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ABSTRACT

Objective: We hypothesized that elevated parathyroid hormone (PTH) levels will be independently
associated with 20-year cognitive decline in a large population-based cohort.

Methods: We studied 12,964 middle-aged white and black ARIC participants without a history of
prior stroke who, in 1990–1992 (baseline), had serum PTH levels measured and cognitive func-
tion testing, with repeat cognitive testing performed at up to 2 follow-up visits. Cognitive testing
included the Delayed Word Recall, the Digit Symbol Substitution, and the Word Fluency tests,
which were summed as a global Z score. Using mixed-effects models, we compared the relative
decline in individual and global cognitive scores between each of the top 3 quartiles of PTH levels
to the reference bottom quartile. We adjusted for demographic variables, education, vascular risk
factors, and levels of calcium, phosphate, and vitamin D. We imputed missing covariate and
follow-up cognitive data to account for attrition.

Results: The mean (SD) age of our cohort was 57 (6) years, 57% were women, and 24% were
black. There was no cross-sectional association of elevated PTH with cognitive global Z score
at baseline (p . 0.05). Over a median of 20.7 years, participants in each PTH quartile showed
a decline in cognitive function. However, there was no significant difference in cognitive decline
between each of the top 3 quartiles and the lowest reference quartile (p . 0.05). In a subset,
there was also no association of higher mid-life PTH levels with late-life prevalent adjudicated
dementia (p . 0.05).

Conclusions: Our work does not support an independent influence of PTH on cognitive decline in
this population-based cohort study. Neurology® 2017;89:918–926

GLOSSARY
ARIC5 Atherosclerosis Risk in Communities; BMI5 body mass index; CHD 5 coronary heart disease; CKD5 chronic kidney
disease; CV 5 coefficient of variation; CVD 5 cardiovascular disease; DSS 5 Digit Symbol Substitution; DWR 5 Delayed
Word Recall; eGFR5 estimated glomerular filtration rate;HDL5 high-density lipoprotein; PTH5 parathyroid hormone;WF5
Word Fluency.

Elevated parathyroid hormone (PTH) levels may play a role in cognitive impairment, given that
PTH receptors are present in the cerebral arteries.1,2 Prior work suggests that PTH may
contribute to cerebrovascular diseases through endothelial dysfunction, atherosclerosis, and
inflammation.3–7

Most prior studies examining the relationship between primary hyperparathyroidism and
cognition have focused largely on short-term change in cognition after parathyroidectomy; lim-
ited data exist linking primary hyperparathyroidism with long-term dementia.8,9 Furthermore,
whether more modest levels of PTH elevation are a cause of cognitive decline remains uncertain.
A large systematic review examining the relationship between PTH and cognitive function from
27 studies (including only 1 randomized and prospective study) found only low-quality evidence
for a weak link between PTH and cognition.9 In addition, none of these studies considered the
effect of 25-hydroxyvitamin D [25(OH)D] in the PTH-cognition relationship. 25(OH)D has
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been independently linked to cognition in
some studies,10,11 but not in others,12,13 and
may be confounded by poorer health status.12

Therefore, there is a need to better examine
the relationship of PTH and cognition, partic-
ularly in a prospective setting, with and
without accounting for the influences of 25
(OH)D.

We hypothesized that elevated PTH levels
would be independently associated with cog-
nitive decline in a population-based study.
Using data from the Atherosclerosis Risk in
Communities (ARIC) study,14 we examined
the cross-sectional and longitudinal associa-
tions of PTH with cognitive function after
adjustment for confounding and potential
mediating variables, such as demographic
and education, vascular risk factors, renal
function, calcium, phosphate, and 25(OH)D.

METHODS Population. The ARIC study is a continuing,

prospective, predominantly biracial, population-based cohort,

which originally recruited 15,792 men and women aged 45–64

years from 4 US regions (suburban Minneapolis, MN;

Washington County, MD; Forsyth County, NC; and Jackson,

MS) during the years of 1987–1989 (visit 1).14

Initial cognitive evaluation and PTH measurement were per-

formed at visit 2, which took place during 1990–1992; therefore,

visit 2 represents the baseline for the current analysis. Participants

participated in up to 2 repeat cognitive evaluations that were

performed at visit 4 (conducted in 1996–1998) and at visit 5

(conducted in 2011–2013).

