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Abstract
Risk factors often develop at young age and are maintained over time, but it is not fully

understood how risk factors develop over time preceding cardiovascular disease (CVD).

Our objective was to examine how levels and trajectories of metabolic risk factors and bio-

chemical markers prior to diagnosis differ between people with and without CVD over a

period of up to 15–20 years. A total of 449 incident non-fatal and fatal CVD cases and 1,347

age- and sex-matched controls were identified in a prospective cohort between 1993 and

2011. Metabolic risk factors and biochemical markers were measured at five-year intervals

prior to diagnosis. Trajectories of metabolic risk factors and biochemical markers were ana-

lysed using random coefficient analyses. Although not always statistically significant, partic-

ipants with CVD had slightly more unfavourable levels for most metabolic risk factors and

biochemical markers 15–20 years before diagnosis than controls. Subsequent trajectories

until diagnosis were similar in participants with incident CVD and controls for body mass

index, diastolic blood pressure, total cholesterol, HDL cholesterol, random glucose, triglyc-

erides, gamma glutamyltransferase, C-reactive protein and uric acid. Trajectories were

more unfavourable in participants with CVD than controls for systolic blood pressure, waist

circumference and estimated glomerular filtration rate (p�0.05). For example, among partic-

ipants with CVD, systolic blood pressure increased on average by 9 mmHg over the 18-

year period preceding diagnosis, whereas the increase among controls was 4 mmHg. In

conclusion, unfavourable levels of metabolic risk factors and biochemical markers are pres-

ent long before CVD, which indicates that the risk of CVD is already partly determined in

young adulthood. This underscores the need for early prevention to reduce the burden of

CVD.
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Introduction
It is unclear whether cardiovascular disease (CVD) is preceded by gradual accumulation of
adverse levels of risk factors starting at young age, by relatively sudden deterioration in risk fac-
tors shortly before disease onset, or a combination of both. Although it has been well-estab-
lished that adverse levels of risk factors often develop early in life and are maintained over time
[1–6], it is not fully understood as to how they progress to CVD. For a better understanding of
the natural history of CVD, it is necessary to know how metabolic risk factors and biochemical
markers develop during the decades prior to the onset of CVD. The comparison of long-term
trajectories of metabolic risk factors and biochemical markers between those who do and those
who do not develop CVD will provide insight into the timing and the extent of pathophysiolog-
ical changes before the occurrence of CVD, which may, therefore, give an indication as to the
optimal timing of preventive actions.

Long-term trajectories of metabolic risk factors and biochemical markers preceding CVD
have hardly been explored but the few available studies suggest differences between those with
and those without CVD long before diagnosis. For example, at the age of 17, males in the Israel
Defence Forces who later developed a stenosis of more than 50% in at least one coronary artery
had similar BMI levels to the men without coronary stenosis; however, subsequent increases in
BMI up to diagnosis at the age of 25–45 years were larger in men who developed the stenosis
than among other young men.[7] In the Whitehall II study, British civil servants with CVD
had higher levels of C-reactive protein (CRP) 14 years prior to diagnosis of fatal CVD than
those individuals without CVD [8]. This difference remained similar until the occurrence of
CVD. Insight into trajectories of other important CVD risk factors, such as blood pressure [9],
lipids [10, 11], liver fat accumulation [12] and kidney function [13] may lead to a better under-
standing of the long-term physiological changes preceding CVD. Therefore, we examined how
levels and trajectories of several metabolic risk factors and biochemical markers prior to diag-
nosis among initially healthy men and women differed between those who later developed
CVD and those who did not, over a period of up to 15–20 years.

