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             FRAIL older adults are a group at increased risk of seri-
ous adverse clinical outcomes, including mortality and 

loss of independence ( 1  –  5 ). One conceptualization of frailty 
is that it is a distinct medical syndrome, which is clinically 
recognizable when a critical mass of symptoms and signs 
emerge ( 1 , 3 ). This has been operationalized as the concur-
rent presence of three or more of the following: low strength, 
low energy, slowed motor performance, low physical activ-
ity, or unintentional weight loss ( 1 , 2 ), and validated as a syn-
drome ( 3 ). It is hypothesized that this clinical presentation is 
a result of dysregulated energetics linked to abnormal levels 

of individual physiological systems such as a mild proin-
fl ammatory state, anemia, abnormal hormonal levels, micro-
nutrient defi ciencies, sarcopenia, and, possibly, decrements 
in neuromuscular control ( 1,6  –  13 ). Additionally, abnormal 
physiological systems can interact with synergistically in-
creased risk of frailty (ie, insulin-like growth factor-1 [IGF-1] 
and IL-6;  10 , 14 , 15 ). These fi ndings raise the question of 
whether the risk of frailty rises with the number of systems 
abnormal, over and above any specifi c system functioning 
abnormally. If so, this would provide insight into the etiol-
ogy of frailty, and into treatment and prevention. 
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   Background.       Frailty in older adults, defi ned as a constellation of signs and symptoms, is associated with abnormal levels 
in individual physiological systems. We tested the hypothesis that it is the critical mass of physiological systems abnormal 
that is associated with frailty, over and above the status of each individual system, and that the relationship is nonlinear. 

   Methods.       Using data on women aged 70 – 79 years from the Women ’ s Health and Aging Studies I and II, multiple 
analytic approaches assessed the cross-sectional association of frailty with eight physiological measures. 

   Results.       Abnormality    in each system (anemia, infl ammation, insulin-like growth factor-1, dehydroepiandrosterone-sulfate, 
hemoglobin A1c, micronutrients, adiposity, and fi ne motor speed) was signifi cantly associated with frailty status. However, 
adjusting for the level of each system measure, the mean number of systems impaired signifi cantly and nonlinearly predicted 
frailty. Those with three or more systems impaired were most likely to be frail, with odds of frailty increasing with number 
of systems at abnormal level, from odds ratios (ORs) of 4.8 to 11 to 26 for those with one to two, three to four, and fi ve or 
more systems abnormal ( p  < .05 for all). Finally, two subgroups were identifi ed, one with isolated or no systems abnormal 
and a second (in 30%) with multiple systems abnormal. The latter group was independently associated with being frail 
(OR = 2.6,  p  < .05), adjusting for confounders and chronic diseases and then controlling for individual systems. 

   Conclusions.       Overall, these fi ndings indicate that the likelihood of frailty increases nonlinearly in relationship to the 
number of physiological systems abnormal, and the number of abnormal systems is more predictive than the individual 
abnormal system. These fi ndings support theories that aggregate loss of complexity, with aging, in physiological systems 
is an important cause of frailty. Implications are that a threshold loss of complexity, as indicated by number of systems 
abnormal, may undermine homeostatic adaptive capacity, leading to the development of frailty and its associated risk for 
subsequent adverse outcomes. It further suggests that replacement of any one defi cient system may not be suffi cient to 
prevent or ameliorate frailty. 

    Key Words  :     Frailty etiology   —   Aging  .   
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 Aging itself is thought to be associated with progressive 
homeostatic dysregulation of our complex system that makes 
a resilient organism. This is theorized to result both from de-
creased function in multiple physiological systems and from 
loss of layers of feedforward and feedback mechanisms 
among interacting systems ( 1 , 16  –  22 ). This could result in 
compromise of the homeostatic physiological safety net es-
sential to reserves and resilience. We hypothesized that frailty 
results when this safety net of interconnected physiological 
systems crosses a threshold of aggregate diminution in func-
tioning; this could result from aging-related physiological 
changes, potentially exacerbated by disease. We have previ-
ously demonstrated that frailty is associated with vulnerabil-
ity to adverse outcomes including mortality. We hypothesized 
that this could result from aggregate physiological dysfunc-
tion and resulting compromise of the stress response mecha-
nisms that maintain homeostasis in a complex resilient 
organism ( 1,18 ), which simultaneously could underly 
the frailty phenotype itself. As a next step in assessing this 
theory, we evaluated whether frailty is associated, in older 
women, with underlying abnormalities in multiple physio-
logical systems simultaneously, whether the aggregate dys-
function is predictive of frailty over and above the effects of 
each individual system, and whether the association is 
nonlinear — as would be anticipated in a complex system.  

