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Abstract
Objective
Income volatility presents a growing public health threat. To our knowledge, no previous study
examined the relationship among income volatility, cognitive function, and brain integrity.

Methods
We studied 3,287 participants aged 23–35 years in 1990 from the Coronary Artery Risk
Development in Young Adults prospective cohort study. Income volatility data were created
using income data collected from 1990 to 2010 and defined as SD of percent change in income
and number of income drops ≥25% (categorized as 0, 1, or 2+). In 2010, cognitive tests (n =
3,287) and brain scans (n = 716) were obtained.

Results
After covariate adjustment, higher income volatility was associated with worse performance on
processing speed (β = −1.09, 95% confidence interval [CI] −1.73 to −0.44) and executive
functioning (β = 2.53, 95% CI 0.60–4.50) but not on verbal memory (β = −0.02, 95% CI −0.16
to 0.11). Similarly, additional income drops were associated with worse performance on pro-
cessing speed and executive functioning. Higher income volatility and more income drops were
also associated with worse microstructural integrity of total brain and total white matter. All
findings were similar when restricted to those with high education, suggesting reverse causation
may not explain these findings.

Conclusion
Income volatility over a 20-year period of formative earning years was associated with worse
cognitive function and brain integrity in midlife.
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Changes in income, known as income volatility, have become
more frequent in theUnited States and are at record levels since
the 1980s.1,2 More than a third of US households experienced
a 25% or more change in income between 2014 and 2015.3

Income volatility presents a growing concern and yet policies
intending to smooth unpredictable income changes are being
weakened in the United States and many other first-world
countries.4 Negative health consequences, such as morbidity
and mortality, due to low income and other indicators of social
disadvantage have been well-documented.5–8 However, the
effect of income volatility over a prolonged period of time on
health outcomes remains relatively unexplored.9–12

With people now living longer, healthy aging and the main-
tenance of cognitive abilities have become more important
than ever. Poor socioeconomic conditions, during childhood,
adulthood, or cumulatively across the life course, have been
associated with cognitive deficits.13–22 However, repeated
measures of income over many years are seldom available,
even in the few studies that take a life-course approach to
characterizing socioeconomic status (SES). As a result,
researchers have rarely been able to examine long-term
measures of income volatility, especially with respect to cog-
nitive outcomes.15,22 Furthermore, most prior studies have
focused on the association between SES and cognitive health
at older ages,13–18 while its association with cognitive health
earlier in the life course remains relatively underexplored. The
latter is especially important as it is becoming increasingly
clear that maintaining cognitive health is a lifelong process as
old age conditions such as dementia have a long preclinical
period.23

The Coronary Artery Risk Development in Young Adults
study (CARDIA) is uniquely suited to address several of these
gaps in the literature. It is an ongoing prospective study of
young tomiddle-aged adults for whom income data have been
collected since the early 1990s, during participants’ formative
earning years, and cognitive testing and brain imaging have
been ascertained 20 years later in midlife. In this study, we aim
to explore the relationship between measures of income
volatility from 1990 to 2010 and cognitive function and brain
volumes as well as microstructural integrity in 2010.

Methods
Study population
We used data from CARDIA, an ongoing prospective study
aiming to examine the development and determinants of

cardiovascular disease (CVD) and its risk factors beginning in
young adulthood. Details of the study have been published.24

Briefly, 5,115 black and white men and women aged 18–30
years at baseline were recruited in 1985–1986 from 4 field
centers: Birmingham, Alabama; Chicago, Illinois; Minneap-
olis, Minnesota; and Oakland, California. Recruitment was
balanced within center by sex, age, race, and education sub-
groups. The data from one participant who dropped out of the
study were removed from the study at his request. Participants
were examined at baseline and followed every 2–5 years up to
30 years. In the present study, baseline was defined as the
1990 visit, at time of the first income assessment. Standard-
ized questionnaires were used to collect demographic, so-
cioeconomic, and clinical data at each follow-up visit.

Income volatility from 1990 to 2010
During CARDIA examination years 1990, 1992, 1995,
2000, 2005, and 2010, pretax household income for the last
12 months from all sources was self-reported and recorded
in income brackets as follows: $0–$2,500, $2,500–$8,500,
$8,500–$14,000, $14,000–$20,500, $20,500–$30,000,
$30,000–$42,500, $42,500–$62,500, $62,500–$75,000,
and $75,000+. The income category midpoint was chosen
as the participant’s income for each given exam year.22,25

All incomes in the top (highest) open-ended bracket were
coded as $75,000. We limited this analysis to participants
with at least 3 repeated measures of income. We then
created 2 predictors of interest: (1) the SD of percent
change in income and (2) number of income drops.

