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Abstract
Objective—To investigate the relationship between a measure of cumulative physiologic
dysfunction and specific domains of cognitive function.

Methods—We examined a summary score measuring physiological dysfunction, a multisystem
measure of the body’s ability to effectively adapt to physical and psychological demands, in
relation to cognitive function deficits in a population of 4511 adults aged 20 to 59 who
participated in the third National Health and Nutrition Examination Survey (1988–1994).
Measures of cognitive function comprised three domains: working memory, visuomotor speed,
and perceptual-motor speed. ‘Physiologic dysfunction’ scores summarizing measures of
cardiovascular, immunologic, kidney, and liver function were explored. We used multiple linear
regression models to estimate associations between cognitive function measures and physiological
dysfunction scores, adjusting for socioeconomic factors, test conditions, and self-reported health
factors.

Results—We noted a dose-response relationship between physiologic dysfunction and working
memory (coefficient = 0.207, 95% CI = (0.066, 0.348), p < 0.0001) that persisted after adjustment
for all covariates (p = 0.03). We did not observe any significant relationships between dysfunction
scores and visuomotor (p = 0.37) or perceptual-motor ability (p = 0.33).

Conclusions—Our findings suggest that multisystem physiologic dysfunction is associated with
working memory. Future longitudinal studies are needed to clarify the underlying mechanisms and
explore the persistency of this association into later life. We suggest that such studies should
incorporate physiologic data, neuroendocrine parameters, and a wide range of specific cognitive
domains.
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INTRODUCTION
Epidemiologic research has examined late-life, individual demographic, socioeconomic, and
physiologic factors associated with cognitive performance and decline in multiple
neurological domains. Research addressing the physiologic correlates of cognition focuses
on its links with cardiovascular, hepatic, renal, and endocrine systems(1–10). Dysregulation
of blood pressure, including both orthostatic hypotension and hypertension, has been
persistently associated with diminished cognitive function, above and beyond
sociodemographic and additional medical factors(4, 6). Additionally, other cardiovascular
disease risk factors (e.g., elevated BMI, history of diabetes)(9, 10), prior history of stroke
(2), elevated systemic inflammation(3, 5), and decreased kidney and liver function (1, 4, 7,
8) have all been associated with lower cognitive performance in older adults. Furthermore, it
is known that some of these biological parameters are dynamically interrelated (in particular,
the cardiovascular, metabolic, and inflammatory parameters) (11). These findings suggest
that a measure of overall physiological dysfunction, integrating cardiovascular risk factors
and various biological parameters of declining physical health, may be an even stronger
correlate of cognitive function than risk factors considered in isolation.

The allostatic load model proposed by McEwen and Stellar integrates these different
biological parameters into one unifying framework that may be particularly useful in
predicting cognitive decline (12, 13). This model details how continual adaption to demands
and stimuli over the life course may damage the body’s response system and associated
physiological functioning, potentially resulting in dysfunction or disease of many body
systems including (but not limited to) cardiovascular, renal, and hepatic systems(12–15).
Fundamentally, allostasis is the physiologic process by which the human body responds and
adapts to acute and chronic stressors through activation of the hypothalamic-pituitary-
adrenal (HPA) axis, resulting in the release of physiologic mediators of adaptation, such as
cortisol(12, 15). The allostatic load model provides a framework for examining biological
“wear and tear” and has been operationalized in a wide range of recent epidemiologic
studies(16–19).

The relationship between a global measure of cumulative physiologic dysfunction and
specific domains of cognitive function has rarely been empirically evaluated. A study of 765
high functioning elderly subjects (age 70–79 years) noted cross-sectional associations
between a physiological dysfunction summary score (comprising 10 biomarkers of
physiologic activity) with memory, spatial ability, and abstract reasoning deficits(20). This
physiological dysfunction summary score was guided by the allostatic load model(14, 15). A
recent study of 195 adolescents (mean age 17.3 years) noted how higher childhood allostatic
load predicted deficits in adolescent working memory(21). Another epidemiologic study
reported that heart rate recovery, blood pressure, and cortisol response patterns, constituting
cumulative physiologic dysregulation, were associated with poorer memory in 133 elderly
adults (mean age 70.6 years)(22). These studies suggest that physiologic dysfunction may be
associated with cognitive status in adults of all ages. However, these studies did not rely on
nationally-representative samples and did not examine the impact of physiologic
dysfunction on early to mid-life adult cognitive performance.