Materials and Methods

Population
The Doetinchem Cohort Study is an ongoing population-based longitudinal study of men
and women aged 20–59 years from Doetinchem, a town in the Netherlands. Men and women
were invited to undergo a clinical examination from 1987–1991 (wave 1: N = 7,768, partici-
pation rate: 62%), 1993–1997 (wave 2: N = 6,117), 1998–2002 (wave 3: N = 4,918), 2003–
2007 (wave 4: N = 4,520) and 2008–2012 (wave 5: N = 4,018). Response rates were 75% or
higher in waves 2–5. Details are described elsewhere.[14] We excluded 2,250 participants
from the current analyses based on the following exclusion criteria: participation in only one
wave (N = 1,378); missing follow up information on CVD or no informed consent for linkage
with Statistics Netherlands or the Dutch Hospital Discharge Registry (n = 416); prevalent
CVD at baseline or wave 2 based on hospital discharge data and self-reporting (N = 184);
missing data on biochemical markers in all waves due to absence of informed consent to use
blood samples for future research (N = 90); and non-participation in the wave prior to diag-
nosis of CVD (N = 182). This led to a population of 2,517 men and 3,001 women. Pregnant
women were excluded for the wave in which they were pregnant. All participants gave writ-
ten informed consent for each wave and the study was approved according to the guidelines
of the Helsinki Declaration by the Medical Ethics Committee of the University Medical Cen-
ter Utrecht.
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Measurements
Weight, height, waist circumference, diastolic and systolic blood pressure were measured and
blood samples were taken according to standard protocols [14]. Body weight was measured to
the nearest 0.1 kg on calibrated scales and 1 kg was subtracted to adjust for clothing; height was
measured to the nearest 0.5 cm. BMI was calculated as weight divided by height squared (kg/
m2). Waist circumference was measured twice to the nearest 0.5 cm, at the level midway
between the lowest rib and the iliac crest at the end of expiration, with participants in standing
position. The mean of two measurements was used for analysis. Plasma glucose levels were
determined in random non-fasting venous blood samples using the hexokinase method [15].
Diastolic and systolic blood pressure levels were measured twice after 2 minutes of rest and the
average of these two measurements was used in the analyses. Participants were measured in sit-
ting position with a random zero sphygmomanometer (Hawksley and Sons, Lancing, UK) in
waves one through three. In waves four and five a Speidel Keller meter (Welch Allyn, Skaneate-
les Falls, NY, USA) was used. Mean diastolic and systolic blood pressure levels measured dur-
ing wave four were unexpectedly higher compared to the blood pressure levels in the previous
and following waves. No clear cause could be identified, therefore, we statistically corrected
blood pressure values of wave 4, as described extensively elsewhere [16]. Total cholesterol and
HDL cholesterol were measured until 1998 in non-fasting EDTA-plasma and from 1998
onwards in serum, using standardised enzymatic methods. In 2013–2014, standardised enzy-
matic methods (Roche/Hitachi Modular P analyser, Mannheim, Germany) were used to retro-
spectively determine additional biochemical markers from waves 2–5 in non-fasting plasma
samples that had been stored at -20 degree Celsius until June 1995 and at -80 degree Celsius
from July 1995 onwards. Gamma-glutamyltransferase (GGT), uric acid, triglycerides (GPO--
PAP assay) and alanine aminotransferase (ALT) (kinetic UV assay) were measured with a col-
orimetric method. ALT measurements were excluded until June 1995 (N = 2,495) because
prior to that blood plasma was stored at -20 degree Celsius, a temperature at which ALT has
poor stability [15]. ALT (N�2), and GGT (N�29) values greater than three times the upper
normal reference were recoded as missing for that wave since this may indicate liver problems
[17]. High sensitivity CRP was measured with the principle of particle-enhanced immunologi-
cal agglutination (Tina-quant CRP) and cystatin C measurement was based on a particle
enhanced-turbidimetric immunoassay using reagents from Gentian (Gentian, Moss, Norway).
CRP values above 10 mg/L were recoded as missing for that wave because this may have indi-
cated an acute-phase response to infection, for example, or physical injury rather than chronic
subclinical inflammation (N�80) [18]. Creatinine was measured with a Creatinine Plus assay
(IDMS traceable). Estimated glomerular filtration rate (eGFR) was estimated with the Chronic
Disease Epidemiology Collaboration (CKD-EPI) equation using a combination of cystatin C
and creatinine [19]. Data on educational attainment, smoking status and use of anti-hyperten-
sive and cholesterol-lowering medication were obtained by questionnaire.

Cardiovascular disease
Non-fatal and fatal cardiovascular events that occurred after the second examination wave
were ascertained until January 1, 2011. Cause of death was ascertained through linkage with
Statistics Netherlands, and morbidity data were obtained through probabilistic linkage with the
Dutch Hospital Discharge Registry [20]. We defined fatal CVD cases (where CVD was the pri-
mary or secondary cause of death) and non-fatal CVD cases according to ICD-9 codes 410–
414, 415.1, 427.5, 428, 430–438, 440–442, 443.9, 444, 798.1, 798.2, 798.9 [21] and correspond-
ing ICD-10 codes [22].

Trajectories of Risk Factors Preceding CVD

PLOSONE | DOI:10.1371/journal.pone.0155978 May 20, 2016 3 / 15



Selection of controls
For each incident CVD case (N = 449), three controls were randomly selected from the same
study wave and matched on age (±3 years) and sex using incidence density sampling, which is
the preferred method for a nested case-control design and was recently also proposed for retro-
spective, longitudinal analyses [23, 24]. This led to a 1,347 controls. We matched to control as
much as possible for differences in metabolic risk factors and biochemical markers between
those with and those without CVD caused by differences in age and length of follow-up.

Data analysis
The two-sample t-test and chi-square test were used to assess differences in baseline variables
between individuals with CVD and controls.

From the date of diagnosis, participants were followed back in time for 5–24 years (Table 1),
i.e. participants diagnosed between waves 2–3, 3–4, 4–5 and after wave 5 could be followed
back in time for 6–11, 11–16, 16–21 or 21–24 years respectively. BMI, blood pressure, total
cholesterol and HDL cholesterol were followed back in time for a maximum of 24 years, and
other metabolic risk factors and biochemical markers were followed back in time for a maxi-
mum of 18 years, as those factors were not measured during the first examination wave.