 M ethods  
 The study sample consisted of participants in the Wom-

en ’ s Health and Aging Studies (WHAS) I and II, two 
complementary population-based observational studies, 
which together comprise the full spectrum of health and 
physical functioning in community-dwelling older 
women. WHAS I recruited from an age-stratifi ed random 
sample of the Medicare eligibility lists of community-
dwelling women aged 65 years and older in Baltimore, 
Maryland, a cohort of the one third of the most disabled 
women. Eligibility involved self-reported diffi culty in 
tasks in two or more of four domains of functioning: mo-
bility, upper extremity, household management tasks, and 
self-care tasks, and a Mini-Mental State Examination 
(MMSE) score of greater than 18 ( 23 , 24 ). Of the 1,409 
women who met study eligibility, 1,002 agreed to partici-
pate. After written informed consent, participants were 
evaluated in their homes. 

 WHAS II studied the two third ’ s least disabled older 
women in the community. It recruited, from the same sam-
pling frame as WHAS I, women aged 70 – 79 years who had 
either no diffi culty or diffi culty in tasks in only one func-
tional domain and who had MMSE scores of 24 or greater 
( 25 ). Among the screened and eligible women, 436 (49.5%) 
agreed to participate; these had more education and more 
diseases than those who refused but did not differ signifi -
cantly in disability characteristics. All evaluations were per-
formed in the Johns Hopkins Outpatient General Clinical 

Research Center by trained technicians. WHAS II data col-
lection was standardized to WHAS I. Both studies conducted 
an extensive standardized interview, which ascertained de-
mographic, health, frailty, and disability information and 
involved a standardized examination. Self-report of physi-
cian diagnosis of any of 14 diseases queried was validated 
by standardized adjudication of exam and medical records 
data plus physician questionnaire information ( 23 ). 

 Nonfasting blood samples were collected at 09:00 or 14:00 
hours by trained phlebotomists either as an ancillary study to 
WHAS I or as part of the WHAS II baseline exam. Blood was 
initially processed at the Core Genetics Laboratory of the 
Johns Hopkins University School of Medicine, following 
standardized protocols, and then shipped to Quest Diagnos-
tics for processing the same day. For WHAS I, we analyzed 
only blood samples from the fi rst draw collected within 90 
days of one of the fi rst three 6 monthly examinations within 
the fi rst year in the study, treating them as baseline measures. 

 Frailty phenotype: Frailty status was assessed using a 
validated measure ( 2 , 3 ) consisting of fi ve binary criteria: 
weakness, slowness, low physical activity, weight loss, and 
exhaustion. Frailty was defi ned as the presence of three or 
more criteria ( Figure 1 ); those with one to two were defi ned 
as  “ prefrail ”  and those meeting none as nonfrail ( 2 ).     

 Measures of physiological dysregulation: We evaluated 12 
measures from six different physiological systems ( Table 1 and 
Appendix 1 ;  6  –  14 ). These were as follows —  hematological : 
hemoglobin less then 12 g/dL;  inflammatory : IL-6, top 
tertile, more than 4.6 pg/mL;  hormonal : IGF-1 less than 74.3 
 m g/L, dehydroepiandrosterone-sulfate (DHEA-S) less than 
0.215 mcg/mL, and hemoglobin A1c (HbgA1c) greater than 
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 Figure 1.        Theorized and validated components of phenotype of frailty with 
aging, related in an adverse feedforward cycle. 

 Note : Frail, three or more of fi ve possible criteria present ( 2 , 3 ).    
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6.5%;  adiposity : triceps muscle skinfold thickness less than 
17 mm (lowest quartile);  neuromuscular : slow fi ne motor 
speed (by Purdue Pegboard) greater than 31.9 seconds (high-
est quartile); and  micronutrients : two or more measures ab-
normal or defi cient, based on prior evidence that multiple 
micronutrient defi ciencies predict frailty better than any one 
( 26 ), among 25-hydroxyvitamin vitamin D (<30 mmol/L), 
folate (<5 ng/mL), vitamin B12 (<300 pg/mL), alpha-
tocopherol (vitamin E <11.6  m mol/L), and total carotenoids 
(<0.45  m mol/L). Cutoffs used to defi ne abnormality were 
either widely accepted criteria (eg, hemoglobin <12 g/dL 

for anemia by World Health Organization;  8 , 27 ) or where 
there are no commonly used age-specifi c normal ranges; we 
used the top (for IL-6 and Purdue Pegboard time) or the bot-
tom quartile (of skinfold thickness) to defi ne abnormal.      