Visit 2 included 14,348 participants. We excluded nonwhites

from Maryland or Minnesota (n 5 49) and participants of non-

white or nonblack race (n 5 42), as numbers were too small to

adjust for race/center groups. Participants who self-reported

a prior stroke at visit 1 or had an incident adjudicated stroke

before visit 2 were excluded (n 5 272). Also, participants with

missing PTH values due to insufficient stored serum (n5 975) or

with extreme outlier values of either very low (,10 pg/mL) or

very high ($200 pg/mL) PTH (n 5 24) were excluded. We also

excluded those participants missing information on education

status (n 5 22). This gave a final analytic sample of 12,964

participants shown in figure e-1 at Neurology.org. The baseline

characteristics of included vs excluded participants are shown in

table e-1. Excluded participants had on average higher PTH lev-

els, lower 25(OH)D levels, lower cognitive scores, and worse

cardiovascular disease (CVD) risk profiles, as might be anticipated

in this group enriched with prior stroke.

Standard protocol approvals, registrations, and patient
consents. The ARIC study was approved by the institutional

review boards at each of the field centers, as well as the ARIC

Coordinating Center. All participants provided written informed

consent at each visit. Clinical trial registration is not applicable.

Laboratory tests. At each visit, blood samples were obtained ac-

cording to standard protocols and were then stored at2708C. In

2012–2013, using stored samples from visit 2, we quantified

serum intact PTH levels using Elecsys 2010 (Roche Diagnostics,

Indianapolis, IN) at the Advanced Research and Diagnostic Lab-

oratory, University of Minnesota.15 PTHmeasured by the Elecsys

method is known to have very good long-term stability at

2808C.16 Comparing stored duplicate (split specimen) samples,

we found the laboratory coefficient of variation (CV) to be 9.7%

for PTH. We measured visit 2 calcium and phosphate levels by

a colorimetric method through a Roche Modular P-Chemistry

Analyzer (Roche Diagnostics). The interassay CV for calcium was

2.3% and for phosphate was 2.2%.

Also in 2012–2013, we measured 25(OH)D levels from

stored visit 2 serum using liquid chromatography-tandem mass

spectrometry (Waters Alliance e2795; Waters Corp., Milford,

MA) at the University of Minnesota laboratory. The CV for

25(OH)D2 was 20.8% and for 25(OH)D3 was 6.9%. The total

25(OH)D level included the summation of 25(OH)D2 and 25

(OH)D3. We adjusted 25(OH)D levels based on the month of

blood draw, for each race separately, to account for variations in

season.17

Lipid data at visit 2 were measured according to standard pro-

cedures.14 Plasma total cholesterol was measured by enzymatic

approach, and high-density lipoprotein (HDL) cholesterol was

determined after dextran-magnesium precipitation.

Cognitive function. Using standardized protocols administered

by trained examiners in a silent room, cognitive function was as-

sessed using the Delayed Word Recall (DWR), Digit Symbol

Substitution (DSS), and Word Fluency (WF) tests at visit 2

(1990–1992), visit 4 (1996–1998), and visit 5 (2011–2013).

The DWR tests verbal skills and short-term memory.18 In-

dividuals learn 10 nouns and then must use them in 1 or 2

sentences. After 5 minutes of delay, they must repeat the nouns.

The score represents the number of words the participant is able

to remember with a maximum of 10. In a control group of

similarly aged healthy ARIC participants, mean DWR scores

varied from 5.2 to 6.7 based on race and educational back-

ground.19 The DSS tests for executive function and processing

speed.20 Using a key, participants try to match symbols that

correspond to numbers in 90 seconds with scores varying from

0 to 93 for each number of correct symbols. The ARIC normative

controls had mean values ranging from 20.3 to 48.2.19 The WF

appraises expressive language and executive function.21 Partici-

pants produce as many words that start with A, F, and S as

possible in less than 1 minute. The total score represents the total

words generated, with ARIC normative mean values varying from

19.4 to 39.5.19

A global Z score was calculated by the average of the Z scores

from each of the 3 individual cognitive tests within each study

visit (at visits 2, 4, and 5) and standardized using the visit 2 global

Z-mean and SD. The global Z score was used as the primary

outcome for our study.