Primary economic predictors

SD of percent change in income
We followed previous literature12,26 and defined income
volatility as the intraindividual SD of the percent change in
inflation-adjusted income from 1990 to 2010. To account for
inflation between 1990 and 2010, we first deflated all nominal
dollars into real 1990 dollars using the consumer price index
for each corresponding year.27 Second, we calculated, for each
participant, the percent change in inflation-adjusted income
between every 2 consecutive examination years as [(Yt2 −
Yt1)/0.5 (Yt1 + Yt2)] × 100. Dividing the denominator by 2
helps in restricting the range of the percent change by natu-
rally bounding it to 200% and −200%.26 If a participant was
missing an income measure for a given examination year, the
income measure at the next available visit was used. Finally,
for each participant, we then calculated the SD of those per-
cent changes. This measure of income volatility captures both
negative and positive income changes.

Glossary
BMI = body mass index; CARDIA = Coronary Artery Risk Development in Young Adults study; CI = confidence interval;
CVD = cardiovascular disease; DSST = Digit Symbol Substitution Test; FA = fractional anisotropy; HS = high school; ICV =
intracranial volume; IPCW = inverse probability of censoring weights; RAVLT = Rey Auditory Verbal Learning Test; SBP =
systolic blood pressure; SES = socioeconomic status.
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Number of income drops
To address negative volatility, we also calculated the number
of income drops.10,12 An income drop was defined as a de-
crease of 25% or more in income, compared to the previous
study visit’s income, and less than the participant’s average
income from 1990 to 2010. Given that inflation alone could
result in a 25% income drop for some categories but not
others, for this measure we did not adjust income for inflation.
The number of those drops between 1990 and 2010 was the
predictor of interest and was categorized into 0, 1, or 2+
drops.

Secondary economic predictor

Income trajectories
To help further distinguish the directionality of income vol-
atility (i.e., positive, negative, or both), we created an income
trajectory measure with 4 mutually exclusive groups corre-
sponding to income measures from 1990 to 2010: (1) no
income changes, (2) at least 1 income increase with no
decreases, (3) fluctuating income (at least 1 income increase
and 1 income decrease), or (4) at least 1 income decrease with
no increases. Income trajectory groups 1 and 2 (no income
change/increase only) were then combined because of the
small sample size of the group with no income change.

Cognition and brain integrity outcomes in 2010

Cognitive function
In 2010, participants were administered a cognitive battery
that included the following 3 cognitive tests: the Rey Auditory
Verbal Learning Test (RAVLT, range 0–15) measuring verbal
memory and assessing the ability to memorize and retrieve
words28; the Digit Symbol Substitution Test (DSST, range
0–133), a subtest of the Wechsler Adult Intelligence Scale
measuring processing speed29; and the interference score on
the Stroop test (executive skills), measuring the additional
amount of processing time needed to respond to one stimulus
while suppressing another.30 The Stroop test was scored by
seconds to spell out color words printed in a different color
plus number of errors. For the RAVLT and the DSST,
a higher score (in words or in symbols, respectively) indicates
better performance, whereas for the Stroop test, a higher score
(seconds + errors) indicates worse performance.

Brain MRI measures
In 2010, the CARDIA Brain MRI Ancillary Study, which in-
cluded 3 of the 4 CARDIA sites (Birmingham, Minneapolis,
and Oakland), enrolled a total of 719 participants. The pro-
cedures for the CARDIA MRI Ancillary Study have been
described previously.31 Participants underwent a brain MRI
on 3T MRI scanners. An automated pipeline was used with
preprocessing, intermediate, and postprocessing quality con-
trol steps. Using Hammer, T1-weighted images were parcel-
lated into anatomical regions of interest by deformable
registration to the Jakob atlas. From T1, T2, and fluid-
attenuated inversion recovery scans, white matter lesions were
segmented using a multiparametric, automated algorithm.

Calculation of fractional anisotropy (FA) was done through
custom-developed Insight Toolkit software (itk.org). Results
were registered to subject T1 space for segmentation using
FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). Left and right
hemispheric measurements were summed to create all FA and
volume measures including total intracranial volume (ICV).

Our MRI outcomes of interest included normal tissue vol-
umes of the hippocampus, gray matter, white matter, and total
brain (sum of gray and white matter). Each normal tissue
volume was standardized by dividing each by ICV. We also
examined brain microstructural integrity using FA, also for the
hippocampus, gray matter, white matter, and total brain. FA
measures the degree to which water diffuses with uniformity
in the brain and ranges from 0 to 1, with 0 indicating equal
probability of diffusion in all directions (i.e., no structural
restriction) and 1 indicating diffusion along one axis in the
brain.

