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Abstract

This study examines whether frailty is associated with mortality independently of physiological 

dysregulation (PD) and, if so, which is the more accurate predictor of survival. Data come from 

the Social Environment and Biomarkers of Aging Study. We use Cox proportional hazard models 

to test the associations between PD, frailty and 4–5 year survival. We use Harrell’s C-index to 

compare predictive accuracy of the models. Both PD and frailty are significantly, positively, and 

independently correlated with mortality: worse PD scores and being frail are associated with a 

higher risk of dying. The overall PD score is a more accurate predictor of survival than frailty, 

although model prediction improves when both measures are included. Physiological 

dysregulation and frailty independently predict mortality, suggesting that the two measures may be 

capturing different aspects of the same construct, and that both may be important for identifying 

individuals at risk for adverse health outcomes.
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INTRODUCTION

The purpose of this research is to explore and further elucidate the relationships among 

physiological dysregulation (PD), frailty, and poor health outcomes, specifically mortality, 

among older adults. Some studies have examined the associations between PD and frailty 

(Fried et al 2009; Lang, Michel, & Zekry, 2009 as reviewed in Walston, Hadly, Ferrucci, & 

Guralnik, 2006; Milot et al. 2014; Zaslavsky, Cochrane, Thompson, Woods & LaCroix, 

2013), between frailty and mortality (Bandeen-Roche et al., 2006; Buchman, Wilson, 

Bienias, & Bennett, 2009), and between PD and mortality (Goldman, Turra, Glei, Seplaki, 

Lin & Weinstein, 2006; Milot et al. 2014). Few studies, however, have examined whether 
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frailty and physiological dysregulation predict poor health independently of one another and, 

if so, whether one is a better predictor of poor health than the other.

Elucidating the relationships between dimensions of health has implications for both 

research and clinical practice. Fried and colleagues (2004) demonstrate that, although the 

literature once used the concepts of frailty, disability, and comorbidity interchangeably, the 

concepts are actually distinct but overlapping health concerns; “not all frail patients are 

disabled, not all disabled patients are frail, and comorbidities may or may not be present 

with these” (Fried et al., 2004; p.259). Distinguishing among them, though, is important for 

determining appropriate interventions as each carries with it differing needs and protocols 

for care (Fried et al., 2004).

Where does physiological dysregulation fit in to this picture? Physiological dysregulation or 

decline is often considered to underlie or be a catalyst of the morbidity process (Crimmins, 

Jung, & Vasunilashorn, 2010) or of health decline (Zaslavsky et al., 2013), of which frailty is 

a component. PD, however, has also been theorized to be a component of frailty (Lang et al., 

2009) that needs to be considered not only in individuals’ care protocols but also in 

determining the prevalence of frailty at the population level. While Fried et al. (2004) 

demonstrate that not all individuals who have a disability are frail and that not all individuals 

who are frail have a disability, Figure 1 similarly shows that although there is substantial 

overlap between PD and frailty, not all frail individuals show high levels of physiological 

dysregulation and not all individuals with high PD are frail. We are, therefore, interested in 

further understanding the interrelationship between PD and frailty and their individual and 

joint relationships with mortality.

Frailty and Physiological Dysregulation

While it is generally agreed that frailty is an indicator of health that identifies older adults 

who are vulnerable to, or at increased risk for, adverse health outcomes, there is some debate 

in the literature as to what constitutes frailty. One perspective suggests that frailty is a 

clinical or geriatric syndrome that develops progressively over time (Bergman et al., 2007; 

Bouillion et al., 2013; Gobbens, Luijkx, Wijnen-Sponselee, & Schols, 2010; Lang et al., 

2009; Walston et al., 2006), is the result of the concurrent loss of reserves or dysregulation 

across numerous physiological systems (Fried et al., 2004), and whose elements are 

associated with a common, underlying “biological pathway” (Bergman et al., 2007). 

Although no single definition of the frailty syndrome exists, it is generally agreed that frailty 

involves a combination of clinical indicators including weakness, fatigue or exhaustion, 

unintentional loss of weight or lean body mass, poor balance, poor walking ability, low 

endurance, and low physical activity (Fried et al, 2001; Gruenewald, Seeman, Karlamangla, 

& Sarkisian, 2009; Walston et al., 2006). Some argue that definitions of frailty should also 

include psychological and social factors such as cognitive impairment and social withdrawal 

(Gruenewald et al., 2009; Walston et al., 2006; Zaslavsky et al., 2013). Because individuals 

can experience any one of these characteristics without others, a diagnosis or classification 

of frailty occurs only when individuals simultaneously experience several of these traits 

(Fried et al., 2001; Gruenewald et al., 2009; Lang et al, 2009; Walston et al., 2006). For 

instance, based on the frailty phenotype developed by Fried and colleagues (Fried et al., 
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2001), only individuals experiencing three or more symptoms (unintentional weight loss, 

weakness, poor endurance or low energy, slowness or physical inactivity) would be 

classified as frail.