 Data Analysis 
 Of the combined WHAS I and II sample of 829 women 

aged 70 – 79 years, 709 provided blood samples within the 
90-day constraint. Five of the 709 women had frailty status 
missing at baseline, leaving a fi nal sample size for this study 
of 704. The sample size for each physiological measure 

 Table 1.           Associations of Abnormal Levels of Physiological Measures With Frailty and Prefrailty: Women Aged 70 – 79 Years in the Women ’ s 
Health and Aging Studies. (A) Means and Frequencies of System Defi cits and (B) Multivariate Analysis: Associations of Individual Systems 

at Abnormal Levels With the Risk of Being Frail (vs Nonfrail;  N  = 704) *   

  System Measure‡

A B 

% Abnormal Frail vs Nonfrail

 Overall ( N  = 704) Nonfrail ( N  = 284) Prefrail ( N  = 330) Frail ( N  = 90)  p  Value  †  Odds Ratio (95% CI)  

  Anemia Hemoglobin in g/dL, 
  M  ( SD )    

13.1 (1.1) 13.2 (1.1) 13.2 (1.1) 12.6 (1.1) <.01 1.5 (0.7 – 3.4) 

 Hemoglobin <12 g/dL (%) 13.3 10.1 13.3 27.0 <.01 
 Infl ammation IL-6 in pg/mL,  M  ( SD ) 3.4 (2.0) 3.0 (1.69) 3.7 (2.09) 4.7 (2.20) <.01 1.2 (0.6 – 2.2) 

 IL-6 >4.6 pg/mL (%) 25.3 19.3 28.3 38.6 <.01 
 Endocrine IGF-1 in ng/mL,  M  ( SD ) 111.8 (1.6) 114.0 (1.5) 113.2 (1.6) 98.3 (1.6) .04 1.7 (0.8 – 3.4) 

 IGF-1 <74.3 ng/mL (%) 17.4 13.8 18.6 27.0 .03 
 DHEA-S in mcg/mL, 
  M  ( SD )

0.38 (2.18) 0.42 (2.14) 0.36 (2.17) 0.31 (2.24) <.01 1.4 (0.7 – 2.8) 

 DHEA-S <0.215 mcg/mL 
 (%)

24.3 21.3 25.4 33.7 .10 

 Hemoglobin A1c,  M  ( SD ) 6.1 (1.2) 5.9 (1.1) 6.2 (1.2) 6.1 (1.2) <.01 1.2 (0.5 – 2.4) 
 Hemoglobin A1c  ≥ 6.5 (%) 23.5 16.3 29.3 29.9 <.01 

 Micronutrients  25-Hydroxyvitamin 
 vitamin D in nmol/L, 
  M  ( SD )

20.1 (1.6) 20.8 (1.6) 20.0 (1.6) 17.6 (1.8) .08 2.6 (1.3 – 5.0)��‖   

 Folate in ng/mL,  M  ( SD ) 9.7 (1.8) 10.0 (1.8) 9.5 (1.8) 9.6 (1.9) .64 
 Vitamin B12 in pg/mL, 
  M  ( SD )

439.9 (1.7) 444.2 (1.6) 440.1 (1.7) 420.0 (1.7) .68 

 Alpha-tocopherol in 
  m mol/L,  M  ( SD )

21.8 (1.5) 22.6 (1.5) 21.6 (1.5) 19.7 (1.4) .01 

 Total carotenoids in 
  m mol/L,  M  ( SD )

1.7 (1.6) 1.9 (1.6) 1.6 (1.7) 1.4 (1.6) <.01 

  ≥ 2 nutritional defi cits§ (%) 22.6 17.9 24.1 35.4 <.01 
 Adiposity Skinfold thickness in mm, 

  M  ( SD )
23.0 (8.3) 23.1 (7.3) 23.5 (8.7) 20.4 (9.7) .03 2.6 (1.3 – 5.2)��‖���

 Skinfold thickness <17 
 mm (%)

24.8 19.8 25.9 40.1 <.01 

 Fine motor speed Purdue Pegboard in s, 
  M  ( SD )

28.6 (1.2) 27.3 (1.2) 29.0 (1.2) 33.5 (1.3) <.01 3.4 (1.8 – 6.5)��‖   

 Purdue Pegboard >31.9 s 
 (%)

24.0 14.5 26.5 51.5 <.01  

    Notes : CI = confi dence interval. Nonfrail, zero criterion; prefrail, one to two criteria; and frail, three or more criteria present.  
  *       Multivariable adjusted polytomous regression analysis, including all systems indicated and adjusted for age, race, education, and number of chronic diseases. 

Analyses were restricted to the subset of women with complete data on all eight systems for valid comparison between univariate and multivariate associations. In the 
multivariate analysis, all the systems were entered into a model simultaneously to assess the independent association of each system with frailty and prefrailty after 
adjusting for the other systems.  

   †        Based on analysis of variance test for continuous variables and chi-square test for categorical variables.  
   ‡        Geometric mean and geometric standard deviation for all continuous measures except for skinfold thickness, where arithmetic mean and standard deviation are 

used instead.  
  §       Cutoffs for defi ning defi cits: 25-hydroxyvitamin vitamin D <30 nmol/L, folate < 5 ng/mL, vitamin B12 <300 pg/mL, alpha-tocopherol <11.6  m mol/L, and total 

carotenoids <0.45  m mol/L.  
  �‖�        p  value <.05.   
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ranged from 632 (for HgbA1c) to 699 (for Purdue Peg-
board); some measures were missing due to laboratory er-
ror, insuffi cient blood, change of assay, and so forth, 
unrelated to participant characteristics. All analyses incor-
porated sampling weights that reference study-specifi c 
analyses to population representation and obtain valid stan-
dard error estimates ( 23 , 25 ). 

