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Abstract

Objectives: To assess the relationship of acute complications, pre-existing chronic diseases, and 

substance abuse with clinical and functional outcomes among adults ≥50 years with moderate-to-

severe traumatic brain injury (TBI).

Design: Prospective cohort study.

Participants: Adults age≥50 with moderate-to-severe TBI (n=2,134).

Measures: Clusters of comorbid health conditions empirically derived from non-injury 

International Classification of Disease 9th codes, demographic/injury variables, and outcome 

[acute and rehabilitation length of stay (LOS), FIM efficiency, post-traumatic amnesia (PTA) 

duration, institutionalization, rehospitalization and Glasgow Outcome Scale-Extended (GOS-E) at 

1 year].
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Results: Individuals with greater acute hospital complication burden were more often middle-

aged men, injured in motor vehicle accidents, and had longer LOS and PTA. These same 

individuals experienced higher rates of 1-year rehospitalization and greater odds of unfavorable 

GOS-E scores at 1 year. Those with greater chronic disease burden were more likely to be 

rehospitalized at 1 year. Individuals with more substance abuse burden were most often younger 

(e.g. middle adulthood), black race, less educated, injured via motor vehicle accidents, and had an 

increased risk for institutionalization.

Conclusion: Pre-existing health conditions and acute complications contribute to TBI outcomes. 

This work provides a foundation to explore effects of comorbidity prevention and management on 

TBI recovery in older adults.

Introduction:

Traumatic brain injury (TBI) is a significant cause of morbidity and mortality in the United 

States, contributing to 30% of all injury-related deaths in 2013.1 The effects of TBI can 

persist long after the initial injury, with 47% of individuals experiencing chronic disability.1 

TBI also places an economic burden on the healthcare system, with cost estimates near 

$80 billion per year.2 This figure also reflects substantial indirect costs, which result from 

prolonged disability, decreased employment, and lost productivity among TBI survivors.3 At 

3 years post-injury, the average health care costs are nearly 6 times greater for those who 

experienced moderate-to-severe TBI when compared to those without TBI.4

The epidemiological landscape of TBI demography has transformed over the past few 

decades. In a trend that mirrors changes in the general United States population,5 individuals 

with TBI are older.6,7 While the overall hospitalization rates and deaths due to TBI 

have decreased over the past 10 years, there has been a parallel increase in TBI-related 

hospitalizations and deaths among adults over the age of 65.1 Adults over the age of 

75 made up roughly one-third of TBI-related hospitalizations and about one-fourth of 

TBI-related deaths.8 TBI rates among adults over the age of 75 have outpaced population 

growth.9 For individuals over 65 years old, falls are the most common mechanism of 

injury, and a leading cause of death, related to injuries in this population.1 Even when 

older adults survive their injury, older age at injury is independently associated with worse 

outcomes.10–12 Though younger individuals with TBI account for a larger proportion of 

initial hospitalization and rehabilitation utilization and costs, older adults account for more 

skilled nursing, outpatient, and rehospitalization costs.13

The mortality risk after moderate-to-severe TBI increases with age, likely due to increased 

incidence of acute complications and the adverse impact of comorbid chronic diseases.14 

Commonly occurring comorbidities among older adults with TBI are hypertension, 

cardiovascular disease, diabetes, and fluid and electrolyte disorders.15,16 Age-related 

changes in sex and stress hormone physiology,17 as well as age-related progression of a pro-

inflammatory phenotype18 and reduction in protective neurotrophin support,19,20 contribute 

to secondary injury and also accompany many common age-related chronic conditions 

associated with TBI.
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Given the increasing age of individuals who sustain TBI, and high costs associated with their 

care, research is needed to better predict both short- and long-term outcomes to inform the 

risk of complication, rehospitalizations, and institutionalization. Prior research shows that 

acute care hospital length of stay (LOS) tends to be longer among individuals hospitalized 

after TBI compared to all other trauma diagnoses.21 LOS among inpatient rehabilitation 

settings is an important factor because of the high daily costs associated with TBI inpatient 

rehabilitation. While the average length of rehabilitation stay is decreasing overall, provision 

of these resources are more costly in older adults, so despite high cost burden, older adults in 

particular are being discharged with substantial disability.22 A possible explanation for these 

trends includes slower progress toward functional recovery in older populations.23