In line with this conceptualization of frailty, a number of studies have examined the 

relationship between biological indicators of health and frailty in an effort to delineate the 

biological pathway that leads to frailty. Results show positive associations between frailty 

and biomarkers of inflammation, immune function, sympathetic nervous system function, 

endocrine system function, and cardiovascular and metabolic function (Fried et al., 2009; 

Lang et al., 2009 as reviewed in Walston et al., 2006; Zaslavsky et al., 2013). Research using 

both cross-sectional and cohort data also shows that physiological dysregulation, specifically 

allostatic load (Seeman, Singer, Rose, Horwitz, & McEwen, 1997), is significantly 

associated with frailty. One study, for example, reports that higher allostatic load scores 

(based on 10 biomarkers of cardiovascular and metabolic risk and immune function) are 

associated with higher levels of frailty (non-frail, pre-frail, or frail; Szanton, Allen, Seplaki, 

Bandeen-Roche, & Fried, 2009). Similarly, Gruenewald and colleagues (2009) find that 

worse allostatic load scores (based on 13 biomarkers of cardiovascular, endocrine, immune, 

and metabolic function) are associated with an increased likelihood of frailty three years 

later. Physiological dysregulation, therefore, may represent a preclinical indicator of frailty 

(Szanton et al., 2009; Zaslavsky et al., 2013).

A second perspective suggests that frailty is a multidimensional construct that potentially 

encompasses physical, psychological, social and biological functioning (Bergman et al., 

2007; Bouillion e al., 2013; Fulop et al. 2010; Gobbens et al., 2010; Lang, et al., 2009; 

Rockwood & Mitnitski 2007) and may be viewed as a continuum or gradient (Bortz, 2002; 

Hogan, 2007). In this vein, frailty is seen as the accretion of health-related deficits across 

multiple physiological systems that occur with aging (Bouillion et al., 2013; Mitnitski, 

Mogilner, & Rockwood, 2001). Although most often operationalized as the number of or the 

proportion of the number of signs, symptoms and impairments that are present in an 

individual (Bouillion et al., 2013; Goggins, Woo, Sham, & Ho, 2005; Mitnitski et al., 2001), 

the literature suggests that there are also select biological markers that could be included 

(Lang et al., 2009). For example, studies have shown that biological indicators of 

inflammation, insulin resistance, and endocrine system function are worse in frail than non-

frail populations (as reviewed in Lang et al., 2009). Frailty, therefore, may consist of 

multiple phenotypes or domains (Fried et al., 2004; Walston et al., 2006), including a 

biological one.

Frailty, Physiological Dysregulation, and Poor Health

Both frailty and physiological dysregulation have been hypothesized to be early indicators of 

the risk for poor health and mortality (Bandeen-Roche et al., 2006; Borrell, Dallo, & 

Nguyen, 2010; Buchman et al., 2009; Esplanoza, Jung, & Hazuda, 2012; Fried et al., 2001; 

Goldman et al., 2006; Hu, Wagle, Goldman, Weinstein, & Seeman, 2007; Karlamangla, 

Singer, McEwen, & Seeman, 2002; Macklai, Spagnoli, Junod, & Santos-Eggimann, 2013; 

Mattei, Demissie, Falcon, Ordovas & Tucker, 2010; Milot et al., 2014; Seeman et al., 1997). 

Separate studies have examined the association between measures of frailty or measures of 
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physiological dysregulaton and the risk for poor health. Bandeen-Roche and colleagues 

(2006), for instance, show that frail women are more likely than non-frail women to develop 

difficulty with activities and instrumental activities of daily living and are more likely to die 

within a three year follow-up period. Many other studies have shown that higher 

physiological dysregulation scores are positively associated with having or developing 

chronic conditions or a disability, and with mortality (Borrell et al., 2010; Goldman et al., 

2006; Hu et al., 2007; Karlamangla et al., 2002; Mattei et al., 2010; Seeman et al., 1997).