The mechanisms to explain the association between cumulative physiologic dysfunction and
cognitive performance are complex and likely vary with different domains of cognitive
function. However, one potential explanation can be inferred through endocrine system
dysregulation(13, 23). A recent analysis demonstrated that the endocrine disruption that
drives allostatic load is statistically explained by multiple domains of physiologic
dysfunction, including the cardiovascular, metabolic, and immune systems(13). Endocrine
system dysfunction can be described through the collective functioning of these various
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bodily systems, as the HPA-axis exerts direct effects on all organs and tissues of the
body(24). Thus, simultaneous elevation of leukocytes levels, blood pressure, heart rate, as
well as abnormal serum lipid profiles and abnormal markers of hepatic and renal function is
likely to signal dysfunction of the HPA-axis(15, 24).

The HPA-axis endocrine cascade affects glutamatergic transmission in synapses involving
glutamate receptor subunits in the pre-frontal cortex (PFC) (25). The PFC is thought to be
crucial in the deployment of short-term memory(26). In addition, it has also been suggested
that hippocampal plasticity, a function critical in learning, is affected by endocrine
hormones of the HPA-axis(27). Physiologic dysfunction (including cardiovascular,
immunologic, kidney, and liver function) is thought to reflect HPA-axis dysregulation that
could result in diminished cognitive performance. Because it has been shown that
physiologic dysfunction accumulates from early adulthood onward(16), it is plausible that
cognitive performance among early or middle-age adults could be associated with
physiologic dysfunction.

Nevertheless, the etiology of cognition in early to mid-life adults is an understudied phase in
the trajectory of cognitive functioning across the life course(28, 29). In addition, while
existing studies have generally investigated associations between specific domains of
physiologic functioning and global or general cognition, there is a gap in the literature in our
understanding of linkages between overall physiologic dysfunction and specific domains of
cognition. It is imperative to address this gap because the various unique domains of
cognition exhibit different associations with age, sociodemographic factors, and
environmental factors(30). Improvements in our understanding of interconnected
physiologic and cognitive processes among early to mid-life adults may provide additional
insights into age-related physiological decline among older adults and may expand targets
for intervention to maintain cognitive function (28, 31).

We address this gap by exploring the association between measures of specific domains of
cognitive function and two different scores summarizing measures of cardiovascular,
immunologic, kidney, and liver function, among adults of age 20–59 years, in the third
National Health and Nutrition Examination Survey (NHANES), a nationally representative,
multistage survey. We adjusted for a range of sociodemographic factors, test-performance-
related factors, and specific health indicators, which were selected based on an assessment
of prior literature. Given prior evidence of a link between HPA-axis activity and learning
and memory ability(32), we hypothesize that a summary score measuring physiological
dysfunction, as conceptualized through the allostatic load model, will be negatively
associated with working memory performance.

METHODS
NHANES III Methods and Study Population

NHANES III (1988 – 1994) is a cross-sectional, probability survey of the non-
institutionalized, civilian United States population aged one to 90 years. The sampling
procedures and study protocols are discussed at length elsewhere(33). The National Center
for Health Statistics institutional review board approved the NHANES III protocols and
informed consent was obtained from all participants.