In addition, participants of the ARIC Neurocognitive Study

underwent comprehensive neuropsychological testing at visit

5,22 and the diagnosis of prevalent clinical dementia was adjudi-

cated by 1 physician and 1 neuropsychologist based on the lon-

gitudinal cognitive testing performed at visits 2, 4, and 5, and the

complete neurocognitive battery of tests performed at visit 5.22

Covariates. Covariates were assessed using standardized ques-

tion forms and interviews to obtain medication use, demographic,

and behavioral factors.14 For this analysis, we used covariates

measured at visit 2 except for physical activity and education,

which were evaluated at visit 1.

In our models, we included age; sex; race/center (Minnesota

whites, Maryland whites, North Carolina whites, North Carolina

blacks, and Mississippi blacks); education attainment (,high
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Table 1 Baseline characteristicsa of the study population by PTH quartiles: The Atherosclerosis Risk in Communities (ARIC) study (visit 2,
1990–1992)

Overall
PTH 1st quartile
(10–31 pg/mL)

PTH 2nd quartile
(>31–39 pg/mL)

PTH 3rd quartile
(>39–49 pg/mL)

PTH 4th quartile
(>49–189 pg/mL)

N 12,964 3,236 3,241 3,246 3,241

PTH, pg/mL 42.0 6 16.4 25.5 6 4.2 35.1 6 2.3 43.9 6 2.9 63.6 6 15.9

Global Z score 0.0 6 1.0 0.1 6 1.0 0.1 6 1.0 0.1 6 1.0 20.1 6 1.0

DWR Z score 0.0 6 1.0 0.0 6 1.0 0.0 6 1.0 0.1 6 1.0 20.0 6 1.0

DSS Z score 0.0 6 1.0 0.1 6 0.9 0.1 6 1.0 0.1 6 1.0 20.1 6 1.0

WFT Z score 0.0 6 1.0 0.0 6 1.0 0.0 6 1.0 0.0 6 1.0 20.0 6 1.0

Age, y 57.0 6 5.7 56.4 6 5.7 56.7 6 5.7 56.9 6 5.7 57.4 6 5.8

Males 5,631 (43.4) 1,549 (47.9) 1,498 (46.2) 1,420 (43.7) 1,164 (35.9)

Race/center

Whites/Minneapolis, MN 3,490 (26.9) 961 (29.7) 943 (29.1) 850 (26.2) 736 (22.7)

Blacks/Jackson, MS 2,801 (21.6) 457 (14.1) 600 (18.5) 709 (21.8) 1,035 (31.9)

Whites/Washington, MD 3,325 (25.6) 1,002 (31.0) 891 (27.5) 793 (24.4) 639 (19.7)

Blacks/Forsyth County, NC 343 (2.6) 61 (1.9) 65 (2.0) 76 (2.3) 141 (4.4)

Whites/Forsyth County, NC 3,005 (23.2) 755 (23.3) 742 (22.9) 818 (25.2) 690 (21.3)

Educationb

<High school 2,723 (21.0) 635 (19.6) 689 (21.3) 659 (20.3) 740 (22.8)

High school or vocational
school

5,426 (41.9) 1,457 (45.0) 1,355 (41.8) 1,313 (40.4) 1,301 (40.1)

College, graduate, or professional
school

4,815 (37.1) 1,144 (35.4) 1,197 (36.9) 1,274 (39.2) 1,200 (37.0)

BMI, kg/m2

<25 4,028 (31.1) 1,241 (38.4) 1,090 (33.7) 971 (29.9) 726 (22.5)

25 to <30 5,159 (39.8) 1,343 (41.5) 1,344 (41.5) 1,290 (39.8) 1,182 (36.6)

‡30 3,760 (29.0) 650 (20.1) 803 (24.8) 984 (30.3) 1,323 (40.9)

Physical activity indexb 2.4 6 0.8 2.5 6 0.8 2.5 6 0.8 2.5 6 0.8 2.3 6 0.7

Smoking status

Never 5,236 (40.5) 1,095 (33.9) 1,250 (38.6) 1,350 (41.7) 1,541 (47.7)

Former 4,869 (37.6) 1,012 (31.3) 1,285 (39.7) 1,333 (41.1) 1,239 (38.3)

Current 2,839 (21.9) 1,125 (34.8) 703 (21.7) 558 (17.2) 453 (14.0)

Alcohol consumption

Noncurrent 5,594 (43.2) 1,266 (39.2) 1,285 (39.7) 1,421 (43.8) 1,622 (50.2)