We know of only one study that has examined frailty and physiological dysregulation 

simultaneously in analyses predicting poor health. A recent analysis of data from a cohort of 

adults aged 85 and older (Mitnitski et al., 2015) examines an index of biological frailty 

(based on 40 biomarkers) and an index of clinical frailty (a measure of cumulative deficits 

based on 40 clinical markers that included items such as help with activities or instrumental 

activities of daily living, low energy, walking ability, and presence of chronic disease) and 

shows that both measures are significantly associated with mortality and improve the 

accuracy of predicting survival. While this study is an important step in furthering our 

understanding of the interrelationships between PD, frailty and negative health outcomes in 

late life, additional research is needed to determine whether these relationships hold for 

older adults more generally, e.g. those younger than age 85.

One theoretical model of the connections between PD, frailty and poor health proposes that 

physiological dysregulation works through frailty to lead to adverse health outcomes and 

ultimately death (Zaslavsky et al., 2013). As individuals progress from a non-frail to a frail 

state, their bodies experience changes at the cellular and physiological system (e.g. 

endocrine) levels, which are shaped by social, environmental and life style factors. After 

reaching a frail state, defined along the lines of a syndrome, intermediate adverse health 

outcomes develop (e.g. morbidity, disability), followed by death. This model, therefore, 

suggests that once frailty is accounted for, PD may no longer have an independent effect on 

mortality.

An alternative possibility is that PD and frailty have independent effects on the risk of dying. 

For instance, some previous work suggests that frailty is a multidimensional construct that 

encompasses both physical and biological domains (Bergman et al., 2007; Gobbens et al., 

2010; Hogan, 2007; Sternberg, Schwartz, Karunananthan, Bergman & Clarfield, 2011), 

suggesting that measures such as physiological dysregulation and the Fried frailty phenotype 

(Fried et al., 2001) would both be independently associated with mortality. Independent 

effects could also emerge if PD is not a domain of the frailty construct, but rather, PD and 

frailty are simply independent factors in the morbidity process. This perspective suggests 

that in a single model PD and the Fried frailty phenotype will both be significantly 

associated with survival.

In this study, therefore, we analyze a population-based sample of adults aged 60 and older to 

assess whether frailty is associated with mortality independently of PD and, if so, whether 

frailty or PD is the more accurate predictor of mortality. We focus on the independence and 

significance of the predictors to provide insights into the interrelationships of PD and frailty 

and their relationship to the risk of dying. We also examine discriminatory power of the 

Cornman et al. Page 4

Res Aging. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



measures because statistical significance of a coefficient relating a predictor to an outcome 

does not necessarily indicate better model prediction (Pencina, D’Agostino, D’Agostino & 

Vasan, 2008). Both significance and discrimination are important in evaluating the clinical 

and theoretical importance of a variable (Pencina et al., 2008).

MATERIALS AND METHODS

Data

Data came from the Social Environment and Biomarkers of Aging Study (SEBAS), an 

extension of the Taiwan Longitudinal Study of Aging (TLSA) that was first conducted in 

1989 (n=4049) with follow-ups approximately every three years and refreshed younger 

samples in 1996 and 2003. In 2000, a nationally representative sub-sample of Taiwanese 

aged 54 and older was selected from the 1999 TLSA to participate in the first wave of 

SEBAS; the study included a home interview and, several weeks later, a hospital-based 

physical exam. In addition to a 12-hour (7pm–7am) urine sample from the night before the 

exam and a fasting blood sample during the exam, height, weight, and waist-hip 

circumference were also collected. Additional study details have been described elsewhere 

(Chang et al., 2012).

A second wave of SEBAS, conducted in 2006, included the surviving SEBAS I exam 

participants and a subsample of respondents first interviewed in the 2003 TLSA. SEBAS II 

respondents were interviewed in their homes and participated in an examination similar to 

that in SEBAS I. The Social Environment and Biomarkers of Aging Study (SEBAS 2000 

and 2006) was approved for human subjects concerns by the institutional review boards at 

Princeton University, RAND, Georgetown University, and the Bureau of Health Promotion, 

Taiwan.

The analyses presented here focused on the 639 respondents who participated in both the 

SEBAS I and SEBAS II clinical exams (84% of respondents eligible to participate in the 

SEBAS II exam [alive, completed the home interview, and living in a location with access to 

hospitals selected to perform the exam]), 51 of whom were excluded for having missing data 

on study covariates.