 In cross-sectional analysis, means and frequencies of ab-
normal levels of the physiological measures were compared 
by frailty status at baseline using the chi-square test for pro-
portions and analysis of variance for continuous measures. 
Geometric means and standard deviations were calculated 
for all continuous measures due to the measures ’  skewed 
distributions. As one exception, arithmetic statistics were 
calculated for skinfold thickness, whose distribution ap-
peared symmetric. 

 We assessed the associations of individual systems with 
frailty and prefrailty using multinomial logistic regression 
(MLR; nonfrail group as reference). MLR estimates odds 
ratios (ORs) of being frail or prefrail versus nonfrail, com-
paring those with abnormal versus normal levels of the mea-
sure of interest. We fi rst analyzed the relationship of frailty 
to each of the eight measures, adjusting for age, education, 
race, and number of adjudicated chronic diseases. Then, in 
multivariable analysis, eight measures from six physiologi-
cal systems were entered into a model simultaneously to 
assess the independent association of each system with 
frailty, adjusting for the other systems and confounders. 

 We next evaluated whether frailty was associated with an 
increased number of systems impaired, regardless of indi-
vidually signifi cant associations, using four complementary 
approaches. First, frequency distributions of number of sys-
tems at abnormal levels were compared by frailty status. 
Second, we plotted frailty prevalences by the number of ab-
normal systems. To test for potential nonlinearity of this 
relationship, we fi t a binomial regression model with iden-
tity link and included both linear and quadratic effects of the 
defi cit count in the model as covariates. 

 Third, we analyzed the association of the number of sys-
tems abnormal with frailty and with prefrailty (compared 
with nonfrail) using MLR. We compared the ORs of being 
frail versus nonfrail (or prefrail vs nonfrail) between those 
with one to two, three to four, or more than fi ve systems at 
abnormal levels and those with no systems abnormal. To 
assess the independent contribution of specifi c system ab-
normalities to this frailty phenotype, above and beyond the 
number of systems abnormal, we included both the number 
of systems at abnormal levels and each individual system 
defi cit (in separate models) in the model as predictors. 

 Fourth, we used latent class analysis (LCA) to identify 
population subsets with similar profi les of multisystem 
defi cits and assess two competing hypotheses: whether 
abnormalities aggregate by distinct subgroups of systems 
or if counting system defi cits provides reasonable identifi -
cation of subgroups. Patterns of defi cit co-occurrence that 

would support the count measure are (a) manifestation 
in a critical mass, without evidence of co-occurring in 
etiologically distinct subgroups, and (b) aggregation in a 
specifi c order; the latter would suggest a hierarchy of dys-
regulation via profi les containing nested subsets of abnor-
mal systems. The number of subgroups (classes) was 
determined by goodness-of-fi t evaluation using Pearson ’ s 
chi-square test ( 28 ), the Akaike information criterion ( 29 ), 
and the Bayesian information criterion ( 30 ). To ensure a 
stable model solution, we fi t our model 100 times with 
randomly generated starting values for model parameters; 
model estimates are trustworthy if a large majority of runs 
results in the same solution. In this case, all runs gave 
identical estimates. 

 We then assessed the a priori hypothesis that the associa-
tion between the aggregate number of abnormal physiologi-
cal systems and the clinical phenotype of frailty is 
independent of specifi c system abnormalities. After LCA 
fi tting, we randomly generated latent class memberships 
from their fi tted  “ posterior ”  distributions given the observed 
abnormalities ( 31 ). The group of abnormal systems identi-
fi ed was analyzed for association with the clinical pheno-
type of frailty using MLR, adjusting for number of comorbid 
diseases, age, race, and education. We then augmented the 
MLR models to also include system-specifi c abnormalities, 
one at a time. To account for the uncertainty in the genera-
tion of latent class memberships, we repeated the process of 
physiotype generation and MLR fi tting 100 times, and pa-
rameter estimates were combined using multiple imputation 
( 32 ). Analyses were performed using STATA version 9.1 
(StataCorp, College Station, TX) and MPLUS version 4.1 
(Muthen & Muthen, Los Angeles, CA).    

 R esults  
 Study participants were women aged 70 – 79 years; 21% 

were African American, the rest Caucasian. Numbers of 
chronic diseases present (of 11) were as follows: one among 
37%, two in 22%, and more than three in 14%. Ten percent 
were frail and 45% prefrail. Comparatively, 39% of those 
who were frail had more than three diseases, versus 20% of 
those prefrail and 3% of the nonfrail ( p  = .01), whereas 9% 
of those who were frail and 38% of the nonfrail reported 
none of these diseases (see  Table 2 , panel B, footnote for the 
11 diseases).     