Other covariates
At baseline in 1990, participants reported sociodemographic
information such as age, sex, race, and education (recoded
into less than or equal to high school [HS] education vs more
than HS). Marital status (married or not), number of people
in the household, and employment status (yes or no) were
self-reported. Smoking status was defined as never, current,
and former. Body mass index (BMI) in kg/m2 was calculated
using measured weight and height. Systolic blood pressure
(SBP, mm Hg) was measured while seated using a standard
automated blood pressure measurement monitor. Partic-
ipants also reported use of any antihypertensive medications.
Fasting glucose (mg/dL) as well as total cholesterol (mg/dL)
were measured from blood samples drawn after an overnight
fast. Participants reported the amount of time per week spent
in 13 categories of physical activity over the last year, and then
the total amount in exercise units was calculated. Symptoms
of depression were assessed using the 20-item Center for
Epidemiologic Studies Depression Scale (range 0–60) and
depression was defined as a score of 16 or higher. Most of
these covariates were also collected at every follow-up in ad-
dition to the baseline examination.

For categorical covariates collected at every examination, in-
cluding marital status, unemployment, antihypertensive
medications, elevated depressive symptoms, and smoking, we
also calculated cumulative measures from 1990 to 2010.
Participants were coded as always, sometimes, or never having
the condition or behavior from 1990 to 2010 (e.g., always,
sometimes, or never married from 1990 to 2010). For con-
tinuous covariates collected at every examination, including
BMI, SBP, fasting glucose, physical activity, total cholesterol,
and number of people in the household, we calculated the
average for each of these measures from 1990 to 2010.

Statistical analysis
From the total 5,114 CARDIA participants, 3,385 participants
had data for at least one cognitive test in 2010. Of those, 3,287
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had at least 3 income measures between 1990 and 2010, and
were thus included in the cognitive analysis. For the MRI
analysis, of the 719 participants enrolled in the MRI substudy,
707 participants had income volatility measures available.

Using the main cognitive analytical sample, participant char-
acteristics at baseline in 1990 were compared across the
number of income drops using analysis of variance and χ2

tests to assess differences in means and proportions, re-
spectively. Similarly, participant characteristics were com-
pared across tertiles of income volatility.

The associations of income volatility with cognitive per-
formances on the RAVLT, DSST, and Stroop test, all mea-
sured in 2010, were analyzed separately using linear
regression models. Similar models were used to examine the
associations between income volatility and brain MRI metrics
(normal tissue volumes and FA). After checking for normal-
ity, the Stroop test, total brain FA, gray matter FA, and hip-
pocampal FA were log-transformed to account for their
skewed distributions. The estimates were then back-
transformed and can be interpreted as the percentage
change in the score for each unit increase in the predictor.
Three different models were estimated to account for possible
confounding. Potential confounders were chosen a priori
based on the literature of social determinants of cognitive
aging. The first model was adjusted for baseline (year 1990)
age, sex, race, more than HS education, marital status, number
of people in the household, and study site. The second model
was additionally adjusted for BMI, SBP, hypertension medi-
cation, total cholesterol, fasting glucose, physical activity,
smoking status, and depression, all measured in 1990, except
for fasting glucose, which was first measured in 1992. Finally,
the third model was additionally adjusted for year 1990 in-
come and employment status.

We performed the following 6 sensitivity analyses: first, to
further investigate whether the relationship between income
volatility as SD of percent change and cognitive function is
indeed linear, we modelled income volatility using restricted
cubic splines regression. Second, to address the fact that many
covariates, measured during the income volatility period from
1990 to 2010, also vary over time, we repeated our original
analyses while adjusting for cumulative covariates from 1990 to
2010, instead of just baseline. Third, since we do not have
measures of cognitive function at baseline, we attempted to
address potential reverse causation (i.e., that low cognitive
function at baseline resulted in income volatility) by rerunning
the main analyses restricted to participants with more than HS
education at baseline (n = 2,249). Fourth, we repeated themain
cognitive analysis applying inverse probability of censoring
weights (IPCW), to account for attrition between baseline (in
1990) and the time of cognitive assessment (in 2010). Fifth, we
repeated our cognitive models using our secondary economic
predictor (income trajectories). Sixth, to examine whether the
relation between income volatility and cognitive function varies
according to income level, we tested for statistical interactions

between income volatility and each level of baseline income
and average income. Analyses were conducted using SAS ver-
sion 9.4 (SAS Institute, Cary, NC).32

Standard protocols approval, registrations,
and patient consent
Appropriate informed consent was obtained from study par-
ticipants, and the study was approved by the institutional
review boards from each field center and the coordinating
center.

Data availability
CARDIA facilitates data sharing through formal data use
agreements. Any investigator is welcome to access the CAR-
DIA data through this process.

