoid, subdural, and extradural hemorrhage following injury 
853.xx Other and unspecified intracranial hemorrhage following injury 
854.xx Intracranial injury of other and unspecified nature 
959.01 Head injury, unspecified 
ICD-10 Codes 
S02.0 Fracture of vault of skull 
S02.1X Fracture of base of skull 
S02.8 Fractures of other unspecified skull and facial bones 
S02.91 Unspecified fracture of skull 
S04.02 Injury of optic chiasm 
S04.03X Injury of optic tract and pathways 
S04.04X Injury of visual cortex 
S06.X Intracranial injuries, concussion, traumatic cerebral edema, diffuse and focal 

traumatic brain injury, traumatic epidural, subdural, and subarachnoid hemorrhage 
S07.1 Crushing injury of skull 
 
Outcomes:  
 
We will investigate three primary outcomes of interest in this proposal: physical functioning, 
frailty, and falls. 
 
Physical Function: 
 
Physical function was assessed using the Short Physical Performance Battery (SPPB)27,28 and 
grip strength28 at ARIC Visit 5, 6, and 7. The SPPB is a measure of lower body performance. 
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The SPPB consists of 3 tasks: gait speed (time to walk 4 meters), chair stand (time to complete 5 
unassisted chair stands without using their arms), and balance (timed side-by-side stance, semi-
tandem stance, and tandem stand, held up to 10s each). Gait speed (m/s) with be calculated by 
dividing the 4m by the time to complete the 4m walk (sec). Each of the 3 tasks are scored 0 
(worst) to 4 (best; the 3 components are summed for a total possible score ranging from 0 to 12. 
An SPPB composite score <6 will be considered poor physical function. Each SPPB task score 
<2 points will be considered poor physical function in that domain.29 In addition to analyzing the 
composite SPPB as a dichotomous variable, we will also analyze as a continuous/count variable. 
Grip Strength28 is a measure of upper body strength. Participants used their dominant hand and 
performed maximal hand squeeze using the Jamar Hydraulic Hand Dynamometer. The best of 2 
trials will be used for analysis and is reported in kilograms of force. 
 
Frailty: 
 
Consistent with previous studies,30 participants will be categorized into three groups: frailty (if 
>3 of the below listed components were present), pre-frailty (if 1-2 of the below listed 
components were present), and non-frailty (if none of the below listed components were 
present). The 5 components are listed below: 
 
Weight loss Unintentional weight loss of 10% between 

Visit 4 (1996-1999) and Visit 5 (2011-2013) 
or BMI <18.5 kg/m2 

Low physical activity The 20th percentile in sex-specific Baeke 
leisure sport activity index 

Slow walking speed The 20th percentile in sex- and height-adjusted 
gait speed during a 4-m walk test using the 
cutoff values established from the 
Cardiovascular Health Study (CHS)31 

Exhaustion Responded “some of the time” or “most of the 
time” to 2 questions of the following the 11-
item Center for Epidemiologic Studies-
Depression scale (CES-D) questions: “I felt 
everything I did was an effort” or “I could not 
get going” 

Weakness (low grip strength) The 20th percentile in sex- and BMI-specific 
grip strength using the cutoff values 
established from CHS31 

 
Falls:  
 
Falls will be defined using ICD-9/E codes and ICD-10 codes from hospitalizations (ARIC 
hospitalization surveillance; CMS FFS data) and emergency department visits (CMS FFS data). 
 
ICD-9/E Codes  
E804.xx Fall in on or from railway train 
E833.xx Fall on stairs or ladders in water transport  
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E834.xx Other fall from one level to another in water transport 
E835.xx Other and unspecified fall in water transport 
E843.xx Fall in on or from aircraft 
E880.0 Accidental fall on or from escalator 
E880.1 Accidental fall on or from sidewalk curb 
E880.9 Accidental fall on or from other stairs or steps 
E881.0 Accidental fall from ladder 
E881.1 Accidental fall from scaffolding 
E882 Accidental from or out of building or other structure 
E883.1 Accidental fall into well 
E883.2 Accidental fall into storm drain or manhole 
E883.9 Accidental fall into other hole or other opening in surface 
E884.xx Accidental fall 
E885.xx Accidental fall 
E886.xx Accidental fall 
E888.xx Accidental fall 
E913.3 Accidental mechanical suffocation by falling earth or other substance 
E917.xx Striking against or struck with or without subsequent fall 
E929.3 Late effects of accidental fall 
E987.xx Falling from man-made structures 
V15.88 History of fall 
ICD-10 Codes  
v0011xx-v0089xx Fall 
w00xxxx-w19xxxx Fall 
y30xxxx Falling from high place 
 