  Table 1 , panel A, displays mean levels for 12 measures 
within six physiological systems, along with the proportion 
meeting criteria for abnormal levels, by frailty status. These 
data indicate signifi cant dose – response or threshold associ-
ations of each measure with frailty status, with 1.8- to 3.6-
fold increases in the proportion with abnormal levels in frail 
compared with nonfrail. Folate and vitamin B12 were the 
exceptions; note that this study was performed before folate 
fortifi cation of fl our and cereal grain products became man-
dated in the United States. 
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 Combining the fi ve micronutrients into a summary mea-
sure of number at defi cient levels, we then evaluated the 
independent associations of abnormal levels of eight differ-
ent physiological systems with frailty, adjusting for con-
founders.  Table 1 , panel B, shows that, when adjusting for 
each of the seven other independent variables, two or more 
micronutrients at defi cient levels, adiposity, and slowed fi ne 
motor speed were each signifi cantly associated with 2.6- to 
3.4-fold increases in the likelihood of being frail ( p  < .01). 
The direction of association was positive for each of the 
other three independent variables but not signifi cant after 

adjustment for the seven others. Previously, univariable anal-
yses (adjusted only for age, education, race, and number of 
chronic diseases) showed similar but stronger associations of 
each of these measures, separately, with frailty; among these, 
low IGF-1 was also signifi cantly associated with frailty (OR 
2.1, 95% confi dence interval [CI] 1.1 – 4.2; data not shown). 

 To assess whether frailty was associated with an increased 
number of systems impaired, regardless of individually sig-
nifi cant associations, we took four complementary ap-
proaches. First, the mean numbers of individual systems at 
abnormal levels (and 95% CIs) were as follows: nonfrail, 

  

 Figure 2.        Association of number of physiological systems at abnormal levels with being frail, women aged 70 – 79 years ( p  < .01 for qualitative trend). ( A ) Preva-
lence of being frail by number of dysregulated systems at baseline. ( B ) Number of system defi cits (of eight possible) by frailty categories.    
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1.3 (1.1 – 1.4); prefrail, 1.8 (1.7 – 1.9); and frail, 2.7 (2.4 – 3.0). 
Second,  Figure 2A  displays a nonlinear increase in frailty 
prevalence with increasing number of abnormal physiologi-
cal systems ( p  < .01 for quadratic trend).     

 Third, we assessed the risk of frailty or prefrailty by 
number of systems at abnormal levels.  Figure 2B  indicates 
that those with three, four, or fi ve or more systems at ab-
normal levels were most likely to be frail. Half of those 
frail had three or more systems at abnormal levels, com-
pared with 25% of the prefrail and 16% of the nonfrail ( p  
< .01, unadjusted); less than 21% of the frail had zero or 
one system abnormal (of eight). There was a dose – re-
sponse relationship between the number of systems at ab-
normal levels and risk of frailty, increasing from ORs of 
4.8 for those with one to two systems abnormal (compared 
with zero) to 11- and 26-fold increased risk for those with 
three to four and fi ve or more systems at abnormal levels, 
respectively (95% CIs did not include 1). There was also an 
intermediate level of risk for each number of systems ab-
normal in association with prefrail status ( Figure 2B ). 

 We also evaluated whether each individual system was 
independently associated with frailty when the number of 

systems was also in the model. The number of systems ab-
normal was strongly predictive of the likelihood of frailty, 
whereas the individual systems were not, with the exception 
of fi ne motor speed (data not shown). These fi ndings consis-
tently indicate that the frailty phenotype is associated with 
multiple physiological abnormalities. 

 Fourth, we evaluated whether any subgroups of this pop-
ulation had distinct profi les of multisystem defi cits, to un-
derstand whether specifi c clusters of defi cits mattered, or 
the issue was aggregate burden. LCA identifi ed a two-class 
model as providing an adequate fi t to the observed data, 
based on goodness-of-fi t statistics ( Table 2 , panel A). Esti-
mated prevalences for these two mutually exclusive 
 “ classes, ”  classes 1 and 2, were 69.6% and 30.4%, respec-
tively ( Table 2 , panel A). Class 1 appears to represent a sub-
set of the population with one or no systems (ie, 1.3 
systems on average) at abnormal levels, whereas the 30% in 
class 2 are a subset with multiple systems abnormal, that is, 
2.9 on average. LCA also provides the probabilities that 
someone in a class will have a given level (normal or 
abnormal) on each of the physiological measures assessed. 
For example, in  Table 2 , panel A, considering IL-6, the 