The third cycle of NHANES occurred in two phases (1988 – 1991 and 1991 – 1994); we
combined and analyzed data from both phases. After screening of 39,695 individuals for
participation in the study, 33,994 eligible adults who agreed to participate were initially
interviewed in their households for sociodemographic and medical history information.
Participants were then invited to a Mobile Examination Center (MEC) for the collection of
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biological samples, physical examinations, and physiological tests. Of the 33,994
interviewed adults, 30,818 subjects completed an examination at a MEC. Of these 30,818
subjects that completed a MEC visit, a random half-sample of adults aged 20–59 (n = 5,662)
years completed central nervous system (CNS) evaluation tests, including our measures of
cognitive function which are described in detail below. 1,005 of these subjects did not have
complete information on all measurements necessary to generate a physiologic dysfunction
score, primarily due to missing information on serum biomarkers (mostly a function of the
NHANES sampling design). Of the remaining 4,657 subjects, 146 exclusions were made
due to missing covariate data or for unclear responses to covariate variable questions (e.g.
“Don't Know”). Ultimately, we examined data from 4,511 subjects with complete
information on physiologic measures, cognitive function, and covariates.

Measures of Cognitive Function
The central nervous system (CNS) function evaluation component of NHANES III utilized
the Neurobehavioral Evaluation System 2 (NES2), a validated, computerized cognitive
function test battery(34). The NES2 consisted of three test components: (1) The simple
reaction time test (SRTT); (2) the symbol digit substitution test (SDST); and (3) the serial
digit learning test (SDLT). Extensive details on the methods and background of this test
battery and its implementation in NHANES III are published elsewhere(35).

SRTT is a measure of visuomotor speed that consists of measuring the latency that occurs
between the display of an object on a computer screen and the subject pressing a button(34).
Each subject completed 50 consecutive trials of the SRTT. Mean latency (milliseconds) of
these 50 trials served as an outcome measure in this analysis.

SDST is a measure of symbol coding speed, tapping into domains of perceptual-motor speed
and coding ability. Subjects are presented with pairings of a single digit ('1' through '9') to
each of nine different visual symbols in a grid format. The same symbols are shown
elsewhere on the screen in a randomized order. The subject is asked to assign the proper
digits to the corresponding symbols, using the original grid as a guide. Four trials of the
SDST were conducted per subject with the computer recording the number of errors (nine
possible) and the length of time needed for completion (seconds) for each trial. For each
trial, a summary measure was generated by dividing the length of time needed to complete
the nine pairings by the number of correct pairings. The overall SDST summary measure
provided by the NHANES and used in this analysis consists of averaging the two trials (out
of four) with the lowest scores.

SDLT measures working memory and learning. Subjects were shown a series of eight digits
on the computer screen, each shown one at a time, with each new digit appearing after a
brief delay. After all digits were shown, the subject was asked to reproduce the series on the
keyboard. If an incorrect pattern was input, the screen would produce the same series of
digits and the subject would be given another chance to input the digits. Each subject
repeated this until two, consecutive trials were successfully completed or eight trials were
completed with errors. An overall summary score was calculated based on how many trials
needed to be completed and how many errors were observed in each trial. This total score
ranged from 0 to 16, with '0' corresponding to fewer trials and greater success and '16'
corresponding to more trials and less success.

Measure of Physiologic Dysfunction
A measure of physiologic dysfunction was created from biomarkers and physical
measurements including: systolic blood pressure (SBP), diastolic blood pressure (DBP),
waist to hip ratio (WHR), glycohemoglobin (GH), albumin (ALB), creatinine clearance
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(CC), total cholesterol (TC), triglycerides (TG), white blood cell count (WBC), and resting
heart rate (HR). CC was estimated through the use of the Cockcroft and Gault formula(36).
Venipuncture samples of 100+ mL and spot urine specimens by the clean-catch technique
into sterile 250-mL polyethylene containers were collected during the MEC visit. Frozen
samples were sent to CDC for laboratory analysis. The Bio-Rad DIAMAT (Iris
Technologies, Olathe, KS, USA) glycosylated hemoglobin analyzer system, using ion
exchange high-performance liquid chromatography (HPLC), employed to measure
glycohemoglobin from whole blood. The Boehringer Mannheim Diagnostics (Indianapolis,
IN, USA) albumin system was used to quantify albumin. Urinary creatinine was measured
with a Beckman Synchron AS/ASTRA clinical analyzer (Beckman Instruments, Brea, CA,
USA). A Hitachi Model 737 multichannel analyzer (Boehringer Mannheim Diagnostics,
Indianapolis, IN, USA) was used to measure both total cholesterol and triglycerides. White
blood cell counts were determined through the Coulter S-PLUS JR (Beckman Coulter, Brea,
CA, USA). Additional details on laboratory procedures are available elsewhere(37).