Measures

Frailty—The frailty measure used here was based on the measure first developed by Fried 

and colleagues (Fried et al., 2001) and further tested by others (Gruenewald et al., 2009; 

Szanton et al., 2009). It represents a count of the number of five criteria that were met at the 

time of the 2006 interview: weight loss/underweight, exhaustion, slowness, weakness, and 

low participation in activities. The weight loss/underweight criterion was met if respondents 

lost 5 % or more of their 2003 body weight between the 2003 survey (self-reported) and the 

2006 exam (measured at exam) or if respondents’ body mass index (BMI) was less than 18.5 

at the 2006 exam. Because this measurement of weight loss does not correspond precisely 

with that originally outlined by Fried and colleagues (Fried et al., 2001), we tested two 

additional measurements that used somewhat stricter thresholds for meeting the weight loss 

criteria: a) a weight loss of 5% or more of 2003 body weight among those with a 2003 BMI 
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less than 25 or a 2006 BMI less than 18.5; and b) a weight loss of 10% or more of 2003 

body weight or a 2006 BMI less than 18.5. Neither of these stricter specifications of weight 

loss affected the frailty-related results (not shown) so we utilized our original specification, 

which was the closest to that outlined in the Fried frailty phenotype (Fried et al., 2001) and 

similar to measures used in the literature (e.g. Gruenewald, 2009).

Exhaustion was determined by whether respondents reported feeling either of two symptoms 

two or more days in the past week: 1) doing anything was exhausting; and 2) could not 

gather the energy to do things. Respondents were considered slow if the time it took them to 

walk three meters (best of two trials) fell in the slowest 20%, with percentiles determined by 

height (above or below the median) and sex (Fried et al., 2001). Weakness was indicated by 

grip strength (kg) - the best result from six trials (3 on each hand) measured using a 

dynamometer - that was in the lowest 20%, with percentiles determined by BMI quartiles 

and sex (Fried et al., 2001). Respondents unable to perform the walking or grip strength test 

were considered to satisfy the slowness or weakness criterion, respectively.

Low energy expenditure has most often been measured using instruments that provide 

information for the calculation of kilocalories expended per week in leisure and other types 

of activities (for example, the Minnesota Leisure Time Activity Questionnaire (Szanton et 

al., 2009)). Although SEBAS II did not use such an instrument, the survey asked how many 

days a week (in ranges) a respondent did at least one of 10 activities (see Table 1) or 

exercised regularly doing something other than the listed activities. Our measure, low 

physical activity, was assessed as doing physical activity less than once per week. Because 

this measure was not the one typically used in analyses of frailty, we examined its 

association with a number of sociodemographic and health variables. Results (not shown) 

revealed that respondents doing physical activity less than once per week were older (85+), 

had worse self-rated health, more functional limitations, more difficulty with activities and 

instrumental activities of daily living, and more depressive symptoms than respondents who 

were more active.

For each frailty criterion that was met, respondents scored one point on the frailty indicator. 

Similar to previous operationalizations (Fried et al., 2001; Gruenewald et al., 2009; Lang et 

al., 2009; Walston et al., 2006), frailty was measured as a dichotomy that compared those 

who met 3 or more criteria with those who met 2 or fewer. Table 1 shows the prevalence of 

each frailty component.

Physiological Dysregulation—The theoretical model discussed above suggests that 

physiological dysregulation may precede the development of frailty (Gruenwald et al., 2009; 

Zaslavsky 2013). We, therefore, used biological markers from the 2000 hospital exam to 

derive a PD score. Based on a previous study (Glei, Goldman, Lin & Weinstein, 2012), the 

score in this analysis was a count of the number of 24 biological markers on which 

respondents scored in the high risk range. The biomarkers included 9 markers related to 

cardiovascular/metabolic [CV/metabolic] risk, seven related to inflammation, four related to 

hypothalamic-pituitary-adrenal axis and sympathetic nervous system [HPA/SNS] function, 

and another four associated with a variety of functions and systems). Biomarkers greater 

than or equal to the 80th percentile indicated high risk for systolic blood pressure, 
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triglycerides, glycosylated hemoglobin, waist-hip ratio, resting pulse rate, urinary cortisol, 

norepinephrine, interleukin-6, high sensitivity C-reactive protein, soluble intercellular 

adhesion molecule-1, sE-selectin, soluble IL-6 receptor, white blood cell count, neutrophils, 

and homocysteine. For high-density lipoprotein, dehydroepiandrosterone-sulfate, albumin, 

insulin like growth factor-1, and creatinine clearance, high risk was determined by having a 

biomarker value less than or equal to the 20th percentile. For diastolic blood pressure, total 

cholesterol, fasting glucose, and epinephrine, an indication of high risk was having a 

biomarker value in the top or bottom decile of the distribution (Glei et al., 2012).