After discharge from rehabilitation, a proportion of older adults are institutionalized 

to nursing homes for continued care. Among older adults in the general population, 

common predictors of institutionalization are older age,24–26 pre-existing dementia and 

cognitive impairment,25,26 poor physical health and comorbidities,24,25 urinary and fecal 

incontinence,24 and living alone.24,27 Among individuals with moderate-to-severe TBI 

admitted to an inpatient rehabilitation facility, 35% are discharged to a different location 

than their pre-injury residence.28 This same study found that individuals with poor 

functioning at discharge are the least likely to be discharged to an independent residence.28 

Older adults with TBI are also at higher rehospitalization risk from their injuries.29 

Rehospitalization in the years following TBI is associated with higher cost and utilization 

and is more common among older adults with multiple morbidities.30

In recent years, there has been a greater emphasis on understanding comorbid health 

factors that contribute to short and long-term outcomes. We have previously characterized 

the epidemiology of comorbidities amongst older adults (aged ≥50 years) with TBI by 

using the Treelet Transform method to analyze International Classification of Disease, 

9th edition (ICD-9) codes in the Traumatic Brain Injury Model Systems (TBIMS), 

generating a pictographic representation of comorbidities and the relationships among 

them. This methodologic approach generated three “clusters” of conditions, broadly 

characterized as acute complications, pre-existing chronic diseases, and substance abuse, 

present among older individuals with moderate-to-severe TBI.16 The current study utilizes 

these comorbidity clusters,16 by assessing their relationships with multi-dimensional clinical 

and functional outcomes after TBI.

Methods:

Sample Participants

The study sample was derived from patients enrolled in the TBIMS database between 

2007 and 2014. Specific inclusion and exclusion criteria and data collection methods for 

the TBIMS are described in more detail elsewhere.31 Briefly, the TBIMS is a program 

funded by the National Institute on Disability Independent Living and Rehabilitation 

Research (NIDILRR) that studies individuals with TBI who receive multidisciplinary care, 

encompassing acute trauma care, inpatient rehabilitation, and follow-up care, at designated 

Model Centers. Individuals aged 16 years or older who experience a moderate-to-severe 

TBI, and present to a participating TBIMS medical center within 72 hours of injury, are 
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eligible for TBIMS enrollment.31 As of March 31st 2015, when this project began, a total of 

5,760 individuals were enrolled in the TBIMS since 2007. Our sample was further restricted 

to adults age 50 years and older who enrolled in TBIMS during this time period, resulting in 

a final sample size of 2,134 individuals for this analysis.16

Predictor Measures

The primary predictor variables of interest in this study were three comorbidity “clusters” 

as described by Kumar et al.16 These comorbidity clusters were originally derived from non-

injury ICD-9 codes, which were grouped into 45 distinct comorbidity categories using an 

iterative procedure that included feedback from a panel of TBI experts.16 The conditions that 

made up each cluster were: Cluster 1) acute hospital complications (respiratory infections, 

other diseases of the respiratory system, infections/parasites, other nutritional deficiencies, 

fluid component imbalances, other conditions of the brain, anemia); Cluster 2) chronic 
disease (hypertensive diseases, diabetes, ischemic heart disease, other pulmonary/heart 

diseases, disorders of lipid metabolism, nephritis); and Cluster 3) substance abuse (substance 

abuse or dependence, transient or induced mental disorders).

Demographic and Outcome measures

Demographic variables that were examined for associations with comorbidity clusters 

included: age, sex, race, marital status, primary person living with pre-injury, education, 

primary acute payor, Glasgow Coma Scale (GCS), cranial surgery status (craniotomy 

or craniectomy), and mechanism of injury. Outcome variables in this study were: acute 

hospital LOS, inpatient rehabilitation LOS, the Functional Independence Measure (FIM), 

duration of post-traumatic amnesia (PTA), rate of post-discharge institutionalization, rate of 

rehospitalization over the first year post-TBI, and Glasgow Outcome Scale-Extended (GOS-