Covariates:  
 
Covariates included in statistical models were assessed at ARIC Visit 5, unless otherwise 
specified, and will include: age (continuous), sex (male/female), race/center (Minnesota whites; 
Maryland whites, North Carolina whites, North Carolina blacks, Mississippi blacks), education 
(assessed at ARIC Visit 1, <high school; high school, GED or vocational school; college, 
graduate, or professional school), cigarette smoking status (current; former; never), alcohol 
consumption (current; former; never), depression (defined by CES-D score ≥9), and cognitive 
status (normal; mild cognitive impairment; dementia). In models for physical functioning and 
fall outcomes, we will also include BMI, and physical activity (Baeke leisure sport activity 
index) (these measures are already included in the definition of frailty). 
 
Statistical Analysis:  
 
All analyses will be performed using Stata MP (Version 17, StataCorp, College Station, Texas). 
A two-sided p-value of <0.05 will be considered statistically significant.  
 
Participant characteristics will be reported overall and stratified by head injury status (head 
injury occurring prior to Visit 5). Head injury (yes/no) groups will be compared using t-tests for 
continuous variables and chi-square tests for categorical variables.  
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For Aim 1, we will use logistic regression to estimate the ORs (95% CIs) for the associations 
between head injury exposure variables with low SPPB composite score (<6) and with low 
scores for each SPPB task (<2). We will use a linear regression to investigate the associations 
between prior head injury exposure variables and gait speed, time to complete chair stands, and 
grip strength. Multinomial logistic regression models will be used to investigate the associations 
between head injury exposure variables with the 3-level outcome variable consisting of frailty (> 
3 components present), pre-frailty (1-2 components present), and non-frailty (none present). 
 
For Aim 2, we will use a linear mixed effects model (with an unstructured covariance matrix and 
random effects for intercept and slopes) to estimate the mean rate of change in SPPB composite 
score and the mean rates of change in each SPPB task score over time (years from Visit 5 to 
Visit 7) by head injury status. We will consider the use of a 2-piece linear spline with a knot at 
Visit 6 to allow the rate of change in SPPB scores to vary between Visits 5 and 6 versus between 
Visits 6 and 7. In these analyses, we will also consider head injury as a time-varying exposure in 
order to account for head injuries occurring after Visit 5. Among individuals who were not 
classified as frail at Visit 5, we will use multinomial logistic regression models to investigate 
associations of head injury with pre-frailty and frailty at Visits 6 and 7.  
 
For Aim 3, we will use Cox proportional hazard models to estimate the HRs (95% CIs) for fall 
risk to investigate the relationship between head injury and subsequent fall risk. In these 
analyses, we will model head injury as a time-varying exposure. We may consider expanding 
this analysis from the Visit 1 to Visit 7 time-period if there are not enough head injury/fall events 
which occur in the Visit 5 to Visit 7 time period.  
 
In all analyses, we will perform 2 statistical models. Model 1 will be adjusted for age, sex, 
race/center, and education. Model 2 will be adjusted for variables included in Model 1 + 
cigarette smoking status, depression, and cognitive status (and in models for physical functioning 
and fall outcomes, BMI, and physical activity). For Aim 3 falls analysis, we will also include 
data on hypertension medication use, diuretic use, and psychotropic medications 
(antidepressants, antihypertensive, sedatives, hypnotics, antipsychotic medications, anti-epileptic 
medications, and anticholinergic medications) since these medications are associated with fall 
risk. We will perform a sensitivity analysis of these medications to determine whether to exclude 
these individuals taking these medications or to adjust for medication use. 
 
Limitations:  
 
One limitation is the utilization of self-reported and/or ICD-9 codes to define head injury. As 
such, we will not have specific details about the type of head injury, injury location, or treatment. 
Similarly, reliance on ICD codes for fall history may result in under-ascertainment. Additionally, 
we acknowledge that the associations between head injury and physical functioning/frailty/fall 
risk are likely bi-directional. In this MSP, we will primarily evaluate head injury as a risk factor 
for poor physical functioning, frailty, and fall risk, but in supplemental analyses, we will evaluate 
physical functioning and frailty as risk factors for subsequent head injury.  
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