Trajectories were constructed by random coefficient analyses adjusted for sex, age (linear,
plus quadratic and cubic age-terms if it statistically significantly improved model fit), examina-
tion wave and time prior to event as a linear function for each metabolic risk factor and bio-
chemical marker (dependent variable) separately. For participants with incident CVD, the
exact time of each examination prior to diagnosis was calculated by subtracting the examina-
tion date from the date of diagnosis of CVD. Matched controls were assigned the same follow-
up time as their respective cases. Age was centred at 60 years, which was approximately the
mean age at wave 5, and examination wave was centred at wave 4 to fit trajectories for a hypo-
thetical population of 60-year-olds in 2002–2007 (T0). We centred the examination wave at
wave 4 and not wave 5 for optimal power since there were only few incident CVD cases after
wave 5 (N = 38). Trajectories of diastolic and systolic blood pressure were also adjusted for
anti-hypertensive medications, and trajectories of total cholesterol, HDL cholesterol and tri-
glycerides were adjusted for cholesterol-lowering medications. We log-transformed triglycer-
ides, ALT, GGT and CRP and reported back-transformed geometric means since these
biochemical markers did not have a normal distribution.

Table 1. Number of incident CVD cases at each wave and the corresponding follow-up time of metabolic risk factors and biochemical markers.

Moment of
diagnosis

Number of
incident CVD
cases

Number of years prior to diagnosis
that measurements of BMI, DBP, SBP,
TC and HDLc were available

Number of years prior to diagnosis that
measurements of glucose, WC, TG, ALT,
GGT, CRP, UA, eGFR were available

Age at diagnosis
Mean ± standard
deviation

Between
waves 2–3

120 6–11 0–5 55.4 ± 8.2

Between
waves 3–4

128 11–16 5–10 59.3 ± 8.6

Between
waves 4–5

163 16–21 10–15 64.0 ± 9.1

After wave 5 38 21–24 15–18 63.5 ± 8.8

Abbreviations: BMI, body mass index; CVD, cardiovascular disease; DBP, diastolic blood pressure; SBP, systolic blood pressure; TC, total cholesterol;

HDLc, high-density lipoprotein cholesterol; WC, waist circumference; TG, triglycerides; ALT, alanine aminotransferase; GGT, gamma glutamyltransferase;

CRP, C-reactive protein; UA, uric acid; eGFR, estimated glomerular filtration rate

Note: For example, cases diagnosed after wave 5 had measurements of BMI, DBP, SBP, TC and HDLc for up to 21–24 years and measurements of other

risk factors and biochemical markers for up to 15–18 years prior to diagnosis. Cases diagnosed between waves 3–4 had measurements of BMI, DBP,

SBP, TC and HDLc for up to 11–16 years and measurements of other risk factors and biochemical markers for up to 5–10 years prior to diagnosis.

doi:10.1371/journal.pone.0155978.t001
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Non-linearity was investigated by fitting first-order fractional polynomials of time [25]. The
following transformations of time before event were fitted: linear, quadratic, cubic, square root,
logarithmic, and the inverse of linear, quadratic and square root. A non-linear function of time
replaced the linear function of time when the model fit was statistically significantly better
based on the likelihood ratio test (P<0.05). A second polynomial was included in the model
when inclusion further improved the model fit.

We tested differences between individuals with CVD and controls in 1) levels of metabolic
risk factors and biochemical markers 18 years before CVD, 2) subsequent trajectories until
diagnosis and 3) levels at diagnosis. Participants with incident CVD and controls were con-
trasted using the contrast statement in SAS to test differences in levels of metabolic risk factors
and biochemical markers at diagnosis and 18 years prior to diagnosis, the maximum follow-up
time of most metabolic risk factors and biochemical markers. Differences in trajectories of met-
abolic risk factors and biochemical markers between participants with incident CVD and con-
trols were statistically tested (P<0.10) using an interaction term or interaction terms for the
interaction(s) between CVD status and the time function(s) (i.e. time before event). A three-
way interaction between age, CVD status and the time function(s) tested whether differences
in trajectories between individuals with CVD and controls differed significantly by age
(P<0.10).

We had limited power to stratify the primary analyses by specific CVD endpoint (coronary
heart disease, stroke). To get an indication of potential differences in trajectories between sub-
types of CVD, we modelled trajectories of BMI, diastolic and systolic blood pressure, total cho-
lesterol and HDL cholesterol separately for coronary heart disease and stroke as a sensitivity
analysis. These were chosen because they are major risk factors of CVD, and the full follow-up
period was available for these risk factors. Trajectories were additionally adjusted for BMI and
centred at 25 kg/m2 in sensitivity analyses to investigate whether differences in trajectories
between participants with incident CVD and controls could be explained by BMI, a key driver
of the other metabolic risk factors and biochemical markers [26–29]. All analyses were per-
formed using SAS 9.3 software.

Results
In the total study population, 449 participants developed CVD (290 men; 159 women): 281
coronary heart disease events, 117 strokes and 51 other cardiovascular events occurred. For
participants with incident CVD and controls, blood pressure, total cholesterol, HDL choles-
terol and BMI (that were measured from the first wave onwards) were followed back in time
for an average of 2.9 waves and 14.9 years (range: 6.0–23.8) while the other risk factors and bio-
chemical markers (that were measured from the second wave onwards) were followed back in
time for an average of 2.2 waves and 11.1 years (range: 5.0–17.8). Participants diagnosed with
CVD later during follow-up were older (Table 1). At baseline, the average age was 45.4 (range:
20.1–59.8). Participants with incident CVD were more likely to have had a lower level of educa-
tion and to have been a smoker than controls (Table 2). At each wave, levels of the risk factors
and biochemical markers were slightly more unfavourable in participants with incident CVD
than in controls (S1 Table).