 Table 2.        Aggregation    of System Abnormalities and Joint Association With Frailty. (A) Multisystem Defi cit Profi le: Conditional Probabilities of 
Meeting Defi cit Criteria Within Latent Classes ( N  = 704) and (B) Independent Association of Class 2 Cluster of 2.9 System Abnormalities, on 

Average, With Frailty (compared with class 1 cluster with 1.3 system abnormalities) *   

  A 

 System Measure

1-Class Model 2-Class Model 

 Class 1 Class 1 Class 2  

  Prevalences of abnormal level of each measure 
     Anemia Hemoglobin <12 g/dL 0.131 0.071 0.267 
     Infl ammation IL-6 >4.6 pg/mL 0.253 0.153 0.485 
     Endocrine IGF-1 <74.3 ng/mL 0.174 0.137 0.257 

 DHEA-S <0.215 mcg/mL 0.244 0.217 0.307 
     Glucose tolerance Hemoglobin A1c  ≥ 6.5% 0.234 0.192 0.329 
     Micronutrient  ≥ 2 micronutrient defi cits 0.225 0.188 0.311 
     Body composition Skinfold thickness <17 mm 0.247 0.211 0.328 
     Fine motor speed Purdue Pegboard >31.9 s 0.237 0.089 0.577 
 Class prevalence (%) 100 69.6 30.4 
 Mean number of systems abnormal 1.7 1.3 2.9 
 Model fi t statistics LR chi square 293.5 ( p  < .01) 244.1 ( p  = .19) 

 AIC 5,573.9 5,534.1 
 BIC 5,685.0 5,557.6 

 B 

 Frail vs Nonfrail OR (95% CI) 

 Age 1.15 (1.04 – 1.28)  †   
 Black race 1.75 (0.92 – 3.31) 
 Education (y) 0.81 (0.74 – 0.89)  †   
 Number of diseases  ‡  2.42 (1.89 – 3.10)  †   
 Multiple (ie, class 2) vs isolated 
 abnormalities (ie, class 1)

2.59 (1.22 – 5.52) §   

    Notes : AIC = Akaike information criterion; BIC = Bayesian information criterion; CI = confi dence interval; LR= Likelihood Ratio; OR = odds ratio.  
  *       Results of polytomous multinomial logistic regression based on repeated generation of  “ pseudo ”  classes of multisystem impairments using posterior latent class 

probabilities.  
   †         p  value <.01.  
   ‡        Number of adjudicated  “ defi nite ”  chronic conditions of 11: coronary artery disease (angina pectoris and/or myocardial infarction), congestive heart failure; pe-

ripheral arterial disease; stroke; pulmonary disease; hip fracture; diabetes mellitus; osteoarthritis of the knee, hip, and hand; rheumatoid arthritis; Parkinson ’ s disease; 
and cancer.  

  §        p  value<.05.   
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conditional probability .153 means that, on average, 15.3% 
of the women who were in class 1 had IL-6 levels greater 
than 4.6 pg/mL, in contrast to 48.5% of those in class 2. The 
prevalence of abnormal levels of each measure increased 
progressively from classes 1 to 2, with the most dramatic 
increases in prevalence being associated with defi cient fi ne 
motor speed (an increase of 6.5-fold, from .089 to .577), 
anemia (3.8-fold), and infl ammation (3.2-fold;  Table 2 , 
panel A). Further analysis of the 256 (2 8    ) possible patterns 
indicated little evidence as to dominating patterns of 
change between classes 1 and 2 (data not shown), consistent 
with no subgroups of systems involved. 

 We then evaluated whether the two classes in the popula-
tion, as aforementioned, were associated with frailty status. 
 Table 2 , panel B, shows that class 2, with multisystem decre-
ments (vs class 1 isolated decrements, as in  Table 2 , panel A), 
was independently associated with being frail (compared 
with not frail), with OR of 2.6 (95% CI 1.2 – 5.5), adjusting 
for number of comorbid diseases, age, race, and education. 
Furthermore, the number of comorbid diseases was associ-
ated with frailty independent of multisystem abnormalities 
(per class 2), and the strength of association approximated 
those of the class 2 associations. In separate analyses, the as-
sociation of class 2 with being frail remained signifi cant after 
individually controlling for each of the eight system mea-
sures; the latter were not themselves signifi cant in these mod-
els with the exception of fi ne motor speed (data not shown).   

 D iscussion  
 These analyses provide the fi rst evidence to support the a 

priori hypothesis that a clinical phenotype of frailty is re-
lated, nonlinearly, to the number of abnormal physiological 
systems, independent of specifi c system abnormalities, 
number of chronic diseases, and chronological age. Evalua-
tions with four different methodological perspectives 
yielded concordant fi ndings: three or more systems at ab-
normal levels were signifi cant predictors of being frail, and 
the dominating predictor was the number of systems abnor-
mal, not any particular system. These fi ndings, although 
cross-sectional and not able to prove causality, strongly sug-
gest that when physiological dysregulations reach an aggre-
gate critical mass, frailty becomes clinically evident. 