These health measures encompass cardiovascular, liver, and kidney organ systems. Multiple
methods of computing such an index have been used in the literature; we calculate two
versions of a simple scoring procedure, following prior work on allostatic load (Table 1)(20,
38, 39). Our scoring method assumes that each component equally contributes to one's
physiologic dysfunction score and does not explicitly consider endocrine hormones such as
cortisol, which were not available in NHANES III.

The first version utilized clinically-relevant cutoffs for each biomarker(38). A composite
physiologic dysfunction score was assigned to each subject as a count of how many markers
an individual exceeded the clinically significant level. For eight of the markers the count
was incremented by one if an individual’s value for a particular marker was greater than its
clinical cutpoint. For the two remaining markers, for which very low values are clinically
meaningful (ALB and CC), the count was incremented by one if the individual’s value was
less than a low-end clinical threshold. This procedure yields a maximum count of 10. We
know of no clinically relevant threshold for WBC, so the 75th percentile value for MEC
sample subjects was used.

To verify the robustness of potential associations, we created a second physiologic
dysfunction score based on percentiles, as was done in previous NHANES-based
analyses(16). We calculated unweighted quartiles from the distribution of each biomarker
derived from the 13,580 subjects that completed the MEC portion of NHANES III.
Subsequently, a composite physiologic dysfunction score was assigned to each of our 4,511
study subjects based on whether individuals exceeded the 75th percentile of each marker or
fell below the 25th percentile, as described. For both versions of the scoring procedure,
WBC was chosen as an immunologic marker over C-reactive protein (CRP) due to a large
sample size reduction that would have occurred had we used CRP (resulting n= 3,100). To
determine whether this would affect our results, we compared biological dysfunction scores
generated with both WBC and CRP (where available) and calculated a Spearman rank
correlation to assess comparability. The resulting ranking of dysfunction scores, based on
clinical cutoffs, was nearly identical (ρ = 0.96).

Statistical Analysis
We conducted descriptive analyses to examine how covariate values varied across cognitive
test outcomes, using weighted means and spearman rank correlations. We conducted
multiple linear regression with SRTT, SDST and SDLT scores as dependent variables and
physiologic dysfunction scores (based on clinically-relevant and percentile-based cutoffs) as
exposure variables. SRTT, SDST, and SDLT scores were analyzed as continuous measures,
though based on an assessment of residuals the SRTT and SDST scores were log-
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transformed to achieve approximate normality for regression analysis. In addition to
analyzing continuous, overall physiologic dysfunction scores, we evaluated the continuous,
individual components of our scores to determine which components might be the primary
contributors to an association between the overall physiologic dysfunction score and
cognition. In order to determine whether the exclusion of 1,151 subjects with missing
physiologic and covariate measures would bias results, we compared exclusion status with
the three cognitive outcome measures. Exclusion status was not associated with any of the
three tests of cognition, suggesting that the exclusion of 1,151 subjects did not materially
bias results.

We included a range of covariates in the regression analysis based on their potential
associations with either biological dysfunction scores or test performance, and through
examination of covariates used in prior studies that utilized the NES2(35, 40). The
covariates we selected are thought to be broad representations of the constructs of
socioeconomic status, as well as vascular health, energy and fitness. All of these factors
have been shown to be associated with cognition in nationally-representative data(35, 40)
and should capture the elements of other socioeconomic status, vascular health, and energy-
related covariates that were not considered here. Factors encompassing overall health were
not included to avoid overadjustment.