Differences in initial levels of metabolic risk factors and biochemical
markers between participants with CVD and controls
With the exception of systolic blood pressure, waist circumference, ALT and eGFR, partici-
pants with incident CVD had, on average, slightly more unfavourable levels of metabolic risk
factors and biochemical markers than controls at 18 years before diagnosis in age-adjusted
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analyses (Fig 1,Table 3 and S2 Table). This difference was only statistically significantly for
HDL cholesterol, triglycerides and random glucose (P<0.05).

Differences in trajectories of metabolic risk factors and biochemical
markers between participants with CVD and controls
The differences observed between participants with incident CVD and controls 15–20 years
before diagnosis remained stable over time for most metabolic risk factors and biochemical
markers (P�0.10) (Fig 1 and Table 3). During the 18 years preceding diagnosis, in both partici-
pants with incident CVD and controls, increasing levels were seen for mean BMI (2%), dia-
stolic blood pressure (4%), random glucose (3–4%), ALT (5%), GGT (20–25%), CRP (34–64%)
and uric acid (4–6%); decreasing levels for HDL cholesterol (-3 to -4%); and stable levels for tri-
glycerides. In individuals with CVD, this resulted in statistically significantly more unfavour-
able levels of BMI, diastolic blood pressure, HDL cholesterol, triglycerides, random glucose,
GGT and uric acid at diagnosis compared to controls (P<0.01).

Levels of ALT, CRP and total cholesterol were not statistically significantly different in par-
ticipants with CVD and controls 15–20 years before diagnosis and at the end of follow-up/at
diagnosis (P�0.05). Trajectories of ALT and CRP were similar in participants with CVD and
controls (P�0.10), while the trajectory of total cholesterol was statistically significantly less
unfavourable in individuals with incident CVD than controls (P<0.05). The difference in
change in total cholesterol between participants with CVD and controls became 40% smaller
after adjustment for cholesterol-lowering medication but remained statistically significantly
different (P<0.05).

More unfavourable trajectories were observed in participants with CVD than in controls for
systolic blood pressure (P<0.01), waist circumference (P = 0.05) and eGFR (P<0.01) (Fig 1
and Table 3). The similar levels of these risk factors in participants with CVD and controls 15–
20 years before CVD slowly turned into more unfavourable levels in those with CVD at diagno-
sis (P<0.01). In men and women with incident CVD the mean systolic blood pressure
increased from 132 to 141 mmHg (7%) in the 18 years preceding diagnosis, while systolic
blood pressure increased from 131 to 135 mmHg (3%) in controls. During the same period,
waist circumference increased from 95 to 99 cm (4%) and eGFR decreased from 93 to 87 ml/
min/1.73m2 (-6%) in participants with incident CVD, while changes were 2–6 times smaller in
controls.

There were no statistically significant differences by age in the comparison of trajectories of
metabolic risk factors and biochemical markers between people with CVD and controls

Table 2. Baseline characteristics of participants who developed cardiovascular disease and those who did not.

Cardiovascular disease (N = 449) No cardiovascular disease (N = 1,347) P-value for difference

Demographics

Age (years), mean (SD) 45.4 (8.7) 45.5 (8.7) 0.57

Women (%) 159 (35%) 477 (35%) 1.00

Low educational level (%)* 304 (68%) 804 (60%) 0.03

Smoking status

Currently smoking (%) 198 (44%) 372 (28%) <0.01

Ex-smoker (%) 123 (27%) 475 (35%) <0.01

Medication

Anti-hypertensive medication (%) 29 (6%) 56 (4%) 0.06

Cholesterol-lowering medication (%) 0 (0%) 1 (0%) 0.30

* Intermediate secondary education or less.

doi:10.1371/journal.pone.0155978.t002
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(P�0.10 for three-way interactions), with the exception of HDL cholesterol (P = 0.07 for three-
interaction) and ALT (P = 0.02 for three-way interaction).

Sensitivity analyses
Participants with coronary heart disease and stroke had no statistically significantly different
levels or trajectories of BMI, diastolic and blood pressure, total cholesterol and HDL cholesterol
during the 15–20 years prior to diagnosis (Fig 2). Other sensitivity analyses showed that adjust-
ment for BMI only slightly attenuated differences in metabolic risk factors and biochemical
markers between participants with incident CVD and controls (S1 Fig).

Discussion
Long before (up to 15–20 years prior to) the diagnosis of CVD, people with incident CVD had,
although not always statistically significant, slightly more unfavourable metabolic risk factor

Fig 1. Trajectories of bodymass index (a), DBP (b), SBP (c), total cholesterol (d), HDL cholesterol (e),
triglycerides (f), waist circumference (g), random glucose (h), ALT (i), GGT (j), C-reactive protein (k),
Uric acid (l), and eGFR (m) of those participants with incident cardiovascular disease (solid black
lines) and controls (dashed grey lines) for a hypothetical population of 60 year olds at diagnosis.
Abbreviations: DBP, diastolic blood pressure; SBP, systolic blood pressure; ALT, alanine aminotransferase;
GGT, gamma glutamyltransferase; eGFR, estimated glomerular filtration rate. The thin black lines represent
the 95% confidence intervals of mean levels of metabolic risk factors and biochemical markers for individuals
with CVD. The thin dashed grey lines represent the 95% confidence intervals of mean levels of metabolic risk
factors and biochemical markers for controls. Geometric means are shown for triglycerides, alanine
aminotransferase, gamma glutamyltransferase and C-reactive protein. An asterisk (*) indicates a statistically
significant difference in trajectory between cases and controls (P<0.10).

doi:10.1371/journal.pone.0155978.g001

Table 3. Mean levels of metabolic risk factors and biochemical markers 18 years prior to diagnosis of cardiovascular disease and at diagnosis,
and percentage change during that period, separately for cases and controls.