Current 7,349 (56.8) 1,964 (60.8) 1,953 (60.3) 1,821 (56.2) 1,611 (49.8)

SBP, mm Hg 121.5 6 18.7 118.3 6 17.8 120.1 6 17.9 121.8 6 18.1 124.9 6 19.8

DBP, mm Hg 72.1 6 10.3 70.2 6 9.8 71.7 6 10.1 72.4 6 9.9 74.0 6 10.8

Use of hypertension meds 3,390 (26.3) 706 (21.9) 777 (24.1) 837 (25.9) 1,070 (33.1)

Total cholesterol, mg/dL 209.8 6 39.4 211.2 6 40.5 209.3 6 38.3 209.9 6 39.0 209.1 6 39.8

HDL, mg/dL 49.6 6 16.8 48.7 6 16.6 49.9 6 16.9 49.9 6 16.7 50.7 6 17.0

Use of lipid-lowering
medications

803 (6.2) 243 (7.5) 191 (5.9) 203 (6.3) 166 (5.1)

Diabetes 1,866 (14.4) 421 (13.0) 448 (13.8) 458 (14.1) 539 (16.7)

CVD 687 (5.4) 167 (5.3) 166 (5.2) 161 (5.1) 193 (6.1)

eGFR 96.4 6 15.7 96.9 6 14.5 96.7 6 14.1 96.8 6 14.8 96.2 6 17.6

eGFR < 60 mL/min/1.73 m2 226 (1.7) 46 (1.4) 34 (1.0) 45 (1.4) 101 (3.1)

Continued

920 Neurology 89 August 29, 2017

ª 2017 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



school, high school, General Educational Development or voca-

tional school, or college, graduate, or professional school); body

mass index (BMI) (,25, 25 to ,30, $30 kg/m2); diabetes melli-

tus (yes, no; defined as fasting glucose $126 mg/dL or nonfasting

glucose $200 mg/dL, self-reported physician diagnosis, or use of

oral hypoglycemic/insulin); self-reported history of alcohol use

(current vs not current); smoking status (never, former, current);

total cholesterol and HDL cholesterol (continuous; mg/dL); sys-

tolic and diastolic blood pressures (continuous; mm Hg); use of

antihypertensive medications (yes, no); coronary heart disease

(CHD) (yes, no, defined by standardized criteria and physician

adjudication), physical activity (score range 1–5, using a modified

Baecke Physical Activity Questionnaire23), and estimated glomeru-

lar filtration rate (eGFR) as calculated by the Chronic Kidney

Disease-Epidemiology Collaboration (CKD-EPI) formula.24

Statistical analysis. We grouped PTH levels into quartiles

based on the overall population distribution at visit 2.

Multivariable-adjusted linear regression models were used to

examine cross-sectional differences in global cognitive scores

between each of the top 3 quartiles of PTH concentration relative

to the reference bottom quartile. To allow for a nonlinear asso-

ciation between PTH levels with cognitive function (assessed at

visit 2), we used a restricted cubic spline model with an elevated

PTH level of 65 pg/mL as the reference (the upper limit of

normal used in clinical settings) and with knots at the 5th, 35th,

65th, and 95th percentiles of their sample distributions using

model 2.

We found previously that those with elevated PTH levels had

increased CVD risk factors and were less likely to return for the

follow-up study.25 Therefore, for our prospective analysis, we

imputed missing covariates and cognitive data with the multiple

imputation by chained equation methods26 to account for attri-

tion (see table e-2 for numbers imputed).

For prospective analyses, we used linear mixed-effects models

with random intercepts and slopes and independent variance-

covariance structure of the random effects for continuous out-

comes to estimate the association between PTH quartiles and

change in cognition over 20 years. We compared the relative

decrease for the 3 individual and the global cognitive scores

between each of the top 3 quartiles of PTH levels with the refer-

ence bottom quartile. Time in study was modeled using a linear

spline with a knot at 6 years (approximately at the time of visit 4).

Our primary coefficient of interest was the interaction of PTH

with time spline terms.