We included the following demographic and socioeconomic variables as additional
covariates for regression analysis: sex, age (continuous), years of education completed
(continuous), reported ethnicity (Non-Hispanic White, Non-Hispanic Black, Mexican-
American, Other), self-rated familiarity with computers (“A lot,” “Some,” or “None”),
alcohol use in the previous three hours (No drinks, or 1+), test language (English or non-
English), self-reported energy level (feeling exhausted/tired or not), ever experiencing a
stroke (Yes or No, self-reported), and a question regarding how the subject perceived their
state of physical activity compared with their peers (“More active,” “About the same,” “Less
Active”). We also controlled for a ratio of household income to poverty threshold (IPR; the
ratio of reported household income over the federal poverty level given number of people in
the household)(41). However, this covariate did not materially affect the findings and IPR
values were missing for 9.8% of participants. Therefore, to maximize the sample size while
still accounting for confounding by socioeconomic status, we report results controlling for
ethnicity and education, which were not limited by item non-response to the same degree as
IPR.

For each of the three cognitive endpoints, a series of three nested models were analyzed to
identify potentially important confounders or mediators: (1) a initial multiple linear
regression model, regressing each cognitive test score on overall dysfunction and individual
components, adjusting for sex and age, (2) a larger model adjusting for sociodemographic
variables (sex, age, years of education, and ethnicity), (3) and a final model adjusting for the
sociodemographic variables and additionally self-reported familiarity with computers, recent
alcohol use, test language, self-reported energy level, history of stroke, and perception of
physical activity level. Each of these multiple linear regressions were repeated using the
alternative, percentile-based, version of our physiologic dysfunction score.

Multiple linear regression assumptions were graphically verified for every model: for each
regression model a histogram of residuals was created to verify normality, and a plot of
continuous dysfunction scores against model residuals was created to observe potential
heteroscedasticity. We verified the assumption of a linear relationship between physiologic
dysfunction scores and cognitive test outcomes (linear for SDLT, and linear for log SDTT
and log SDST) by generating probability-weighted, kernel-smoothed scatterplots, using both
unadjusted and fully adjusted models with the “survey” package of R 2.11.1 (R Foundation
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for Statistical Computing, Vienna, Austria). In all other analyses, we accounted for the
complex survey design used in NHANES III by employing the SURVEYMEANS,
SURVEYREG, procedures of SAS 9.2 (SAS Institute, Inc. Cary, North Carolina, USA). The
CNS sub-sample probability weights were used in all analyses.

RESULTS
Within this sample of 4,511 subjects, the distribution of cumulative physiologic dysfunction
scores ranged from zero to nine with a weighted median value of 1 (lower quartile = 1,
upper quartile = 2) and a weighted mean value of 1.49. Table 2 displays weighted
frequencies of covariates for the study population as well as weighted mean cognitive test
values within levels of each covariate. Study participants had a median age of 36 years, and
were about equally distributed by sex. Approximately 77% of participants (in weighted
sample) described themselves as non-Hispanic White.

Table 3 displays results from fully-adjusted multiple regression models predicting each
cognitive domain score as a function of the physiological dysfunction overall score (derived
from clinical cutoffs) as well as the score’s individual components. Considering the log
SRTT (visuomotor speed) outcome, only the unadjusted model provided evidence of a
relationship between dysfunction scores (data not shown). Although higher biological
dysfunction scores were associated with delayed symbol coding speed for the log SDST
(symbol coding speed) in the unadjusted and SES-adjusted models (data not shown), this
association was not significant in our full model that also controls for cognitive test
conditions (Table 3). On the other hand, the continuous physiologic dysfunction variable
predicted increased number of errors in the SDLT (the working memory and learning test)
scores (coefficient = 0.207, 95% CI = (0.066, 0.348)), an observation which was not greatly
affected by controlling for confounders. While the overall dysfunction score was
significantly associated with the working memory test, no individual component measure of
the dysfunction score was associated with working memory errors. Regression models using
the physiologic dysfunction score constructed from percentile-based cutoffs corroborated
these results; in the full model, only the SDLT test results were associated with the
continuous dysfunction index (coefficient = 0.126, 95% CI = (0.014, 0.238)). This dose-
response relationship between physiologic dysfunction and SDLT scores is illustrated in
Figure 1.