Mean level at T-18* Mean level at diagnosis* Percentage change between T-18 and
diagnosis

Cases Controls P-value for
difference

Cases Controls P-value for
difference

Cases Controls P-value for
difference †

Body mass index (kg/m2) 27.0 26.3 NS 27.7 26.9 <0.01 2% 2% NS

Diastolic blood pressure
(mmHg)

82 80 NS 85 83 <0.01 4% 4% NS

Systolic blood pressure
(mmHg)

132 131 NS 141 135 <0.01 7% 3% <0.01

Total cholesterol (mmol/L) 6.1 5.7 NS 6.0 5.9 NS 0% 4% <0.05

HDL cholesterol (mmol/L) 1.35 1.43 <0.05 1.30 1.42 <0.01 -3% -1% NS

Triglycerides (mmol/L) 1.5 1.4 <0.01 1.5 1.4 <0.01 0% 0% NS

Glucose (mmol/L) 5.8 5.5 <0.01 5.6 5.3 <0.05 -3% -4% NS

Waist circumference (cm) 95 95 NS 99 97 <0.01 4% 2% 0.05

ALT (U/L) 18 17 NS 19 18 NS 5% 5% NS

GGT (U/L) 22 20 NS 28 24 <0.01 25% 20% NS

C-reactive protein (mg/L) 1.3 0.9 NS 1.7 1.5 NS 34% 64% NS

Uric acid (mmol/L) 0.30 0.29 NS 0.32 0.30 <0.01 6% 4% NS

eGFR (ml/min/1.73 m2) 93 93 NS 87 92 <0.01 -6% -1% <0.01

Abbreviations: ALT, alanine aminotransferase; GGT, gamma glutamyltransferase; eGFR, estimated glomerular filtration rate; NS: not significant.

*Age-adjusted mean levels were estimated using random coefficient analyses.

†Difference in trajectory was statistically tested with interaction term(s) between time prior to diagnosis and cardiovascular disease status.

doi:10.1371/journal.pone.0155978.t003
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Fig 2. Trajectories of body mass index (a), diastolic blood pressure (b), systolic blood pressure (c), total cholesterol (d) and HDL cholesterol (e) of those
participants with incident coronary heart disease (solid black lines), incident stroke (solid grey lines) and controls (dashed grey lines) for a hypothetical
population of 60 year olds at diagnosis.

doi:10.1371/journal.pone.0155978.g002
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and biochemical marker levels than controls. Subsequent trajectories in BMI, diastolic blood
pressure, HDL cholesterol, random glucose, triglycerides, GGT, ALT, CRP and uric acid were
similar in people with incident CVD and controls until diagnosis. For systolic blood pressure,
waist circumference and eGFR, similar levels were seen at 15–20 years before diagnosis, but
more unfavourable subsequent trajectories were observed for participants with incident CVD
compared to controls.

Differences in all metabolic risk factors and biochemical markers were small in our popula-
tion but are in line with results from the INTERHEART study that also revealed small differ-
ences in mean levels of BMI (0.3 kg/m2) and HDL cholesterol (0.03 mmol/L) between
individuals with myocardial infarction and controls [30, 31]. Although we did not observe a
statistically significant difference in CRP between individuals with CVD and controls, the
mean difference in CRP (0.2-0-4 mg/L) over the 18-year period is also in accordance with find-
ings from the Whitehall II study. They showed a constant difference in mean CRP of 0.3–0.4
mg/L between people with incident fatal CVD and controls during the 14 years prior to diagno-
sis [8]. Extending the findings of the Whitehall II study to other metabolic risk factors and bio-
chemical markers, our results suggest that differences in most other metabolic risk factors and
biochemical markers were already present long before diagnosis, and, in general, subsequent
trajectories were similar between individuals with CVD and controls up to the occurrence of
CVD. These differences were not explained by differences in BMI, and, in general, did not dif-
fer by age at diagnosis. These findings underscore the fact that CVD is caused by a long-term
multifactorial disease process in which adverse effects of elevated levels of multiple risk factors
are already present at young age and slowly accumulate over time, rather than being the result
of rapidly increasing levels of risk factors in the years preceding diagnosis.

We observed a larger increase in total cholesterol in controls than in participants with CVD.
This may be the result of a larger increase in the use of statins in individuals with CVD than
controls. Indeed, in participants with CVD use of cholesterol-lowering medication was 50%
higher than in controls. Although additional adjustment for cholesterol-lowering medication
attenuated the difference in trajectory of total cholesterol between cases and controls by 40%, it
may not fully account for this increase in statin use.