Results
A description of baseline characteristics according to the num-
ber of income drops is shown in table 1. Similarly, this de-
scription according to tertiles of income volatility is presented in
table e-1 (doi.org/10.5061/dryad.9nm0697). In general, par-
ticipants with more income drops were more likely to be black,
less educated, unmarried, and smokers, and with lower income
and unemployed at baseline. Those with more income drops
also had more elevated depressive symptoms, had higher mean
BMI and SBP, and were less physically active. Similar reparti-
tions were found across tertiles of income volatility.

Income volatility from 1990 to 2010 and
cognitive function in 2010
In the minimally adjusted model 1, higher income volatility
(per 1 SD difference) was associated with worse performance
on the DSST and the Stroop test (table 2); these associations
were slightly attenuated but remained significant in the
further-adjusted models 2 and 3 (In model 3, DSST: β =
−1.09, 95% confidence interval [CI] −1.73 to −0.46; Stroop: β
= 2.53, 95% CI 0.60–4.39). For reference, these associations
per 1 SD in income volatility were greater than a 1-year in-
crement in age estimate (age β for DSST association −0.71,
95%CI −0.86 to −0.56; age β for Stroop association 1.41, 95%
CI 0.96 to 1.87). Income volatility was not associated with
performance on the RAVLT. When modeling income vola-
tility using restricted cubic splines (figure e-1, doi.org/10.
5061/dryad.9nm0697), we generally observed a linear re-
lationship, which is in support of how we modeled income
volatility (per 1 SD) in the main analyses.

Compared to having no income drops, having 1 or 2+ income
drops was associated with worse performance on the DSST (1
drop: β = −1.74, 95% CI −2.87 to −0.61; 2+ drops: β = −3.74,
95% CI −5.35 to −2.12) from fully adjusted models (table 2).
Compared to no income drops, having 2+ income drops was
associatedwithworse performance on the Stroop (β = 8.04, 95%
CI 2.94–13.31) from fully adjusted models. Number of income
drops was not associated with performance on the RAVLT.
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Income volatility from 1990 to 2010 and brain
MRI markers in 2010
Compared to no income drops, having 2+ income drops was
associated with smaller total brain volume (β = −0.88, 95% CI
−1.53 to −0.23) from fully adjusted models (table 3). Having
2+ income drops was also associated with smaller white
matter volume, but only in the minimally adjusted model (β =
−0.44, 95% CI −0.84 to −0.03); this association was attenu-
ated and became nonsignificant in further adjusted models.
Number of income drops was not associated with gray matter
volume or hippocampal volume. Income volatility (per 1 SD
higher) was not associated with MRI volumes.

Associations with microstructural brain integrity, as FA, are
presented in table 4. In general, we found that higher income
volatility (per 1 SD higher) was associated with lower total
brain FA (β = −0.75, 95% CI −1.29 to −0.18) and lower white
matter FA (β = −0.003, 95% CI −0.005 to −0.0009) in fully
adjusted models. Similarly, compared to no income drops,
having 2+ income drops was associated with lower total brain
FA (β = −1.59, 95% CI −2.96 to −0.20) and lower white

matter FA (β = −0.008, 95% CI −0.01 to −0.003) from fully
adjusted models. Higher income volatility (per SD higher)
and number of income drops were not associated with gray
matter and hippocampal FA.

Sensitivity analyses
Results from sensitivity analyses adjusted for cumulative
measures (1990–2010) (table e-2, doi.org/10.5061/dryad.
9nm0697) or restricted to participants with more than HS
education (table e-3) were similar to the findings from the
primary analyses. Then, results accounting for selective at-
trition using inverse probability weights were also similar to
the main results (table e-4). Then, results from the sensitivity
analysis using the income trajectories predictor (table e-5)
showed that compared with individuals whose income did not
change or only increased from 1990 to 2010, those with in-
come that fluctuated had worse DSST and Stroop scores.
Finally, interactions between income volatility and income
level were all nonsignificant at a p value of 0.10. As such, we
can say that the relation of income volatility with cognition
does not vary according to income level.

Table 1 Baseline characteristics according to number of income drops between 1990 and 2010: Coronary Artery Risk
Development in Young Adults study

No. of income drops (n = 3,287)

p Value0 (n = 1,780) 1 (n = 1,108) 2 (n = 399)

Age, y, mean (SD) 30.4 (3.4) 29.8 (3.7) 30.0 (3.7) <0.0001

Sex (women), n (%) 969 (54.4) 662 (59.7) 224 (56.1) 0.02

Race (black), n (%) 671 (37.7) 595 (53.7) 236 (59.1) <0.0001

High school education or less, n (%) 335 (18.8) 350 (31.6) 171 (42.9) <0.0001

Married, n (%) 813 (45.7) 376 (33.9) 128 (32.1) <0.0001

Smoking, n (%) <0.0001

Never 1,088 (61.1) 586 (52.9) 189 (47.4)