E) score at year 1 post-injury. Acute hospital and inpatient rehabilitation LOS variables 

are collected as part of the TBIMS and are calculated as duration from date of admission 

to discharge in each respective unit.31 The FIM tracks patient functional performance in 

mobility and other activities of daily living. The FIM is gathered at rehabilitation admission 

and discharge as a part of the TBIMS. FIM efficiency reflects rate of improvement on the 

FIM during inpatient rehabilitation and was derived through the following formula: [(FIM 

Total at discharge)-(FIM total at admission)]/Rehab LOS. Duration of PTA is calculated as 

the number of days an individual scores <75 on the Galveston Orientation and Amnesia 

Test (GOAT).32 Once individuals score ≥75 on two consecutive days, they are no longer 

considered to be in PTA.32 For the purposes of this study, PTA was dichotomized as ≥14 

days versus <14 days. Institutionalization was defined as discharge from rehabilitation to 

one of the following locations: nursing home, adult home, or subacute care (as opposed 

to discharge to a private residence). Participants (n=112) who did not meet the criteria 

of discharge to a private residence or institutionalization (e.g. hotel/motel, homeless, and 

discharge to acute hospital or transfer to another rehabilitation hospital) were not considered 

in the institutionalization model.33 One-year outcomes examined in this study included 

rehospitalization and GOS-E score. Rehospitalization was defined by a self-report measure 

of having ever been rehospitalized following discharge from rehabilitation for any reason 

in the first year after injury. The GOS-E consists of eight broad categories that describe a 
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patient’s level of disability after TBI.34 GOS-E was dichotomized into scores <5 versus ≥5, 

which can be generally described as an “unfavorable” versus “favorable” global outcome.35

Statistical Analysis

The methodology and statistical analyses used to derive the three comorbidity clusters 

is detailed elsewhere.16 Briefly, treelet transform is a contemporary data reduction 

methodology applied to different fields across public health research.36,37 The method 

can be conceptualized as a principal components analysis (PCA) in the framework of a 

hierarchical cluster analysis. Treelet transform relies on the covariance matrix of the data 

to produce a series of orthogonal factors. A distinctive feature of treelet transform from 

PCA is sparsity in factor loading, which in practice means that many variables receive zero 

weight. This results in clusters that balance the variance explained with factor simplicity. 

For instance, only 15 of the 45 original medical conditions are represented in the three 

clusters.16 The benefit of including only a subset of conditions is achieving three distinct 

clusters that have a meaningful clinical interpretation. Cluster group membership is not 

mutually exclusive, as each individual in the cohort is assigned a weighted score for each 

cluster. Individuals with a greater number of conditions in a given cluster have a higher 

cluster-specific weight. The orthogonal nature of treelet transform assumes that there is no 

multicollinearity between cluster-specific weights, allowing all three cluster weights to be 

included in a single regression model.

Unadjusted mean cluster weights were reported for the whole sample and compared across 

demographic and clinical variables. Statistical significance indicates that some differences 

exist between clinical and demographic categories. Multivariable linear regression modeled 

associations between cluster-specific weights and acute LOS, rehab LOS, and FIM 

efficiency, adjusting in each model for covariates commonly associated with these outcomes 

in our TBI cohort, including age, GCS, sex, cranial surgery, and acute payor status. We 

reported standardized beta coefficients for the linear regression models. Acute care and 

rehab LOS were then log transformed to satisfy linearity and normality assumptions. 

A post-hoc sensitivity analysis was performed removing the payor status covariate from 

the acute LOS, rehab LOS, and PTA models to determine the extent of confounding 

of payor status on the effects of cluster weight. Multivariable logistic regression models 

evaluated the association between cluster-specific weights and PTA, post-rehabilitation 

institutionalization, 1-year rehospitalization, and GOS-E scores, after adjusting for the 

covariates. SAS 9.438 (Cary, NC) was used for all statistical analysis, and a p-value of 

0.05 was considered for statistical significance.