During the 15–20 years preceding CVD, the course of only two of the metabolic risk factors
and one of the biochemical markers was different in individuals with incident CVD than in
controls: increases in systolic blood pressure, waist circumference and eGFR were larger in par-
ticipants with incident CVD than in controls. This suggests that unfavourable changes in these
three risk factors in the 15–20 years prior to diagnosis might be important in the development
of CVD. Independently from BMI, waist circumference is associated with systolic blood pres-
sure and GFR [32, 33], which suggests that the unfavourable trajectory in waist circumference
partially drives the unfavourable trajectories of blood pressure and eGFR. Blood pressure and
GFR are also highly related, and each may adversely affect the other [34, 35]. The trajectory of
eGFR may, therefore, resemble the trajectory of systolic blood pressure, and vice versa. In addi-
tion, unfavourable changes in either GFR or systolic blood pressure may also exacerbate the
effect of the other. Although the unfavourable trajectories of systolic blood pressure, waist cir-
cumference and eGFR in people with incident CVD are biological plausible, the possibility of
chance findings cannot be ruled out.

The more unfavourable trajectory in waist circumference but not in BMI in participants
with incident CVD in comparison to controls suggests that unfavourable changes in intra-
abdominal adiposity may be more important in the development of CVD than changes in gen-
eral adiposity. The INTERHEART study also observed a stronger relationship for waist cir-
cumference and myocardial infarction than with BMI [36]. This is compatible with the fact
that adipose tissue produces and secretes many bioactive molecules such as leptin, adiponectin,
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angiotensinogen, and inflammatory molecules. These adipokines also interact with other tis-
sues and cells in the body that are linked with CVD [37]. In addition, the more rapid increase
in waist circumference, and thus in abdominal fat, in individuals with CVD than in controls,
while changes in BMI (a measure of general adiposity) were similar, is consistent with a change
in fat distribution in the 10–15 years preceding CVD. If such a change in fat distribution would
be accompanied by an overall increase in fat mass, the fact that changes in BMI are similar
would likely imply that overall increases in fat mass are accompanied by decreases in muscle
mass. This is in line with our secondary analyses, in which we found that, in people with CVD,
the decline in eGFR based on cystatin C (-7.3 ml/min/1.73m2) was larger than the decline in
eGFR based on creatinine (-3.0 ml/min/1.73m2) during the 20 years prior to diagnosis (data
not shown). Creatinine might remain higher due to a decline in muscle mass, while cystatin C
better demonstrates the true decline in kidney function [38, 39].

The presence of unfavourable risk factor levels 15–20 years or more prior to CVD, the fact
that CVD event rates increase progressively after the age of 45 years [40–42], and, of course, given
that we want to prevent or postpone as many of those cases as possible, underscore the need for
CVD prevention in young adulthood. Small elevations in metabolic risk factors and biochemical
markers are often not considered clinically relevant at a young age, but our findings indicate that
small elevations in most metabolic risk factors and biochemical markers remain the same–they
do not disappear–during the 15–20 years preceding CVD. These findings suggests that unfavour-
able levels are already harmful at a young age, and, they emphasize the importance of maintaining
favourable levels of general adiposity, blood pressure, lipids, markers of liver fat, chronic inflam-
mation and kidney function from young adulthood onwards by way of a healthy lifestyle, includ-
ing a healthy diet and physical activity. Preventing deterioration of systolic blood pressure,
abdominal adiposity and kidney function in young adulthood andmiddle age might be especially
warranted since these factors deteriorated more rapidly in people with CVD than controls until
diagnosis. In addition, when extrapolating our findings to CVD risk prediction, the relatively
small differences in mean levels of metabolic risk factors and biochemical markers between peo-
ple with CVD and controls underscores the difficulty in differentiating between those who will
and those who will not develop CVD long before diagnosis [43]. The similar long-term course of
the majority of risk factors in people with CVD and controls also suggests that it is unlikely that
multiple measurements of risk factors can improve the performance of CVD prediction models.

Our approach using the modelling of long-term trajectories preceding CVD yields impor-
tant insights into physiological changes preceding CVD. The strengths of this study are that
the same group of trained study personnel objectively measured various metabolic risk factors
and biochemical markers in a population-based cohort over a long period. Our study has also
certain limitations, in that relatively few participants had measurements of metabolic risk fac-
tors and biochemical markers over the full follow-up period due to the limited incidence of
CVD after wave 5 (N = 38), which led to relatively large 95% confidence intervals at 20 years or
more before diagnosis. Although all types of CVD share common risk factors, the strength of
risk factors differs by endpoint. For example, hypertension is more strongly associated with
stroke than with coronary heart disease [44, 45]. In sensitivity analyses, we observed only small
statistically insignificant differences in levels and trajectories between people with stroke and
coronary heart disease. Combining all subtypes of CVD has, therefore, probably led to a small
underestimation of the differences in metabolic risk factors and biochemical markers between
cases and controls. Furthermore, the non-responders and the excluded participants had slightly
more unfavourable levels of the metabolic risk factors and biochemical markers than the study
participants. This may have led to an underestimation of the proportion of adults with incident
CVD and, as a consequence may have slightly underestimated differences in levels of metabolic
risk factors and biochemical markers between people with incident CVD and controls.
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Conclusions
The present study suggests that people with incident CVD have more unfavourable levels, but
a similar course, of most metabolic risk factors and biochemical markers compared to controls
during the 15–20 years preceding CVD. In contrast, the course of systolic blood pressure, waist
circumference and kidney function was more unfavourable in people with CVD than in con-
trols, leading to increasing differences during the 15–20 years preceding diagnosis. These find-
ings seem to indicate that the risk of CVD is already partly determined in young adulthood;
thereby stressing the need for primary prevention measures targeted at all risk factors, such as
encouraging physical activity and a healthy diet in individuals starting from childhood/young
adulthood onwards.
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S1 Fig. Results adjusted for body mass index. Trajectories of DBP (a), SBP (b), total choles-
terol (c), HDL cholesterol (d), triglycerides (e), waist circumference (f), random glucose (g),
ALT (h), GGT (i), C-reactive protein (j), uric acid (k), and eGFR (l) of those participants
with incident cardiovascular disease (solid black lines) and controls (dashed grey lines) for
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ple with CVD. The thin dashed grey lines represent the 95% confidence intervals of mean levels
of metabolic risk factors and biochemical markers for controls. Geometric means are shown
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controls (P<0.10).
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the random coefficient models.
(DOCX)