Former 264 (14.8) 145 (13.1) 40 (10.0)

Current 326 (18.3) 301 (27.2) 162 (40.6)

Income, mean (SD) 39,681 (22,425) 32,253 (19,873) 33,326 (18,794) <0.0001

Household size, mean (SD) 2.8 (1.4) 3.0 (1.5) 3.3 (1.8) <0.0001

Unemployed, n (%) 100 (5.6) 113 (10.2) 71 (17.8) <0.0001

Elevated depressive symptoms, n (%) 291 (16.3) 278 (25.1) 126 (31.6) <0.0001

Body mass index, kg/m2, mean (SD) 25.6 (5.3) 26.4 (6.0) 26.9 (6.5) <0.0001

Systolic blood pressure, mm Hg, mean (SD) 106.6 (10.8) 107.7 (11.3) 108.7 (12.1) 0.0009

Hypertension medication, n (%) 23 (1.3) 15 (1.3) 7 (1.7) 0.008

Fasting glucose,a mg/dL, mean (SD) 90.7 (10.3) 91.5 (17.2) 91.1 (16.9) 0.30

Total cholesterol, mg/dL, mean (SD) 178.5 (32.9) 177.4 (33.8) 177.3 (33.2) 0.65

Physical activity (total intensity score), mean (SD) 392.1 (291.8) 362.6 (294.7) 373.0 (277.6) 0.03

a Fasting glucose was first measured in 1992 instead of 1990.
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Discussion
Our results suggest that income volatility during young and
middle adulthood was negatively associated with cognitive
function and some brain MRI measures at midlife, in-
dependent of socioeconomic and major cardiovascular risk
factors. Higher income volatility and higher number of in-
come drops over 20 years were associated with worse per-
formance in executive functioning and processing speed but
not significantly associated with delayed memory after ad-
justment for baseline risk factors. Moreover, higher income
volatility was associated with smaller total brain volume and
lower total brain and white matter FA; compared to no in-
come drop, having 2+ drops was associated with smaller total
brain volume and lower total brain and white matter FA.
While the associations between income volatility and cogni-
tion remained similar when restricted to participants with
high educational level at baseline, we cannot rule out the
possibility of reverse causation. This exploratory study pro-
vides evidence that income volatility over a prolonged period

of time during formative earning years is associated with un-
healthy aging at midlife. Due to the exploratory nature of this
work, we have examined an extended set of cognitive meas-
ures, volumetric brain markers, and markers of microstruc-
tural integrity; thus additional studies are needed to validate
our results. Furthermore, these outcomes do not represent an
underlying construct but rather are seen as markers of vul-
nerability to cognitive decline and brain aging.

There are several explanations as to why income volatility may
influence cognitive aging. Volatility implies income drops and
episodes of lower income. Exposure to low income and other
socioeconomic disadvantages has been associated with un-
healthy habits, such as alcohol use, smoking, and low physical
activity.33–35 These behavioral factors are in turn known risk
factors of poor cognitive function and risk of dementia.36,37

Income volatility and disadvantaged socioeconomic con-
ditions may also increase exposure to depression, or cardio-
vascular risk factors such as obesity and hypertension, which
are in turn associated with poor cognitive health.9,11,25

Table 2 Multivariable adjusted associations of income volatility and number of income drops (1990–2010) with cognitive
scores in 2010: Coronary Artery Risk Development in Young Adults study

Model 1 Model 2 Model 3

β (95% CI) p Value β (95% CI) p Value β (95% CI) p Value

RAVLT (n = 3,267)

Income volatility (per 1 SD) −0.13 (−0.25 to −0.02) 0.03 −0.06 (−0.19 to 0.06) 0.34 −0.02 (−0.15 to 0.12) 0.80

No. of income drops

0 Drop Ref Ref Ref

1 Drop −0.11 (−0.34 to 0.12) 0.34 −0.001 (−0.24 to 0.24) 0.99 −0.007 (−0.25 to 0.23) 0.95

2–3 Drops −0.13 (−0.46 to 0.19) 0.42 −0.02 (−0.36 to 0.32) 0.92 −0.04 (−0.38 to 0.30) 0.82

DSST (n = 3,272)

Income volatility (per 1 SD) −2.35 (−2.90 to −1.81) <0.0001 −1.79 (−2.39 to −1.20) <0.0001 −1.09 (−1.73 to −0.46) 0.0008