Results:

Cluster-specific Weights by Demographic and Clinical Variables

Table 1 provides unadjusted mean cluster weights for the whole sample and by demographic 

and selected clinical characteristics. Higher cluster 1 (acute hospital complications) weights 

tended to be associated with middle age (50–54 years, 55–64 years), being a man, living 

with a spouse/significant other/parent/sibling/child pre-injury, lower GCS scores, and motor 

vehicle accident mechanism of injury. Higher cluster 2 (chronic disease) weights tended 
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to be associated on average to older age, living with other patients/residents/personal care 

attendant pre-injury, and Medicare payor source. Greater cluster 2 weights also tended to be 

associated with higher GCS scores and a fall mechanism of injury. Finally, a higher cluster 
3 (substance abuse) weight was associated with younger age, being a man, black race, less 

education, single or divorced relationship status, living alone pre-injury, Medicaid payor 

source, and an assault/violence mechanism of injury.

Cluster-specific Weights by Acute Care and Rehabilitation Healthcare Utilization and 
Outcomes

Table 2 reports regression models assessing relationships between cluster weights and acute 

and rehabilitation LOS, FIM efficiency, PTA, and institutionalization. Cluster 1 weight was 

associated with longer acute LOS (Std β=0.33, p=<0.001), longer rehabilitation LOS (Std 

β=0.08, p=<0.001), and ~2.5 times higher odds of having ≥14 days of PTA (OR=2.53, 95% 

CI 2.04, 3.14, p=<0.001). Cluster 1 weight was negatively associated with FIM efficiency 

(Std β=−0.09, p=0.002). Cluster 2 weight was negatively associated with acute care LOS 

(Std β=−0.06, p=<0.001), rehabilitation LOS (Std β=−0.04, p=0.009), and PTA (OR=0.75, 

95% CI 0.61, 0.93, p=0.008). Cluster 3 weight was associated with increased likelihood of 

post-rehabilitation institutionalization, such that those with substance abuse disorders had 

increased odds of institutionalization by 48% (aOR=1.42, 95% CI: 1.02, 1.97, p=0.039). 

Cluster 3 weight was also associated with greater odds of PTA days ≥14 days (OR=1.36, 

95% CI 1.00, 1.85, p=0.047), but also better FIM efficiency (Std β=0.06, p=0.03). Of note, a 

post-hoc sensitivity analysis removing the covariate of payor status from the acute care LOS, 

rehab LOS, and PTA models did not meaningfully change the effect size of all three Cluster 

weights (data not shown).

Cluster-specific Weights and 1-year Outcomes

Table 3 presents the association between cluster-specific weights and year 1 

rehospitalization and GOS-E after adjusting for covariates. Cluster 1 weight was associated, 

though not statistically significant, with higher odds for unfavorable GOS scores at 1 year 

(aOR=1.19, 95% CI: 0.98, 1.43, p=0.080). Further, cluster 1 weight was associated with a 

greater odds for rehospitalization for any reason at 1 year (aOR=1.29, 95% CI: 1.05, 1.59, 

p=0.016). Similarly, cluster 2 weight was also significantly associated with an increased 

risk for 1-year rehospitalization (aOR=1.43, 95% CI: 1.14, 1.79, p=0.002). There was no 

association between cluster 3 weights and 1-year GOS-E score or rehospitalization.

Discussion:

The age of adults sustaining TBI is getting older as the general US population ages. The 

current follow-up study examines trends in demographic and clinical characteristics, as well 

as associations with relevant outcomes, among the three predominant comorbidity clusters 

present in a sample of adults over 50 with TBI. Our findings provide evidence that recovery 

and health resource utilization after TBI are complicated by the presence of premorbid or 

co-occurring conditions.
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Our results suggest that individuals having more acute hospital complications (i.e. higher 