DISCUSSION
We observed a robust cross-sectional association between increased cumulative
physiological dysfunction and deficits in short-term, working memory but not with
perceptual and visuomotor skills. Interestingly, we found that no individual component of
physiologic dysfunction was related working memory deficits, after adjusting for potentially
confounding covariates. This suggests that aggregate physiologic dysfunction may be a
more important measure than dysfunction in any given individual factor.

The conceptual model of allostatic load, describing the damaging effects of allostasis,
provides a framework for explaining the variation we observed in working memory in
relation to physiologic dysfunction(12, 14). Continual allostasis is thought to affect multiple
organ systems, influencing levels of immune system effectors, cardiovascular function, and
metabolism(12, 14, 15). A recent analysis demonstrated that the endocrine disruption that is
thought to be the primary signal of allostatic load is captured by multiple domains of
physiologic dysfunction, including the cardiovascular, metabolic, and immune systems(13).
Thus, multisystem physiologic dysfunction may be indicative of HPA-axis dysregulation
and hypercortisolism(14, 15). Indeed, cortisol release is thought to affect particular brain
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regions such as the PFC and hippocampus, which are responsible for memory, executive
function, spatial skills(15, 42, 43). In summary, total physiologic dysfunction and aberrant
HPA-axis activity are thought to occur through continual allostasis, which in turn may affect
multiple domains of cognitive function.

It is believed that dopaminergic activity within the PFC is crucial in the development and
function of working memory(44). The release of glucocorticoids such as cortisol has been
shown to impair working memory in rats via inhibition of dopaminergic activity in the HPA-
axis(44). Seeman et al. noted that elevated urinary cortisol release is associated with poorer
memory function among women(45). Thus, although we cannot evaluate this specific
pathway in our study, our analyses focusing on other, available physiological components
within the allostatic load framework are consistent with the possibility that the memory
deficits we observed might potentially be due to HPA-axis dysfunction and the resultant
elevated glucocorticoid levels affecting PFC activity. With regard to our negative findings
for other domains of cognition, it is possible that visuomotor measurements were
unassociated with physiologic dysfunction due to the involvement of brain structures such as
the inferior parietal lobule, which are less associated with the HPA-axis cascade(46, 47).

Our primary finding supports the prior research conducted on this topic by Seeman et al.
(20). In their prospective sample, they demonstrated how an allostatic load score could
predict decline in cognitive function among a sample of 765 high functioning elderly men
and women(20). Their study constructed an allostatic load score from some of the
physiologic measurements used in the present analysis as well as serum
dehydroepiandrosterone sulfate, urinary cortisol, norepinephrine, and epinephrine levels.
Statistically significant, inverse correlations were observed between allostatic load scores
and memory, spatial ability, and abstract reasoning, after adjustment for confounders.

Several limitations of the present analysis must be considered when interpreting the
findings. First, as we used a cross-sectional sample, we cannot infer causal relationships
with this analysis. In addition, the biological processes discussed in this analysis are highly
dynamic and with this cross-sectional design we are unable to fully capture these dynamic
associations. Unfortunately, currently available nationally-representative longitudinal data,
such as the NHANES I Epidemiologic Follow-up Study(48), do not contain information on
relevant outcomes and covariates to shed further light on this issue. Second, concerns could
be raised regarding the use of an aggregate physiologic dysfunction score and the arbitrary
nature of cutpoints. While particular approaches to the operationalization of allostatic load
may vary across studies, it has been suggested that measures driven by the allostatic load
framework should employ component measures from as many systems of the body as
possible(18). We believe that our measure of physiologic dysfunction, which is similar to
measures used elsewhere(17, 49), meets this criterion as it includes a wide-ranging
combination of component measures. Third, in order to satisfy the assumptions for our linear
regression models we log-transformed two of our three dependent variables. While this
approach is common practice, other approaches may yield different findings (e.g.,
alternative transformations, or categorizing the dependent variable and using ordered or
multinomial response models) as they also embody different assumptions about the forms of
the relationships of interest. Fourth, the data were collected about two decades ago, which
may affect generalizability of the findings. However, both the exposure and outcome
measures represent biological processes, and we do not believe or expect both to
systematically change over a few decades and thus significantly influence the inferences we
draw from the analysis. Finally, and perhaps most significantly, the third NHANES did not
collect data on HPA-axis functional status measures. Adding this information would bring
our measure closer to a formulation of allostatic load used in prior work, and would provide
a more solid foundation for implicating allostatic load in the etiology of cognitive decline.
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Thus, although we cannot evaluate this specific pathway (HPA-axis function) in our study,
our findings based on other, available physiological components within the allostatic load
framework are compatible with the possibility that the memory deficits we observed may
potentially be due to HPA-axis dysfunction and the resultant elevated glucocorticoid levels
affecting PFC activity.