 The mechanism by which the aggregate effect of many 
systems abnormal seems to independently drive frailty re-
mains to be determined. Interestingly, the physiological 
systems studied here are known to each affect two or more 
of fi ve components of this frailty phenotype ( Figure 1 ). 
With multiple systems    dysregulated, there is the potential 
for multiple adverse infl uences on any single phenotypic 
component (eg, abnormal IGF-1, DHEA-S, IL-6, glucose 
intolerance, and vitamin D each independently adversely 
affect strength via muscle or fat mass) or simultaneously 
adversely affecting multiple phenotypic components (ie, 
the previously mentioned effects on strength and exercise 

tolerance via muscle are potentially compounded by the im-
pact of anemia and DHEA-S on exercise tolerance and en-
ergy, or  “ exhaustion ” ; furthermore, fi ne motor speed and 
walking speed are weakly to moderately correlated). Thus, 
there is plausible biologic specifi city to the relationship of 
these specifi c physiological systems to this frailty pheno-
type, as well as aggregate effects of increasing risk of frailty 
when many systems are affected. 

 Given that these physiological predictors themselves mu-
tually affect each other, they could be both initiating and 
intermediary mechanisms in frailty. For example, sarcope-
nia and adiposity are themselves affected by chronic infl am-
mation and altered hormonal inputs. Furthermore, 
micronutrient levels result from nutrient intake, metabo-
lism, and intrinsic consumption (eg, oxidative stress) and 
themselves affect diverse cellular pathways. Thus, the sys-
tems studied here have numerous physiological intercon-
nections with each other ( 17 , 18 ). Interconnected systems 
are essential elements of a nonlinear complex system ( 16  –
  22 , 33 , 40 ). It has been proposed that, although senescent 
processes (such as those in the systems studied here) dis-
play quasilinear properties of decline over the adult life 
course, their aggregate effect in contributing to a complex 
system is nonlinear ( 22 ). The work presented here is, to our 
knowledge, the fi rst to offer evidence supportive of this 
theory, linking aggregate decline in multiple systems with 
the clinical presentation of  “ being frail. ”  Separately, being 
frail predicts mortality, disability, and other adverse out-
comes in human beings ( 2 , 3 , 34  –  37 ). In combination, these 
fi ndings suggest that the loss of function in a complex sys-
tem may affect, past a threshold, homeostatic adaptive ca-
pacity, and the latter may thus underly both clinical frailty 
and its adverse outcomes. Overall, these data offer insight 
into the effects of alteration of complex systems with aging 
and their culmination in a clinically recognizable state of 
vulnerability, frailty. Findings here may be broadly applica-
ble, beyond frailty, to insights into the systems biology of the 
intact resilient human organism ( 16 , 17 , 22 , 33 , 38  –  40 ). 

 This population of older women revealed two mutually ex-
clusive subclasses characterized by low versus high frequen-
cies of multisystem abnormalities. That there was no evidence 
that certain system defi cits co-occurred preferentially in spe-
cifi c subgroups argues against etiologically distinct subgroups 
or a sentinel system spurring a cascade of alterations across 
other systems. This observation that there was little evidence 
of any dominant subgroups of dysregulated systems is con-
sistent with the expectations of a nonlinear complex system 
( 18 , 19 , 20 , 22 ) and the systemic nature of aging ( 22 ). 

 Given that many of the physiological systems evaluated 
affect or regulate each other, alteration of one may not be 
independent of another. Notably, the nonlinear relationship 
of accelerating likelihood of frailty as the number of 
abnormal systems escalates ( Figure 2A ) suggests that there 
could be a threshold beyond which there is an adverse down-
ward spiraling nature to frailty etiology and progression. 
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This would be consistent with the concept of  “ majority 
rules ”  in systems biology ( 22 , 40 ), that past a critical level of 
dysregulation of physiological systems, the aggregate sys-
tems impaired may adversely affect other systems function-
ing at a normal level, thus bringing the whole system to a 
more dysregulated state. These observations of nonlinearity 
are further supportive of considering frailty as an outcome 
of depletion or dysregulation of a complex system. The clini-
cal implications of these fi ndings are, practically, that simple 
therapeutic replacement of just one system at defi cient levels 
(eg, testosterone, estrogen, or growth hormone) is unlikely to 
resolve frailty or even prevent it. The exception could be to 
seek a single etiologic factor that is critical to creating a hier-
archical cascade of dysregulation of multiple other systems or 
that concurrently affects multiple systems. To evaluate for 
such is beyond the scope of the current study. 