We also tested the relationship between mortality and four PD subscores: CV/metabolic risk, 

inflammation, HPA/SNS function, and a group of four other markers (OTHER). Specific 

biomarkers included in each subscore are shown in Supplemental Table 1. Each subscore 

was a count of the number of included biomarkers that were high risk.

Although researchers have developed various PD specifications based on different 

biomarkers and different definitions of risk, results are generally robust to the formulation of 

the physiological dysregulation score (Seplaki, Goldman, Glei, & Weinstein, 2005; Glei, 

Goldman, Wu, & Weinstein, 2013). Nonetheless, we tested the sensitivity of our findings 

using three alternative measurements of the PD score: transforming the individual biomarker 

variables into z-scores and averaging those scores; using high-risk quartiles rather than 

quintiles; and using the original 10-item allostatic load measure (Seeman et al., 1997). 

Although our theoretical model suggests that PD precedes the development of frailty, we 

also test a measure of PD based on the 2006 measurement of the 24 previously described 

biological markers because the six year lag between the measurements of PD and frailty 

could lead to weaker relationships and less discriminatory power between PD and mortality. 

These sensitivity analyses showed that the substantive findings were consistent regardless of 

the type of or date of measurement of PD (see Supplemental Table 3), so we presented here 

results using the PD measures described above.

Control variables—We controlled for socio-demographic and health variables, measured 

in 2006, that previously have been shown to be associated with the risk of dying: age, sex, 

education (completed years), urban residence, marital status (currently married vs. not), 

number of self-reported chronic/health conditions (high blood pressure, diabetes, heart 

disease, stroke, cancer/malignant tumor, lower respiratory tract disease, arthritis/rheumatism, 

gastric ulcer/stomach ailment, liver/gall bladder disease, hip fracture, cataracts, kidney 

disease, gout or spinal/vertebrae spur), cognitive function (number of cognitive function 

tests executed correctly out of a possible 28), and smoking (ever vs. never).

Mortality—Survival status was determined through linkage with the death certificate file 

from the Department of Health and with the household registration database from the 

Ministry of the Interior. By December 31, 2011, there were 104 deaths among the 639 

respondents who completed the 2000 and 2006 physical exams. However, after excluding 

respondents who were missing data on any of the analysis predictors, the number of deaths 

was 86 out of 588 respondents (14.6%).
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We tested the sensitivity of results to the exclusion of respondents missing on any analysis 

variable by re-estimating the models using multiple imputation (the ‘ice’ and ‘mim’ 

procedures in Stata 11.2; [StataCorp, 2012]). Because substantive findings using the imputed 

data (not shown) were the same as results using the sample of respondents with no missing 

data, we show only results for respondents with complete data.

Analysis

We estimated four Cox proportional hazard regression models to test the associations of 

frailty and physiological dysregulation with survival through the end of the 4.5 to 5 year 

period (2006 exam date through December 31, 2011). We first estimated a baseline model 

including only the control variables to act as a standard against which other models were 

evaluated (see Supplemental Table 2). We next estimated a model that included the control 

variables and the physiological dysregulation score from 2000 followed by a model that 

included controls and frailty measured in 2006. The final model included controls and both 

the 2000 PD score and 2006 frailty indicator. We repeated this series of models, substituting 

the PD subscores for the total PD score.

Since hazard ratios do not reflect the accuracy of mortality prediction (Pepe, Janes, Longton, 

Leisenring, & Newcomb, 2004), we estimated Harrell’s concordance index (C-index; 

[Newson, 2010]). The statistic measured the proportion of time that the model correctly 

ordered survival times (longer vs. shorter) for pairs of respondents among all usable pairs of 

respondents (i.e., pairs for which predictions were concordant with outcomes and not 

identical) in the dataset (Newson, 2010). Higher values of Harrell’s C-index indicated better 

predictive power. Although there are no set standards for evaluating the C-index, Yourman, 

Lee, Schonberg, Widera, & Smith (2012) employed the following criteria for assessing the 

predictive accuracy of a model: values below 0.60 = poor, 0.60–0.69 = moderate, 0.70–0.79 

= good, 0.80–0.89 = very good, and 0.90 or higher = excellent.