Nevertheless, our analysis has several strengths. This is one of the few analyses to examine
how cumulative physiologic dysfunction, guided by the allostatic load model, relates to
specific dimensions of cognitive performance, rather than global measures of cognitive
performance. A particular strength of this analysis is the study population; it is a nationally-
representative sample and the largest population in which this topic has been investigated.
We also use a comprehensive battery of physiological measures, obtaining similar results
with two different biological dysfunction score algorithms. This suggests that the arbitrary
nature of our cutoffs has little impact on ranking participants according to physiologic
dysfunction scores. Finally, we employed the validated and reliable NES2 cognitive
battery(34, 50), which has been extensively used in prior studies(35, 40, 51–54). It appears
unlikely that physiologic dysfunction was unrelated to SRTT and SDST test results due to
poor measurement of these cognitive domains, because a prior analysis noted that these tests
were sensitive to cognitive domains performance differences between controls and patients
with neurological disorders(50). Although the method in which cognitive performance
scores are modeled (e.g., untransformed vs. log-transformed, continuous vs. categorical)
may affect the ultimate results of statistical analysis, in this analysis we employed the
standard scoring method adopted by the NHANES III and an analytic approach similar to
those of prior analyses(53).

The finding that overall, physiological dysfunction is linked with deficits in working
memory has public health ramifications. We observed this association among a population
that exclusively contains early-to-mid-life adults. Future longitudinal studies are needed to
clarify the extent to which HPA-axis dysfunction drives this association and explore the
persistency of this association into later life. We suggest that such studies should incorporate
physiologic data, neuroendocrine parameters, and a wide range of specific cognitive
domains. If our findings are confirmed in these more rigorous studies, it may be possible to
earlier identify populations who may be at increased risk of accelerated cognitive decline
based on their allostatic load profile.
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Acronyms

BMI body mass index

HPA hypothalamic-pituitary-adrenal

PFC pre-frontal cortex

NHANES National Health and Nutrition Examination Survey

MEC Mobile Examination Center

CNS central nervous system
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NES2 Neurobehavioral Evaluation System 2

SRTT simple reaction time test

SDST symbol digit substitution test

SDLT serial digit learning test

SBP systolic blood pressure

DBP diastolic blood pressure

WHR waist to hip ratio

GH glycohemoglobin

ALB albumin

CC creatinine clearance

TC total cholesterol

TG triglycerides

WBC white blood cell count

HR resting heart rate

CRP C-reactive protein
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Figure 1.
Crude means of Serial Digit Learning Test scores across levels of physiologic dysfunction.
Error bars indicate 95% confidence intervals of the mean. The regression line from fully-
adjusted model (coefficient = 0.207) is included. All calculations accounted for the complex
survey design.
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Table 1

Percentile and clinically-relevant based cutoffs used to construct total physiologic dysfunction composite
score.