Cluster 1 weight) after TBI were more likely to be relatively younger men injured in motor 

vehicle collisions. We also observed that individuals living with a spouse/significant other/

parent/sibling/child before an injury had more acute hospital complication burden, which 

could be due to covariance observed with between this group and age, sex, and mechanism 

of injury (e.g. young men injured in motor vehicle collisions). Not surprisingly, those with 

more acute hospital complications also had longer lengths of hospital stay and high rates of 

rehospitalization in the first-year post-injury. Previous studies have shown that pneumonia, 

shock, coagulopathy, and sepsis during the acute hospital course are independent predictors 

of unfavorable outcomes up to 5 years post-injury,39,40 supporting the notion that greater 

complication burden is associated with poorer outcome. Prevention and rapid amelioration 

of acute complications can reduce unfavorable outcomes,39 and our results suggest that 

proactive management of common complications may be particularly important for older 

adults. Consistent with this objective, recent Medicare quality metrics have aimed to 

reduce hospital-acquired conditions, in-hospital mortality, and healthcare costs, through 

a combination of financial incentives to institutions, mandatory reporting, streamlining 

of information using electronic medical records, and provision of training and technical 

assistance.41 The incentives that have been introduced by Medicare have worked; in-hospital 

infection rates have markedly decreased from before and after their implementation.41

Individuals with greater comorbid chronic disease burden (i.e. greater Cluster 2 weight) 

were more likely to be older, living with other patients, residents, or a personal care 

attendant, and have sustained a TBI from a fall, which is consistent with prior work 

suggesting that certain health problems increase risk for sustaining a TBI in older 

adulthood.42 Those with higher disease burden also had a higher likelihood of being 

rehospitalized at 1 year, as observed in other studies.43 Rehospitalization in the years 

following TBI is associated with higher overall healthcare cost and is more common among 

older adults with multiple comorbidities.30 Together, these findings suggest that chronic 

disease comorbidity may not only increase the likelihood of sustaining a TBI in older 

adults – particularly as a result of a fall – but can also contribute to long-term increases in 

healthcare utilization and decreases in independent and community-based living. Our finding 

that chronic disease burden was associated with shorter hospital LOS and PTA is consistent 

with chronic disease burden being associated with less severe TBI sustained from falls. This 

may also reflect a survival and/or acute inpatient rehabilitation referral bias in this sample, 

wherein sicker individuals who may have the poorest outcomes – that is, individuals with 

the highest chronic disease burden – are not surviving to acute care discharge or are not 

transitioning to acute inpatient rehabilitation and enrolling in the TBIMS.

Finally, we found that individuals with a greater substance use burden (i.e. greater 

Cluster 3 weight) tended to be younger (i.e. middle adulthood), less-educated men of 

color with Medicaid insurance, who sustained their injuries via motor vehicle collisions. 

These individuals had an increased risk for institutionalization post-discharge, which is 

particularly interesting considering our results indicate that individuals with a greater 

substance use burden tended to live alone pre-injury. It is likely that the increased need 

for institutionalization after discharge is due a confluence of factors, which includes risk 

for substance abuse itself, along with living alone prior to the injury, and not with a 
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family member, friend, or caregiver. Past TBI studies have reported that adults of minority 

race have higher rates of institutionalization upon rehabilitation discharge.44 Others have 

associated lower levels of function during inpatient rehabilitation, older age, and increased 

injury severity to institutionalization risk.45,46 Based on our observations, the confluence 

of factors of minority status, substance use, and living alone may increase the risk for 

institutionalization. Future studies that prospectively collect self-report information on 

substance use could be implemented to explore causal relationships between these variables.

Older age in the general population is associated with a higher chronic disease 

burden,47 and compared to younger adults, older adults with TBI and pre-existing 

comorbidities are at increased risk for complications, longer lengths of hospital stay, 

and rehospitalizations.15, 48–50 Currently, there are no evidence-based TBI management 

guidelines for older adults, despite extensive evidence that older adults often present 

with extensive pre-existing health conditions and post-injury complications that warrant 

specialized care and are relevant to aggressive care management. The current study informs 

our understanding of how demographics, pre-existing health, and acute complications relate 

to 1-year outcomes post-TBI among adults 50 years and older and may inform coordinated 

long-term healthcare resource planning, and healthcare cost management strategies for this 

at-risk and growing segment of the population. We are also conducting similar analyses 

in a TBI-MS cohort of adults under 50 to provide data on the burden of comorbid health 

conditions in younger and middle-aged adults with TBI as a comparative analysis.