No. of income drops

0 Drop Ref Ref Ref

1 Drop −2.44 (−3.53 to −1.35) 0.0001 −1.88 (−3.02 to −0.75) 0.001 −1.74 (−2.87 to −0.61) 0.003

2–3 Drops −4.71 (−6.26 to −3.15) <0.0001 −3.52 (−5.14 to −1.91) <0.0001 −3.74 (−5.35 to −2.12) <0.0001

Stroop (n = 3,250)

Income volatility (per 1 SD) 3.25 (1.61 to 4.92) 0.0001 3.21 (1.41 to 5.02) 0.0004 2.53 (0.60 to 4.39) 0.01

No. of income drops

0 Drop Ref Ref Ref

1 Drop 2.63 (−0.60 to 6.18) 0.12 1.90 (−1.49 to 5.34) 0.19 1.88 (−1.49 to 5.34) 0.28

2–3 Drops 8.33 (4.08 to 13.88) 0.0002 7.90 (2.94 to 13.20) 0.005 8.04 (2.94 to 13.31) 0.002

Model 1: adjusted for 1990 age, sex, race, at least high school education,marital status, number of people in the household, and study site;model 2:model 1 +
1990 body mass index, systolic blood pressure, hypertension medication, total cholesterol, fasting glucose (1992), physical activity, smoking status, de-
pression; model 3: model 2 + 1990 income, unemployment. 1 SD of income volatility = 34.5 SD of percent change. After log-transformation, the Stroop scores
have been back-transformed and can be interpreted as the percentage change in the score for each unit increase in the predictor.
Abbreviations: CI = confidence interval; DSST = Digit Symbol Substitution Test; RAVLT = Rey Auditory Verbal Learning Test.
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However, in this study, accounting for health behaviors and
CVD risk factors only slightly attenuated the associations.
Another possible mechanism that may explain our findings is
that fluctuation in income may lead to financial strains, fi-
nancial insecurity, and a greater exposure to stressors.6,38,39

Indeed, perceived stress has been shown to affect cognitive
function, dementia risk, and other age-related health
outcomes.40,41 In addition, individuals with reported financial
difficulties may have lower access to high-quality health care,42

which may result in worse disease management and man-
agement of risk factors for cognitive function. For example,
individuals experiencing income volatility or financial strains
may be less likely to visit a doctor or take their medication,

consequently resulting in increased risk of brain-related dis-
eases such as stroke.4,43 Moreover, educational attainment
may also directly or indirectly, through occupation, living
environment, or health behaviors, influence cognitive func-
tioning.44 Finally, participants with income volatility and in-
come loss may have lower participation in cognitively
demanding leisure activities, which are thought to enhance
cognitive function.45

There is growing evidence that income volatility may have
pervasive effects on health, including worse mental health,
overall health quality, and all-cause mortality9,10,12; however,
its relation with cognitive and brain aging remains relatively

Table 3 Multivariable adjusted associations of income volatility and number of income drops (1990–2010) with brain
tissue volumes in 2010: Coronary Artery Risk Development in Young Adults study

Model 1 Model 2 Model 3

β (95% CI) p Value β (95% CI) p Value β (95% CI) p Value

Total brain volume

Income volatility (per 1 SD) 0.05 (−0.18 to 0.27) 0.68 0.08 (−0.20 to 0.37) 0.51 −0.09 (−0.35 to 0.18) 0.53

No. of income drops

0 Drop Ref Ref Ref

1 Drop −0.06 (−0.52 to 0.39) 0.78 0.02 (−0.46 to 0.50) 0.94 0.01 (−0.47 to 0.49) 0.97

2–3 Drops −0.80 (−1.42 to −0.18) 0.01 −0.68 (−1.32 to −0.03) 0.04 −0.88 (−1.53 to −0.23) 0.008

Total gray matter volume

Income volatility (per 1 SD) 0.11 (−0.07 to 0.29) 0.22 0.13 (−0.07 to 0.32) 0.21 0.02 (−0.20 to 0.23) 0.89

No. of income drops

0 Drop Ref Ref Ref

1 Drop 0.13 (−0.24 to 0.49) 0.50 0.17 (−0.22 to 0.56) 0.39 0.12 (−0.27 to 0.50) 0.55

2–3 Drops −0.36 (−0.86 to 0.14) 0.15 −0.34 (−0.86 to 0.18) 0.20 −0.53 (−1.05 to −0.008) 0.05

Total white matter volume

Income volatility (per 1 SD) −0.07 (−0.22 to 0.09) 0.33 −0.04 (−0.19 to 0.10) 0.57 −0.10 (−0.26 to 0.06) 0.22

No. of income drops

0 Drop Ref Ref Ref

1 Drop −0.19 (−0.45 to 0.07) 0.16 −0.15 (−0.44 to 0.14) 0.30 −0.11 (−0.40 to 0.18) 0.47

2–3 Drops −0.44 (−0.84 to −0.03) 0.03 −0.34 (−0.73 to 0.05) 0.09 −0.35 (−0.74 to 0.04) 0.08