 The number of chronic diseases was also a predictor of 
frailty, independent of the number of physiological systems 
at abnormal levels. This supports frailty being a fi nal com-
mon pathway of multiple etiologies and that the burden of 
disease is a factor as well as an aging-related physiological 
dysregulation. This fi nding suggests intriguing parallels be-
tween these fi ndings and other work suggesting that frailty 
can be conceived as the defi cits in multiple unrelated sys-
tems, which predict more distal adverse outcomes such as 
mortality ( 36 , 37 , 41 ). In each of these cases, there is an asso-
ciation of number of defi cits with an adverse outcome, sug-
gesting that critical mass of defi cits matters across a range of 
issues; these outcomes may, themselves, turn out to be re-
lated or to point to an as-yet unidentifi ed biologic etiology. 
Of course, although the defi nition of frailty used in this study 
has previously been shown to predict mortality and disability 
and has been validated to function as a medical syndrome, 
the present study is solely addressing the prediction of this 
syndrome of frailty — not mortality. Potentially, the vulnera-
bility conferred by loss of reserves due to multiple illnesses 
may contribute to both frailty and its sequellae. 

 There are several limitations of this work. Cross-sectional 
data permit characterizing physiological status in multiple 
systems concurrent with a clinical presentation but do not 
confi rm causality. Thus, our fi ndings should be comple-
mented by longitudinal and experimental evidence. Addition-
ally, we analyzed biomarkers of a number of physiological 
systems in this population-based study. However, there are 
several additional systems central to maintenance of effective 
adaptation and resilience that we could not assess in these 
data. These include, particularly, glucocorticoids and the 
autonomic nervous system. 

 Overall, the fi ndings reported here indicate an escalating 
nonlinear association such that the greater the number of 
physiological systems at abnormal levels, the stronger the 
likelihood of frailty. This multisystem dysregulation appears 
independent of the effects on frailty of chronic diseases or spe-
cifi c systems abnormal. These fi ndings support the hypothesis 
that an aggregate loss of function in multiple interconnected 

and mutually adaptive physiological systems may underly the 
clinical presentation of frailty and may confer the vulnerability 
to stressors — and resulting adverse outcomes — associated 
with this phenotype while initiating the phenotype itself.   
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   Appendix 1 
 Triceps    skinfold thickness was standardly measured at the 

midpoint of the upper right arm with Holtain skinfold calipers 
(Seritex, Carlstadt, NJ) to the nearest 0.2 mm ( 31 ). The Pur-
due Pegboard tests manual dexterity involving gross move-
ments of arms, hands, and fi ngers and fi ne motor dexterity. 
The test consists of picking up small steel pegs from a well in 
the pegboard and placing them sequentially in 10 holes as 
quickly as possible. The time to complete the task was re-
corded in seconds ( 27 , 28 ). IGF-1 was measured by radioim-
munoassay (RIA; Nichols Institute Diagnostics, San Juan 
Capistrano, CA) with ethanol extraction at the time of blood 
collection. The overall coeffi cient of variation is less than 
15% and the assay sensitivity was 0.1  m g/L. DHEA-S was 
measured in duplicate by enzyme-linked immunosorbent as-
say (ELISA; American Laboratory Products Company, Wind-
ham, NH) from frozen specimens. The interassay coeffi cient 
of variation was 3.3%; assay sensitivity was 2  m g/dL (0.05 
 m mol/L). IL-6 was measured in duplicate by ELISA (High 
Sensitivity kit; R&D Systems Inc, Minneapolis, MN) from 
frozen specimens. The lower detection limit was 0.1 pg/mL, 
and the interassay coeffi cient of variation was 7%. Hemoglo-
bin was measured using spectrophotometry using the cyan-
methemoglobin method (Quest Diagnostics, Teterboro, NJ). 
Serum carotenoids and alpha-tocopherol were determined by 
high-performance liquid chromatography. Total carotenoids 
were calculated as the sum of alpha-carotene, beta-carotene, 
beta-cryptoxanthin, lutein/zeaxanthin, and lycopene in 
 m mol/L. Serum concentration of 25-hydroxyvitamin D was 
measured using a radioreceptor assay. Serum vitamin B12 
and folate were measured by RIA. Intra- and interassay coef-
fi cients of variation, respectively, were 10.0% and 23.9% for 
alpha-carotene, 7.0% and 19.1% for beta-carotene, 4.7% and 
8.5% for beta-cryptoxanthin, 4.1% and 4.6% for lutein/zeax-
anthin, 10.0% and 14.0% for lycopene, 4.1% and 9.7% for 
alpha-tocopherol, and 7.5% and 9.6% for 25-hydroxyvitamin 
D. Hemoglobin    A1c was measured using a hemoglobin A1c 
analyzer (Cholestech GDX System, Hayward, CA), with an 
intra-assay coeffi cient of variance of 1.43% and an interassay 
coeffi cient of variance of 2.34% (General Clinical Research 
Center Core Laboratory, Johns Hopkins Bayview Medical 
Center, Baltimore, MD). The    GDX system met all National 
Glycohemoglobin Standardization Program requirements for 
accuracy and precision and is Clinical Laboratory Improve-
ment Amendments waived.    