The results of this study may have implications for clinical management of older adults 

with TBI. A landmark position paper by Masel and Dewitt51 argued that TBI should 

be considered a chronic condition due to its permanent and non-reversible pathological 

alterations. Based on the points summarized in that paper, future work supported by our 

report could focus on the costs associated with caring for individuals with TBI and also with 

a high comorbidity burden, particularly focusing on reducing associated long-term health 

care costs for “at risk” individuals after TBI. To study this issue well, there is a need to 

collect more detailed and granular data on preinjury clinical characteristics of individuals 

with TBI. Future analyses using causal inference pathway models could inform causal 

relationships between individuals at high risk for comorbidity cluster membership and health 

resource utilization outcomes. Together, these data could inform novel, multidisciplinary 

comorbidity risk and management programs for TBI patient care that considers factors 

beyond brain function in recovery from injury. Results of the current study also further 

underscore the need for a chronic care model of disease management for older adults 

with TBI, which includes individuals injured during middle age when many premorbid 

comorbidities associated with aging are beginning to emerge, in order to manage both the 

primary brain injury, along with comorbidities. Similar models of care have successfully 

managed a variety of chronic diseases, like diabetes, asthma, and depression.52 The 

chronic disease model classically consists of the following elements: community resources, 

promoting quality healthcare, enabling patient self-management, implementing evidence-

based care with effective use of population and patient data, cultural competence, and care 

coordination.52 The overarching goal is to reduce fragmentation and improve quality of care 

for patients with complex chronic diseases.52
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Patients with TBI have unique needs that require a tailored care program. Clark-Wilson53 

describes some of these needs as “invisible deficits” (e.g. reduced insight, executive 

dysfunction, anxiety, impulsivity, personality changes, lack of empathy, and irritability) 

that might impact how care is provided effectively. There are also concurrent “visible 

consequences” of TBI (e.g. sensory and motor impairments, dysphagia, dysarthria, and 

management of bowel and bladder).54 The accumulation of these deficits make transitions 

of care difficult for individuals with TBI. Little work has focused specifically on care 

management strategies that address these challenges among adults who sustain a TBI later 

in life, despite evidence that these individuals respond well to aggressive acute care clinical 

management even in the context of more complex comorbidities.55 An exemplar case study 

also shows the potential feasibility and impact that an intense care management intervention 

can have for older individuals living with substantive disease burden post-injury. The care 

management plan implemented may reduce risk for depression, improve patient outcomes, 

reduce hospitalizations and ED visits, and improve caregiver stress and quality of life.56 

This evidence then suggests individuals with a higher burden of multiple comorbidities after 

TBI – most often older adults – could benefit the most from a targeted care coordination 

approach. Evidence from this body of work, along with our findings and planned future 

directions, has the potential to be developed into a long-range plan that informs focused, 

age-specific acute and long-term clinical comorbidity management guidelines for individuals 

with TBI.

There are limitations in this study that should be discussed. First, although the TBIMS is 

comparable to the population of patients in the U.S. who receive inpatient rehabilitation for 

TBI, the TBIMS is under-representative for patients over the age of 65,57 and the current 

findings may not be generalizable to the general population of older adults with TBI. As 

mentioned prior, it is possible that the sickest individuals with more chronic conditions may 

be disproportionately not enrolled into the TBIMS, which may lead to some underestimation 

of the effects of the chronic disease cluster. Additionally, the ICD-9 codes used here for 

generating the comorbidity clusters were extracted from the medical record and were not 

designed with the express purpose of being used in population-based research. Therefore, 

they are subject to missing information, misdiagnosis, and coding biases that cannot be 

controlled for in a retrospective study.58 During the enrollment period used for this analysis, 

the TBIMS database only collected up to 20 ICD-9 diagnosis codes, which may have 

resulted in an incomplete representation of the full scope of medical diagnoses in the 

original treelet transform analysis. Despite this limitation, our previous work does suggest 

that missing diagnosis codes beyond the 20 that are recorded is likely random.16 However, 

it remains an important future research capacity priority to collect pre-morbid and comorbid 

health and behavior data as a part of ongoing research studies in order to pursue understand 

the complexities of comorbid burden on healthcare utilization and outcome and to support 

efforts to care appropriately for individuals of all ages with TBI over the long-term course of 

their recovery.
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