Total hippocampal volume

Income volatility (per 1 SD) −0.001 (−0.005 to 0.003) 0.59 −0.0004 (−0.005 to 0.004) 0.87 −0.002 (−0.007 to 0.003) 0.49

No. of income drops

0 Drop Ref Ref Ref

1 Drop 0.002 (−0.007 to 0.01) 0.71 0.003 (−0.006 to 0.01) 0.51 0.003 (−0.006 to 0.01) 0.52

2–3 Drops 0.002 (−0.01 to 0.01) 0.78 0.002 (−0.01 to 0.01) 0.79 0.002 (−0.01 to 0.01) 0.77

Sample size: n = 707. Model 1: adjusted on 1990 age, sex, race, at least high school education, marital status, number of people in the household, study site;
model 2: model 1 + 1990 body mass index, systolic blood pressure, hypertension medication, total cholesterol, fasting glucose (1992), physical activity,
smoking status, depression; model 3: model 2 + 1990 income, unemployment. Total volumes were standardized and divided by the intracranial volume. 1 SD
income volatility = 34.5 SD of percent change.
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unexplored. In our study, income volatility was associated
with processing speed, executive function, and total brain and
white matter FA, which may be indicative of underlying CVD
processes occurring over the life course. We did not find an
association between income volatility and verbal memory,
likely due to the relatively young age of this cohort. Overall,
our results are consistent with studies examining life course
SES in relation to cognitive health during late life.13–18 In
previous research, higher education and late-life income were
associated with higher memory function and lower decline in
US representative populations.13 Other studies reported
higher cognitive performance with more advantageous SES

during adulthood among Mexican Americans,14,17 Finnish
individuals,21 and professional women.18 However, these
studies often defined SES as a composite score, and most of
them relied on a single measurement of each SES component,
including income. A recent study from CARDIA reported
a graded association between sustained poverty and perceived
financial difficulty measured over 20 years with cognitive
function.22 In line with our results, this implies that the longer
one experiences financial difficulties, the worse it is for the
brain. Our results add to the prior literature suggesting that
fluctuations in income and income losses over the course of
young adulthood into midlife also have adverse influences on

Table 4 Multivariable adjusted associations of income volatility and number of incomedrops (1990–2010) with fractional
anisotropy (FA) in 2010: Coronary Artery Risk Development in Young Adults study

Model 1 Model 2 Model 3

β (95% CI) p Value β (95% CI) p Value β (95% CI) p Value

Total brain FAa

Income volatility (per 1 SD) −0.77 (−1.19 to −0.31) 0.001 −0.70 (−1.19 to −0.19) 0.007 −0.75 (−1.29 to −0.18) 0.01

No. of income drops

0 Drop Ref Ref Ref

1 Drop −0.90 (−1.88 to 0.00) 0.05 −0.76 (−1.78 to 0.25) 0.14 −0.70 (−1.69 to 0.30) 0.20

2–3 Drops −1.49 (−2.76 to −0.25) 0.02 −1.19 (−2.57 to 0.15) 0.08 −1.59 (−2.96 to −0.20) 0.02

Total gray matter FAa

Income volatility (per 1 SD) −0.40 (−1.00 to 0.22) 0.20 −0.31 (−1.00 to 0.39) 0.38 −0.35 (−1.09 to 0.42) 0.37

No. of income drops

0 Drop Ref Ref Ref

1 Drop −0.52 (−1.78 to 0.76) 0.42 −0.21 (−1.49 to 1.21) 0.76 −0.13 (−1.49 to 1.31) 0.86

2–3 Drops −0.26 (−1.98 to 1.51) 0.77 0.25 (−1.59 to 2.12) 0.79 −0.02 (−1.88 to 1.92) 0.99

Total white matter FA

Income volatility (per 1 SD) −0.003 (−0.004 to −0.001) 0.0007 −0.002 (−0.004 to −0.0008) 0.003 −0.003 (−0.005 to −0.0009) 0.003

No. of income drops

0 Drop Ref Ref Ref

1 Drop −0.003 (−0.006 to 0.00) 0.06 −0.003 (−0.006 to 0.0006) 0.10 −0.003 (−0.006 to 0.0006) 0.12

2–3 Drops −0.007 (−0.01 to −0.002) 0.002 −0.006 (−0.01 to −0.002) 0.006 −0.008 (−0.01 to −0.003) 0.0005

Total hippocampal FAa

Income volatility (per 1 SD) −0.78 (−1.68 to 0.15) 0.10 −0.57 (−1.59 to 0.46) 0.28 −0.64 (−1.78 to 0.50) 0.27