Acknowledgments
The authors would like to thank the field workers of the Municipal Health Services in Doe-
tinchem (C. te Boekhorst, I. Hengeveld, L. de Klerk, I. Thus, and C. de Rover, MSc) for their
contribution to the data collection of this study. The project director is prof dr W.M.M.
Verschuren. Dr. H.S.J. Picavet coordinates the fieldwork since 2007. Logistic management is
provided by P. Vissink and data management is provided by A. Blokstra, MSc, A.W.D. van
Kessel, MSc and P.E. Steinberger, MSc. For statistical advice, prof dr H.C. Boshuizen is

Trajectories of Risk Factors Preceding CVD

PLOSONE | DOI:10.1371/journal.pone.0155978 May 20, 2016 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155978.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155978.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155978.s003


gratefully acknowledged. This work was supported by the Ministry of Health, Welfare and
Sport of the Netherlands and the National Institute for Public Health and the Environment
(Grant number: S/260236/01/LC) and the Biobanking and Biomolecular Resources Research
Infrastructure (Grant number: CP2011-27).

Author Contributions
Conceived and designed the experiments: GH AMWS YTS HASWMMV. Performed the
experiments: GH. Analyzed the data: GH. Contributed reagents/materials/analysis tools: GH
AMWS YTS HAS SJLB RTGWMMV. Wrote the paper: GH AMWS YTS HAS SJLB RTG
WMMV.

References
1. Kemper HC, Snel J, Verschuur R, Storm-van Essen L. Tracking of health and risk indicators of cardio-

vascular diseases from teenager to adult: AmsterdamGrowth and Health Study. Prev Med. 1990; 19
(6):642–55. PMID: 2263575

2. Guerra S, Pinto AT, Ribeiro J, Oliveira J, Duarte J, Mota J. Stability of risk factors for cardiovascular dis-
eases in Portuguese children and adolescents from the Porto area. Rev Port Cardiol. 2003; 22(2):167–
82. PMID: 12768998

3. Twisk JW, Kemper HC, van MechelenW, Post GB. Tracking of risk factors for coronary heart disease
over a 14-year period: a comparison between lifestyle and biologic risk factors with data from the
AmsterdamGrowth and Health Study. Am J Epidemiol. 1997; 145(10):888–98. PMID: 9149660

4. Katzmarzyk PT, Perusse L, Malina RM, Bergeron J, Despres JP, Bouchard C. Stability of indicators of
the metabolic syndrome from childhood and adolescence to young adulthood: the Quebec Family
Study. J Clin Epidemiol. 2001; 54(2):190–5. PMID: 11166535

5. Andersen LB, Haraldsdottir J. Tracking of cardiovascular disease risk factors including maximal oxygen
uptake and physical activity from late teenage to adulthood. An 8-year follow-up study. J Intern Med.
1993; 234(3):309–15. PMID: 8354982

6. Pagnan A, Ambrosio GB, Vincenzi M, Mormino P, Maiolino P, Gerin L, et al. Precursors of atherosclero-
sis in children: the Cittadella study. Follow-up and tracking of total serum cholesterol, triglycerides, and
blood glucose. Prev Med. 1982; 11(4):381–90. PMID: 7122430

7. Tirosh A, Shai I, Afek A, Dubnov-Raz G, Ayalon N, Gordon B, et al. Adolescent BMI trajectory and risk
of diabetes versus coronary disease. N Engl J Med. 2011; 364(14):1315–25. doi: 10.1056/
NEJMoa1006992 PMID: 21470009

8. Tabak AG, Kivimaki M, Brunner EJ, Lowe GD, Jokela M, Akbaraly TN, et al. Changes in C-reactive pro-
tein levels before type 2 diabetes and cardiovascular death: theWhitehall II study. Eur J Endocrinol.
2010; 163(1):89–95. doi: 10.1530/EJE-10-0277 PMID: 20573938

9. Lewington S, Clarke R, Qizilbash N, Peto R, Collins R, Collaboration PS. Age-specific relevance of
usual blood pressure to vascular mortality: a meta-analysis of individual data for one million adults in 61
prospective studies. Lancet. 2002; 360(9349):1903–13. PMID: 12493255