Similarly, there are no established benchmarks for evaluating improvements in the C-index 
across models. However, because the C-index calculated from proportional hazard models is 

an extension of the area under the receiver-operating characteristic curve (AUC, Pencina & 

D’Agostino, 2004), we evaluated improvements in the C-index using criteria proposed for 

examining improvements in the AUC. Specifically, Pencina et al. (2008) suggest that an 

increase in the AUC of 0.01 is a meaningful improvement in the predictive ability of a 

model.

RESULTS

Table 2 shows the descriptive statistics for all predictors in the analysis. Approximately 21% 

of respondents are classified as frail in 2006. The PD score ranges from 0–13 (out of 24) and 

has a mean of 4.6. The mean CV/metabolic risk score is 1.8 and ranges from 0–7 (out of 9). 

The inflammation score, ranging from 0–6 (out of 7), has a mean of 1.2. The mean 

HPA/SNS score is less than 1.0 and ranges from 0–4. The subscore consisting of the other 4 

biomarkers also has a mean that is less than 1.0.
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The mean age of respondents at the time of the 2006 survey is 72.5 years. Approximately 

44% of respondents are female, 54% live in urban areas, 70% are currently married, and the 

average years of completed education is 5.5. On average, respondents report having nearly 

three chronic conditions (out of 14) and provide correct responses to approximately 20 (out 

of 28) of the questions used to assess cognitive functioning. Less than half of respondents 

(42%) have ever smoked.

Results from Cox proportional hazard models showing the associations of 2000 

physiological dysregulation and 2006 frailty with survival are given in Table 3 (full models 

shown in Supplemental Tables 2). In Model 1, higher overall PD scores are significantly 

associated with a higher risk of dying during follow-up (hazard ratio [HR]=1.28, z=6.04, 

p<0.01). Being frail (vs. not frail) is also significantly associated with a higher risk of dying 

(Model 2; HR=3.08, z=4.38, p<0.01). Note that some of the control variables in the model 

(e.g. urban residence, marital status, chronic conditions, cognitive function, and smoking 

behavior) partially mediate the relationship between frailty and survival. In a model 

controlling only for age, sex, and education, the HR for is 3.57 (z=5.26, p<0.01; see 

footnotes in Table 3 and Supplemental Table 2). Finally, when both PD and frailty are 

included in Model 3, both measures significantly predict mortality, with relatively little 

attenuation in the size of the coefficients, particularly for the PD score (Model 3: PD Score 

HR=1.25, z=5.31, p<0.01; Frailty HR=2.43, z=3.39, p<0.01).

Harrell’s C-index values appear at the bottom of Table 3. Adding the overall PD score to the 

baseline model (control variables only; shown in Supplemental Table 2) increases the 

accuracy with which mortality is predicted (C-index=0.7670 vs. 0.7089 [see table notes]). 

Including frailty (Model 2) also improves predictive power over the baseline model (C-
index=0.7483 vs.0.7089), but by a smaller margin than adding PD. However, even after 

including the PD score, the addition of frailty yields an improvement in the C-index (0.7848 

for Model 3 vs. 0.7670 for Model 1).

The results for models incorporating the PD subscores (Models 4 and 5) show that two of 

the four subscales are significantly associated with mortality: worse scores for CV/metabolic 

risk (HR=1.34, z=3.75, p<0.01) and inflammation (HR=1.33, z=3.40, p<0.01) are both 

associated with a higher risk of dying over the period (Model 4). The same PD subscores 

significantly predict mortality even when frailty status, which is also significant (HR=2.52, 

z=3.53, p<0.01), is included in Model 5. Indeed, the addition of frailty to the model has 

virtually no effect on the HRs of the PD subscores.

DISCUSSION

The purpose of this research has been to examine among a population of adults aged 60 and 

over whether frailty is associated with mortality independently of physiological 

dysregulation and, if so, whether frailty or PD is a more accurate predictor of survival. Our 

results show that PD, whether a single score or several subscores, and frailty are 

independently associated with mortality. According to the Harrell’s C-index, the PD score is 

a more accurate predictor of mortality than frailty. In addition, when PD, either overall or as 

subscores, and frailty are included in a single model, the association of the PD scores 
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(overall or subscores) with mortality is not attenuated. Taken together, these results suggest 

that physiological dysregulation may not necessarily work through frailty to affect mortality 

and that PD and frailty may be capturing different aspects of the process that results in 

mortality.