No. of income drops

0 Drop Ref Ref Ref

1 Drop −0.88 (−2.73 to 1.01) 0.36 −1.00 (−2.96 to 1.00) 0.34 −0.92 (−2.93 to 1.11) 0.38

2–3 Drops −0.95 (−3.44 to 1.61) 0.47 −0.10 (−2.78 to 2.63) 0.94 −0.43 (−3.15 to 2.33) 0.76

Sample size: n = 707. Model 1: adjusted on 1990 age, sex, race, at least high school education, marital status, number of people in the household, study site;
model 2: model 1 + 1990 body mass index, systolic blood pressure, hypertension medication, total cholesterol, fasting glucose (1992), physical activity,
smoking status, depression; model 3: model 2 + 1990 income, unemployment. 1 SD income volatility = 34.5 SD of percent change.
a After log-transformation, total brain FA, total gray matter FA, and total hippocampal FA have been back-transformed and can be interpreted as the
percentage change in the scores for each unit increase in the predictor.
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cognition, and that these associations can be observed as early
as midlife. Enhancing the stability of income across the life
course may thus play a beneficial role towards healthy cog-
nitive aging.

Income volatility is of particular interest since there are
straightforward policy options to reduce income volatility,
such as unemployment insurance, or short-term income
supports. Unemployment and wage insurance have been
suggested and implemented as short-term strategies to offset
the burdens of income shocks such as loss of a job.46 In the
United States, the Earned Income Tax Credit, which pro-
vides an income subsidy to low-income employed adults, is
another such policy: most households receiving a credit
greater than $1,000 actually use these allocations to pay bills
and debt incurred during financial emergencies.47 Further,
the US Supplemental Nutritional Assistance Program has
also been shown to smooth food consumption patterns
among low-income households during times of income
shocks.48 Although a growing body of work links these
policies to various domains of physical or behavioral
health,49,50 our study findings of an association among in-
come volatility, cognitive function, and brain integrity re-
inforce the need for studies examining the role of such social
policies on brain aging.

This study has some limitations worth noting. First, our
income volatility measure relies on self-reported income
collected in brackets rather than actual or exact number. As
we use the midpoint of an income bracket, this may have
resulted in a loss of precision and misclassification of our
exposure. For example, large income changes within in-
come brackets were not detected. Likewise, small income
changes occurring close to bracket thresholds could be
detected as income category changes. Despite this, on
average, such misclassification is likely to be non-
differentially distributed across the study population, and
therefore any potential effect on the effect size estimates
would be biased towards the null. Second, although our
analysis restricted to participants with more than a HS
degree showed similar results, we cannot exclude reverse
causation as an explanation of our results. Also, as partic-
ipants needed to be alive by 2010 when cognitive function
was assessed, there is a possibility of a selection of the study
population. Yet when accounting for attrition throughout
the study period using IPCW, the associations remained
similar. Because our sample was restricted to individuals
with at least 1 cognitive measure and with 3 or more
measures of income, our results may not be generalizable
to the original target population but only to those included
in our analytical sample. Moreover, the limited set of
cognitive tests did not allow us to explore additional cog-
nitive domains. Third, cognitive function and brain
structure may be ongoing parallel processes, and thus an
evolution of cognitive function may indeed be the result of
changes in brain structure. Due to the small size of the MRI
subsample, we were unable to adjust for MRI markers in

models of cognitive function. Future studies should in-
vestigate the relation between measures of cognitive
change and changes in brain structure. Finally, even though
we adjusted our analyses for major risk factors for cognitive
impairment, residual confounding may remain due to un-
measured confounders. We attempted to address this by
accounting for cumulative exposure to covariates during
the income volatility period, and results were only slightly
attenuated.

Despite these limitations, this study has important
strengths and contributes to the sparse literature on income
volatility and cognitive function and brain volumes. The
CARDIA study provides an adequate setting to investigate
income volatility with a long follow-up and repeated
measures of income. More importantly, this study enabled
us to assess income over 2 decades of these participants’
lives, at an age where most adults are in the workforce.
Moreover, our income volatility measure included the re-
cession period, when greater financial difficulties could have
been encountered. Our results were consistent regardless of
how income volatility was conceptualized (SD of percent
change, number of income drops, income trajectory), thus
reinforcing our conclusions. Finally, our associations were
robust even after adjusting for potential confounders/
mediators during the exposure period including socioeco-
nomic, behavioral, and cardiovascular risk factors, which
could potentially interfere in the relation between income
volatility and cognition.

This work provides evidence of an association between in-
come volatility and income declines with cognitive health
and brain integrity in midlife. Further studies need to in-
vestigate subsequent cognitive decline and changes in brain
structures to further understand its effect on cognitive aging
in older age.
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