For both cross-sectional and prospective analyses, we analyzed

4 progressively adjusted models as follows: model 1 adjusted for

the demographics of age, race/center, and sex. Model 2 (our pri-

mary analytical model) additionally adjusted for behavioral and

lifestyle confounders, including education, BMI, smoking,

current alcohol use, and physical activity. Model 3 additionally

adjusted for cardiovascular risk factors of systolic and diastolic

blood pressures, use of antihypertensive medications, diabetes,

total and HDL cholesterol, cholesterol-lowering medications,

eGFR, and prevalent CHD. Model 4 additionally adjusted for bi-

omarkers in the metabolic pathway, including 25(OH)D,

calcium, and phosphate levels.

We formally tested for interaction by race; however, given the

known racial differences in PTH concentrations,15 we planned

ahead to show the overall results and those separated by race,

regardless of whether a race interaction was present.

We performed several supplemental analyses. As the risk of

elevated PTH might correlate better with a shorter-term decline

rather than a longer-term decline as noted in a prior study,27

we assessed the association of PTH quartiles with 6-year cognitive

decline between visits 2 and 4. We also used logistic regression to

assess the relationship between PTH (at visit 2) and prevalent

clinical dementia (at visit 5).

A 2-sided p value #0.05 was considered statistically signifi-

cant. All statistical studies were analyzed using Stata version 12

(StataCorp, College Station, TX).

RESULTS The baseline characteristics of the 12,964
participants by PTH quartiles are shown in table 1.
The mean (SD) age was 57 (6) years, 57% were
women, and 24% were black. The mean (SD) and
median (25th–75th percentile) of PTH were 42.0 6

16.4 and 39.2 (31.1–49.4) pg/mL, respectively.
Those in the highest PTH quartile (63.6 6 15.9
pg/mL) were somewhat older, were more likely to
be women and black, and have lower cognitive Z
scores, lower education, lower physical activity levels,
higher blood pressures, higher prevalence of obesity,
diabetes, and CKD (eGFR,60), and lower 25(OH)
D and phosphate levels (all p , 0.05).

In a cross-sectional analysis, there were no statisti-
cally significant associations of higher PTH levels
(quartiles 2–4) compared with the referent lowest
quartile with a global cognitive score at baseline in
any of the 4 models tested (p . 0.05 for all, data not
shown). Figure 1 shows the multivariable-adjusted
cross-sectional dose-response relationship of continu-
ous PTH levels with a global cognitive score at visit 2.
This spline model shows lower average cognitive
scores for those with very elevated PTH, but there
was also evidence for a possible U-shaped relationship

Table 1 Continued

Overall
PTH 1st quartile
(10–31 pg/mL)

PTH 2nd quartile
(>31–39 pg/mL)

PTH 3rd quartile
(>39–49 pg/mL)

PTH 4th quartile
(>49–189 pg/mL)

25(OH)D, ng/mL 24.3 6 8.6 27.0 6 8.7 25.6 6 8.4 23.8 6 7.8 21.1 6 8.0

Calcium, mg/dL 9.4 6 0.4 9.4 6 0.4 9.3 6 0.4 9.3 6 0.4 9.3 6 0.5

Phosphate, mg/dL 3.5 6 0.5 3.6 6 0.5 3.6 6 0.5 3.5 6 0.5 3.4 6 0.5

Abbreviations: BMI5 body mass index; CVD5 cardiovascular disease; DBP5 diastolic blood pressure; DSSZ5 Digit Symbol Substitution Z score; DWRZ5

Delayed Word Recall Z score; eGFR 5 estimated glomerular filtration rate; HDL 5 high-density lipoprotein; PTH 5 parathyroid hormone; SBP 5 systolic
blood pressure; WFTZ 5 Word Fluency Test Z score.
aData are mean 6 SD or n (%).
bAssessed at the ARIC visit 1 (1987–1989).
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with lower cognitive scores noted at low PTH values.
Therefore, in sensitivity analyses, we repeated the
cross-sectional quartile analysis using quartile 2 as
the referent quartile, but there were still no statisti-
cally significant associations found.

Over a median of 20.7 years, participants in all
PTH quartiles showed a decline in global cognitive
function from visits 2 through 5, with Z scores ranging
from 20.94 to 20.96 after adjustment for lifestyle
modifiers and demographics (model 2, table 2). How-
ever, global cognitive decline was not steeper in partic-
ipants with PTH levels in the higher quartiles
compared with participants in the lowest quartile.
Findings were unaltered after further adjustment for
cardiovascular risk factors, renal function, and markers
of mineral metabolism. There was also no statistically
significant difference between PTH quartiles for each
of the 3 individual cognitive domains (model 4, table
3). There was no significant interaction by race; the
race-stratified results are presented in table e-3.