Although these findings are not consistent with the specific model proposed by Zaslavksy 

and colleagues (2013), they are consistent with recent reviews of the conceptual definition of 

frailty that suggest that frailty is multidimensional and includes physical, biological, social, 

and cognitive domains (Bergman et al., 2007; Gobbens et al., 2010; Hogan, 2007; Sternberg 

et al., 2011). Our results are also consistent with those reported by Mitnitski et al. (2015) 

that show that indicators of both biological and clinical frailty are associated with mortality 

and improve the accuracy of models predicting mortality among very old individuals. The 

finding that our indicators of physiological dysregulation and frailty independently predict 

mortality may signify that these indicators are measuring different aspects of the same 

construct. Indeed, some researchers have questioned whether frailty can be distinguished 

from the aging process, a process that has been defined as the accumulation of multiple 

deficits across physiological systems that make individuals more susceptible to unfavorable 

health outcomes (Bergman et al., 2007). The measures used in this study may have simply 

documented the accretion of deficits in different domains.

Our results further suggest that both biological and physical functioning domains are 

important for analyzing health risks. While our data show that there is overlap in the 

population of people who are frail and who have substantial physiological dysregulation, a 

sizeable proportion of those with high levels of physiological dysregulation are not frail and 

frail individuals do not necessarily have high PD. Furthermore, since both PD and frailty are 

independently and significantly associated with mortality and both improve the prediction of 

mortality, both are important in classifying individuals likely to experience adverse health 

outcomes and in determining appropriate interventions to reduce risk. At the same time, in 

developing measures of risk, we need to be cognizant of both respondent and patient burden 

and of time constraints in both the clinical and population survey settings; there needs to be 

a balance between thoroughness, precision, efficiency, and applicability to the provision of 

interventions (Fried et al., 2001; Gobbens et al., 2010; Rockwood, Andrew & Mitnitski, 

2007).

This study has several limitations. First, we did not examine the dynamic nature of PD or 

frailty. Improvements or declines in physical and physiological capacity may be important 

for understanding a body’s reserves and capacity to handle stressors (Bergman et al., 2007; 

Buchman et al., 2009; Hardy, Perera, Roumani, Chandler, & Studenski, 2007; Karlamangla, 

Singer, & Seeman, 2006; Puts, Lips, & Deeg, 2005). For example, studies show that 

improvement in usual gait speed is associated with better survival (Hardy et al., 2007); 

worsening frailty results in higher mortality risk (Buchman et al., 2009); and declines 

(increases) in allostatic load scores are associated with lower (higher) risk of dying 

(Karlamangla et al., 2006), although controlling for baseline level of frailty may reduce the 

statistical effects of frailty decline on future health (Puts et al., 2005). Another study, of 

younger adults, suggests that understanding the pace of change in biological markers of 

aging also may be important for understanding future health (Belsky et al. 2015). It is 
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possible that our estimates of the interrelationship between PD, frailty and mortality could 

have differed had we examined frailty and PD dynamically.

Second, the only adverse outcome that we examined was mortality. It would be interesting to 

see whether the same conclusions would be drawn if these relationships were tested with 

other outcomes such as disability, institutionalization or incidence of falls, all of which have 

been shown to be associated with frailty and PD in separate studies (see the discussion in the 

Introduction).

A third limitation is measurement. It is possible that the physiological measures available in 

SEBAS may not be the biological markers that are at the root of frailty. Testing these 

relationships with other measures of physiological function, such as neurological 

impairment (Walston et al., 2006), or with a more comprehensive measure of dysregulation, 

may result in a stronger relationship between PD and mortality or more accurate prediction. 

Also, dichotomizing the continuous biomarkers into high risk categories to create the PD 

score could introduce measurement error and reduce variability. However, we showed that 

our findings are robust to four alternative measures of PD (see Supplemental Table 3). Other 

studies have also shown that results are generally robust to the formulation of the 

physiological dysregulation score (Seplaki et al 2005; Glei et al., 2013) or of biological 

frailty (Mitnitski et al. 2015). Finally, our measure of frailty largely captures only the 

physical dimension of frailty. Although we control for cognitive function, results may have 

differed had other dimensions of frailty, such as psychological or social factors or sensory 

impairments, been included in our measure. Indeed, a study comparing three measures of 

frailty derived from different theoretical perspectives finds that each frailty measure 

identifies distinct, although overlapping, groups of older adults with the groups differing in 

their socidemographic and disease profiles (Cigolle, Ofstedal, Tian, & Blaum, 2009).