Components of Physiologic Dysfunction Score Clinically-relevant Algorithm(38) (N above, below
cutoff)

Percentile-based Algorithm

Systolic blood pressure (SBP)(11) > 140 mmHg (362; 4149) > 130 mmHg

Diastolic blood pressure (DBP)(11) > 90 mmHg (290; 4221) > 78 mmHg

Waist to hip ratio (WHR)(55) > 0.9 (men) > 0.8 (women) (1456; 632) (1257; 1166) > 0.98

Glycohemoglobin (GH)(56) > 6.4% (206; 4305) > 5.6%

Albumin (ALB)(57) < 3.8 g/dL (513; 3998) < 3.9 g/dL

Creatinine clearance (CC)(58) < 60 mL/min (146; 4365) < 67 mL/min

Total cholesterol (TC)(11) > 240 mg/dL (664; 3847) > 220 mg/dL

Triglycerides (TG)(11) > 200 mg/dL (682; 3829) > 154 mg/dL

White Blood Cell Count (WBC)1 > 8.4 × 109 cells /L (1102; 3409) > 8.4 × 109 cells /L

Resting heart rate (HR)(59) > 90 bpm (452; 4059) > 84 bpm

1
Clinically-relevant cutoff could not be identified

SBP = systolic blood pressure; DBP = diastolic blood pressure; WHR = waist to hip ratio; GH = glycohemoglobin; ALB = albumin; CC =
creatinine clearance; TC = total cholesterol; TG = triglycerides; WBC = white blood cell count; HR = resting heart rate
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Table 3

Fully-adjusted multiple linear regression model coefficients predicting log simple reaction time (SRTT), log

symbol digit substitution test (SDST), and serial digit learning test (SDLT).1,2,3

Physiologic Dysfunction
Components and Overall
Score6

Log(SRTT)
Coefficient (95% CI)4,5

Log(SDST)
Coefficient (95% CI)4,5

SDLT
Coefficient (95% CI)5

SBP −0.0002 (−0.0008, 0.0003) −0.00008 (−0.0007, 0.0005) 0 (−0.01, 0.011)

DBP 0.00006 (−0.0007, 0.0008) 0.0003 (−0.0004, 0.001) 0.007 (−0.008, 0.022)

WHR 0.000002 (−0.00001, 0.00001) −0.000002 (−0.00001, 0.00001) 0.00005 (−0.0001, 0.0002)

GH 0.007 (−0.001, 0.015) 0.01 (−0.002, 0.03) 0.08 (−0.146, 0.307)

ALB −0.045 (−0.071, −0.018) −0.018 (−0.04, 0.003) −0.236 (−0.896, 0.425)

CC 0.0003 (−0.00002, 0.0007) 0.00002 (−0.0003, 0.0004) 0.006 (−0.001, 0.013)

TC −0.0001 (−0.0003, 0.00004) −0.0001 (−0.0003, 0.0001) 0.002 (−0.002, 0.006)

TG 0.00002 (−0.00002, 0.00007) 0.00002 (−0.00003, 0.00007) 0.002 (−0.0002, 0.004)

WBC 0.001 (−0.002, 0.004) 0.002 (−0.002, 0.005) 0.048 (−0.021, 0.116)

HR 0.00009 (−0.0006, 0.0007) 0.0002 (−0.0004, 0.0008) 0.006 (−0.01, 0.021)

Overall Score 0.002 (−0.003, 0.007) 0.007 (0, 0.013) 0.207 (0.066, 0.348)

1
Calculated with CNS sub-sample weights

2
bold indicates two-sided significance of coefficients at 5% level

3
Adjusted covariates include: sociodemographic model covariates + familiarity with computers, recent alcohol use, test language, energy level,

self-reported history of stroke, and perceived average physical activity.

4
Test scores are log transformed

5
Calculated using clinical cutoffs

SRTT = simple reaction time test; SDST = symbol digit substitution test; SDLT = serial digit learning test; SBP = systolic blood pressure; DBP =
diastolic blood pressure; WHR = waist to hip ratio; GH = glycohemoglobin; ALB = albumin; CC = creatinine clearance; TC = total cholesterol; TG
= triglycerides; WBC = white blood cell count; HR = resting heart rate
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