In sensitivity analysis, we also examined a short-
term decline between visits 2 and 4. Elevated PTH
levels were also not associated with a relatively steeper
decline in global Z scores compared with lower PTH
levels over a short term ;6-year period (table e-4).

We also examined the relationship between PTH
levels (visit 2) and the presence of clinical adjudicated
dementia at visit 5. The odds ratios comparing the

higher PTH quartiles to the reference quartile were
not statistically significant in all the models tested
(table 4).

DISCUSSION In this large biracial population-based
study, there was a decline in average cognitive func-
tion over 20 years. However, cognitive decline did
not differ according to the baseline PTH concentra-
tion. In addition, in cross-sectional analyses and
analyses with a shorter (6 year) follow-up, there were
also no associations between PTH and cognition.
Our work does not support an independent influence
of PTH on short- or long-term cognitive decline in
the general population.

Elevated PTH levels are considered to play a role
in cognitive impairment, potentially via increased vas-
cular calcification, elevated blood pressures, or endo-
thelial dysfunction.4,6 However, the prior literature
evaluating the association between PTH and cogni-
tive function has considerable heterogeneity between
study populations, and most of the literature studies
were cross-sectional, which limits causal inference.9

Our results contrast with the one other prospec-
tive study that followed a smaller (n 5 514) and
much older cohort of adults (aged 75–85 years) for
1, 5, and 10 years. In that study, the authors did find
an association between PTH and cognitive decline,
but did not adjust for education, cardiovascular risk

Figure 1 Cross-sectional differences in global Z combination scores by parathyroid hormone (PTH) levels at
visit 2

Curves represent adjusted differences in the global Z combination score (black line) and their 95% confidence intervals (red
lines) based on restricted cubic splines for PTH levels with knots at the 5th, 35th, 65th and 95th percentiles of their sample
distributions. The reference value (filled diamond) was set at a clinically relevant threshold of 65 pg/mL. The model was
adjusted for age, race/center, sex, education, smoking status, alcohol, body mass index, and physical activity (model 2).
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Table 2 Average change in 20-year global cognitive Z scoresa stratified by PTH quartiles and relative difference in cognitive change between higher PTH quartiles and lowest quartile

Part A: 20-y change in global cognitive domain by PTH quartiles (ARIC visit 2 through ARIC visit 5)
Part B: Relative difference in the 20-y change of global cognitive Z scores for higher PTH quartiles
compared with reference 1st quartile

PTH 1st quartile
(10–31 pg/mL)

PTH 2nd quartile
(31–39 pg/mL)

PTH 3rd quartile
(39–49 pg/mL)

PTH 4th quartile
(49–189 pg/mL) Difference (2nd 2 1st quartile) Difference (3rd 2 1st quartile) Difference (4th 2 1st quartile)

Model 1b 20.93 (20.98 to 20.88) 20.95 (21.00 to 20.91) 20.96 (21.01 to 20.92) 20.96 (21.01 to 20.91) 20.02 (20.08 to 0.03) 20.03 (20.09 to 0.02) 20.03 (20.09 to 0.03)

Model 2c 20.94 (21.02 to 20.87) 20.96 (21.04 to 20.88) 20.96 (21.04 to 20.89) 20.95 (21.03 to 20.88) 20.03 (20.07 to 0.04) 20.02 (20.07 to 0.04) 20.01 (20.07 to 0.05)

Model 3d 20.95 (21.02 to 20.87) 20.96 (21.04 to 20.89) 20.96 (21.04 to 20.89) 20.95 (21.03 to 20.88) 20.03 (20.07 to 0.04) 20.02 (20.07 to 0.04) 20.01 (20.07 to 0.05)

Model 4e 20.95 (21.02 to 20.87) 20.96 (21.04 to 20.89) 20.96 (21.04 to 20.89) 20.95 (21.03 to 20.88) 20.02 (20.07 to 0.04) 20.02 (20.07 to 0.04) 20.01 (20.07 to 0.05)

Abbreviations: CHD 5 coronary heart disease; PTH 5 parathyroid hormone.
aResults presented as b coefficients (95% confidence intervals).
bModel 1 adjusted for demographic variables: age, sex, and race/center.
cModel 2: model 1 1 demographic and behavioral and socioeconomic variables, including education, body mass index, smoking status, alcohol, and physical activity.
dModel 3: model 2 1 cardiovascular factors, including systolic and diastolic blood pressures, use of hypertension medication, diabetes, HDL cholesterol, total cholesterol, cholesterol-lowering medications,
estimated glomerular filtration rate, and history of prevalent CHD.
eModel 4: model 3 1 biomarker mediators in the metabolic pathway, including 25(OH)D (ng/mL), calcium (mg/dL), and phosphorus (mg/dL).