CONCLUSIONS

Theoretical models of the connections between physiological dysregulation, frailty, health 

and mortality are evolving as more and better data become available to test hypothesized 

relationships. Based on 24 biological markers of health and the Fried frailty phenotype, 

results from this study align more closely with a model that suggests that frailty may be a 

multidimensional construct that includes physical, psychosocial, and biological domains 

(Gobbens et al., 2010; Hogan, 2007; Sternberg, 2011) rather than a model that purports that 

PD operates primarily as an antecedent to frailty (Zaslavsky et al., 2013). Clearly more 

testing is needed, particularly with analyses that examine the dynamic nature of these 

relationships. Nonetheless, this study is one of the few to formally examine the independent 

effects of physiological dysregulation and physical frailty on mortality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overlap between Frailtya and Physiological Dysregulation (PD)b: Social Environment 
and Biomarkers of Aging Study (SEBAS) in Taiwan, 2006
aFrailty indicators include weight loss or underweight, exhaustion, slowness, weakness and 

low physical activity (Fried et al., 2001). See Table 1 for more details.
bThe PD score is a count of the number of 24 biological markers (9 related to 

cardiovascular/metabolic risk, seven related to inflammation, four related to hypothalamic-

pituitary-adrenal axis and sympathetic nervous system function, and another four associated 

with a variety of functions and systems) on which respondents scored in the high risk range 

(Glei, Goldman, Lin & Weinstein, 2012). The observed range of the PD score is 0–15.
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Table 1

Components of Frailty Measured in 2006 (n=639)a

Component Criteria met if… Prevalence (%)
(% missing)

Weight loss/under weight Lost >=5% of 2003 weight based on difference between weight in 2003 (self-reported) and 
weight in 2006 (measured during exam) or BMI at 2006 exam < 18.5.

19.6
(1.7)

Exhaustion Felt during two or more days last week that doing anything was exhausting or that could not 
gather energy to do things.

23.6
(3.0)

Slownessb Fastest time of two attempts to walk three meters was in the slowest 20% by height (above or 
below median) and sex:

28.0
(5.0)

height (cm) Slowest 20% (seconds)

Males  <=164.0  >=4.64

>164.0  >=4.12

Females <=152.5  >=6.00

>152.5  >=4.78

Weaknessb Grip strength (kg) was in the weakest 20% by BMI quartiles and sex: 30.4
(4.7)

BMI Weakest 20% (kg)

Males <22.33 <=24

 22.33–24.47 <=28

 24.48–26.87 <=26.4

>26.87 <=30

Females <22.45 <=14

 22.46–24.76 <=16

 24.77–27.16 <=16

>=27.21 <=14

Low physical activity

Participated in physical activity less than 1 time per week. Physical activities included Chi 
Kung, Tai Chi, yoga, other activities similar to Chi Kung, gymnastics/stretching, walking, 
dancing, gardening, biking/swimming/playing ball, mountaineering, regular exercise other than 
activities previously mentioned.

42.1
(0.0)

a
Respondents who participated in both 2000 and 2006 exam.

b
Cutoffs established using the full 2006 biomarker sample.
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Table 2

Descriptive Statistics for Analysis Predictors (n=639 a)

Mean (SD); %
(n=639*)

Primary predictors

Frail 2006 % 21.1

  %missing 3.3

Physiological dysregulation (PD) 2000

 Overall score (0–13 out of 24) 4.6 (2.6)

  % missing 3.8

 Cardiovascular (CV)/metabolic risk (0–7 out of 9) 1.8 (1.4)

  % missing 1.3

 Inflammation (0–6 out of 7) 1.2 (1.3)

  % missing 2.2

 HPA/SNSb function (0–4 out of 4) 0.8 (0.9)

  % missing 0.3

 OTHERc (0–4 out of 4) 0.7 (0.8)

  % missing 1.1

Controls (2006)

Age at the time of the survey (60–97) 72.5 (7.7)

Female, % 43.5

Urban resident, % 54.3

Years of completed education (0–17) 5.5 (4.6)

Currently married, % 69.8

Number of chronic conditions (0–10 out of 14) 2.6 (1.9)

Cognitive functioning (3–27 out of 28) 19.6 (3.9)

  % missing 2.8

Ever smoked 42.3

a
Respondents who participated in both 2000 and 2006 exam.

b
HPA/SNS = hypothalamic-pituitary-adrenal axis and sympathetic nervous system function

c
Includes: insulin-like growth factor 1, creatinine clearance, albumin, and homocysteine
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