Table 3 Average change in 20-year decline in DWR, DSS, andWF scores stratified by PTH quartiles and relative difference in cognitive change between higher PTH quartiles and the lowest quartilea,b

PTH

Part A: 20-y change in individual cognitive domain by PTH quartiles (ARIC visit 2 through ARIC visit 5)
Part B: Relative difference in 20-y change for the individual cognitive domains for higher PTH
quartiles compared with reference 1st quartile

1st quartile (10–31 pg/mL) 2nd quartile (31–39 pg/mL) 3rd quartile (39–49 pg/mL) 4th quartile (49–189 pg/mL) Difference (2nd2 1st quartile) Difference (3rd 2 1st quartile) Difference (4th2 1st quartile)

DWR 21.18 (21.30 to 21.07) 21.19 (21.31 to 21.08) 21.19 (21.31 to 21.07) 21.18 (21.31 to 21.05) 20.01 (20.09 to 0.07) 20.01 (20.09 to 0.08) 0.00 (20.08 to 0.09)

DSS 20.77 (20.82 to 20.72) 20.78 (20.83 to 20.72) 20.78 (20.83 to 20.72) 20.78 (20.83 to 20.73) 20.01 (20.04 to 0.03) 20.01 (20.04 to 0.03) 20.01 (20.05 to 0.03)

WF
Tests

20.24 (20.31 to 20.18) 20.25 (20.32 to 20.19) 20.25 (20.31 to 20.19) 20.256 (20.32 to 20.20) 20.01 (20.05 to 0.03) 20.01 (20.05 to 0.04) 20.01 (20.06 to 0.03)

Abbreviations: CHD 5 coronary heart disease; DSS 5 Digit Symbol Substitution; DWR 5 Delayed Word Recall; HDL 5 high-density lipoprotein; PTH 5 parathyroid hormone; WF 5 Word Fluency.
aResults presented as b coefficients (95% confidence intervals).
bModel adjusted for age, sex, race/center, education, body mass index, smoking status, alcohol, and physical activity, cardiovascular factors, including systolic and diastolic blood pressures, use of hypertension
medication, diabetes, HDL cholesterol, total cholesterol, cholesterol-lowering medications, estimated glomerular filtration rate, and history of prevalent CHD, biomarker mediators in the metabolic pathway,
including 25(OH)D (ng/mL), calcium (mg/dL), and phosphorus (mg/dL).
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factors, or 25(OH)D levels.27 In our analyses, using
a much larger cohort of younger individuals (mean
age 57 years), we were able to consider numerous
confounding and potential mediating variables, but
did not find evidence for any associations. Also, in the
prior study, elevated PTH levels were only associated
with shorter 5-year cognitive decline but not with 10-
year cognitive decline, although their sample size was
greatly reduced by the time of their 10-year follow-
up.27 We also examined a shorter time frame in a sen-
sitivity analysis, but we did not discover a significant
relationship between elevated PTH levels and 6-year
cognitive decline.

Our results are similar to previous null results
from the ARIC Brain MRI Study which showed that
PTH was not independently associated with subclin-
ical brain infarcts or white matter hyperintensities on
brain MRI,25 which are indicators for subclinical cere-
brovascular diseases and linked with reduced cogni-
tive function.28 Our findings were also in accordance
with another ARIC study that did not show a signif-
icant association between PTH and clinical cardiovas-
cular events.15 These collective data suggest that
perhaps elevated PTH levels may not independently
contribute to the development of cognitive
impairment.

Two relevant factors associated with PTH levels in
cross-sectional analyses were 25(OH)D and obesity. A
previous ARIC study evaluating the relationship
between midlife metabolic syndrome with cognitive
decline found modest associations for the metabolic
syndrome and some of its individual components such
as increased waist circumference.29 However, our prior
work in ARIC did not find 25(OH)D to be indepen-
dently associated with either 10-year or 20-year cogni-
tive decline,12,13 or with subclinical cerebrovascular
disease on brain MRI.30 In our current analyses, we

adjusted for 25(OH)D levels and BMI/physical activ-
ity, but we still found no association of PTH with
cognitive decline after considering these factors.

It is worth noting that the range of PTH in this
study largely included PTH in the normal ranges with
only a small fraction of patients with very elevated or
depressed PTH. Sensitivity analyses comparing ele-
vated PTH $65 vs ,65 pg/mL were also null in
our analysis. It is a possibility that PTH in huge excess
can still induce cerebrovascular disease and subse-
quent dementia as demonstrated by certain animal
models linking PTH excess with enhanced release
of vasopressin and vasoconstriction.31

The major limitation of this study was attrition of
participants over follow-up, which was higher among
those with an elevated PTH who had increased CVD
risk factors. In addition, those with poorer baseline
cognitive function were also less likely to return. This
differential loss to follow-up could potentially bias
toward a null hypothesis, but we attempted to
account for this by using imputation models. Another
limitation was that we only had a single measure of
PTH at the baseline examination and could not
examine influences of changes in PTH levels over
time. Also the prevalence of advanced CKD was
low in our community-based cohort, so although
we adjusted for renal function, we could not examine
associations within this specific subgroup. CKD is
associated with higher PTH levels, and the association
between PTH and cognition may be different among
those with significant renal failure. Finally, although
our study sample is the largest population-based study
that we are aware of examining the relationship
between PTH and cognitive function, it may still
be underpowered for prospective analysis. However,
if any associations are present, the effect size is likely
to be small.

Table 4 Associationsa of PTH levels measured at visit 2 with prevalent adjudicated clinical dementia assessed
at visit 5 for participants in the ARIC Neurocognitive Ancillary Study (n, case/N, total 5 291/2,905)

PTH 1st quartile
(10–31 pg/mL)

PTH 2nd quartile
(31–39 pg/mL)

PTH 3rd quartile
(39–49 pg/mL)

PTH 4th quartile
(49–189 pg/mL)

Model 1b Reference (1) 1.16 (0.80–1.69) 1.21 (0.84–1.75) 1.15 (0.79–1.67)

Model 2c Reference (1) 1.22 (0.83–1.80) 1.27 (0.87–1.86) 1.25 (0.84–1.86)

Model 3d Reference (1) 1.16 (0.78–1.73) 1.23 (0.84–1.82) 1.22 (0.81–1.85)

Model 4e Reference (1) 1.22 (0.80–1.84) 1.27 (0.84–1.91) 1.37 (0.89–2.12)

Abbreviations: CHD 5 coronary heart disease; HDL 5 high-density lipoprotein; PTH 5 parathyroid hormone.
aResults presented as odds ratios (95% confidence intervals).
bModel 1 adjusted for demographic variables: age, sex, and race/center.
cModel 2: model 1 1 demographic and behavioral and socioeconomic variables, including education, body mass index,
smoking status, alcohol, and physical activity.
dModel 3: model 2 1 cardiovascular factors, including systolic and diastolic blood pressures, use of hypertension medi-
cation, diabetes, HDL cholesterol, total cholesterol, cholesterol-lowering medications, estimated glomerular filtration rate,
and history of prevalent CHD.
eModel 4: model 3 1 biomarker mediators in the metabolic pathway, including 25(OH)D (ng/mL), calcium (mg/dL), and
phosphorus (mg/dL).
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The major strengths of our analyses are that, to
date, this is the largest prospective cohort study that
has analyzed the relationship between mid-life PTH
levels and long-term cognitive decline, with rigorous
adjustment for potentially confounding variables of
demographics, education, behaviors, and lifestyle.
Although our primary analytical model was null, we
also included models adjusted for potential mediators,
including CVD risk factors, renal function, and
serum markers of bone mineral metabolism, such as
25(OH)D, calcium, and phosphate, which other
studies have not done.

In summary, we did not find a significant inde-
pendent association between elevated PTH levels
and cognitive function or dementia. Our results chal-
lenge those of prior studies that have purported
a causal relationship between elevated PTH and
reduced cognitive function.
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