10. Chirovsky DR, Fedirko V, Cui Y, Sazonov V, Barter P. Prospective studies on the relationship between
high-density lipoprotein cholesterol and cardiovascular risk: a systematic review. Eur J Cardiovasc
Prev Rehabil. 2009; 16(4):404–23. doi: 10.1097/HJR.0b013e32832c8891 PMID: 19465856

11. Sarwar N, Danesh J, Eiriksdottir G, Sigurdsson G, Wareham N, Bingham S, et al. Triglycerides and the
risk of coronary heart disease: 10,158 incident cases among 262,525 participants in 29 Western pro-
spective studies. Circulation. 2007; 115(4):450–8. PMID: 17190864

12. Ghouri N, Preiss D, Sattar N. Liver enzymes, nonalcoholic fatty liver disease, and incident cardiovascu-
lar disease: a narrative review and clinical perspective of prospective data. Hepatology. 2010; 52
(3):1156–61. doi: 10.1002/hep.23789 PMID: 20658466

13. Matsushita K, van der Velde M, Astor BC, Woodward M, Levey AS, de Jong PE, et al. Association of
estimated glomerular filtration rate and albuminuria with all-cause and cardiovascular mortality in gen-
eral population cohorts: a collaborative meta-analysis. Lancet. 2010; 375(9731):2073–81. doi: 10.
1016/S0140-6736(10)60674-5 PMID: 20483451

14. Verschuren WM, Blokstra A, Picavet HS, Smit HA. Cohort profile: the DoetinchemCohort Study. Int J
Epidemiol. 2008; 37(6):1236–41. doi: 10.1093/ije/dym292 PMID: 18238821

15. Williams KM, Williams AE, Kline LM, Dodd RY. Stability of serum alanine aminotransferase activity.
Transfusion. 1987; 27(5):431–3. PMID: 3629675

Trajectories of Risk Factors Preceding CVD

PLOSONE | DOI:10.1371/journal.pone.0155978 May 20, 2016 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/2263575
http://www.ncbi.nlm.nih.gov/pubmed/12768998
http://www.ncbi.nlm.nih.gov/pubmed/9149660
http://www.ncbi.nlm.nih.gov/pubmed/11166535
http://www.ncbi.nlm.nih.gov/pubmed/8354982
http://www.ncbi.nlm.nih.gov/pubmed/7122430
http://dx.doi.org/10.1056/NEJMoa1006992
http://dx.doi.org/10.1056/NEJMoa1006992
http://www.ncbi.nlm.nih.gov/pubmed/21470009
http://dx.doi.org/10.1530/EJE-10-0277
http://www.ncbi.nlm.nih.gov/pubmed/20573938
http://www.ncbi.nlm.nih.gov/pubmed/12493255
http://dx.doi.org/10.1097/HJR.0b013e32832c8891
http://www.ncbi.nlm.nih.gov/pubmed/19465856
http://www.ncbi.nlm.nih.gov/pubmed/17190864
http://dx.doi.org/10.1002/hep.23789
http://www.ncbi.nlm.nih.gov/pubmed/20658466
http://dx.doi.org/10.1016/S0140-6736(10)60674-5
http://dx.doi.org/10.1016/S0140-6736(10)60674-5
http://www.ncbi.nlm.nih.gov/pubmed/20483451
http://dx.doi.org/10.1093/ije/dym292
http://www.ncbi.nlm.nih.gov/pubmed/18238821
http://www.ncbi.nlm.nih.gov/pubmed/3629675


16. Hulsegge G, van der Schouw YT, Daviglus ML, Smit HA, VerschurenWMM. Determinants of attaining
and maintaining a low cardiovascular risk profile—the Doetinchem Cohort Study. The European Jour-
nal of Public Health. 2016; 26(1):135–40. doi: 10.1093/eurpub/ckv125 PMID: 26130798

17. Thapa BR, Walia A. Liver function tests and their interpretation. Indian J Pediatr. 2007; 74(7):663–71.
PMID: 17699976

18. Yeh ET, Willerson JT. Coming of age of C-reactive protein: using inflammation markers in cardiology.
Circulation. 2003; 107(3):370–1. PMID: 12551854

19. Inker LA, Schmid CH, Tighiouart H, Eckfeldt JH, Feldman HI, Greene T, et al. Estimating glomerular fil-
tration rate from serum creatinine and cystatin C. N Engl J Med. 2012; 367(1):20–9. doi: 10.1056/
NEJMoa1114248 PMID: 22762315

20. de Bruin A, de Bruin EL. Bestand PGS: Linking data of National Ambulant Register and GBA data:
methods, results and quality research (in Dutch). Koppeling van LMR- en GBA gegevens: methode,
resultaten en kwaliteitsonderzoek. Volume 6008703010. Voorburg/Heerlen, Centraal Bureau voor de
Statistiek; 2003.

21. Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor necrosis factor-alpha:
direct role in obesity-linked insulin resistance. Science. 1993; 259(5091):87–91. PMID: 7678183

22. Hirokawa J, Sakaue S, Furuya Y, Ishii J, Hasegawa A, Tagami S, et al. Tumor necrosis factor-alpha
regulates the gene expression of macrophage migration inhibitory factor through tyrosine kinase-
dependent pathway in 3T3-L1 adipocytes. J Biochem. 1998; 123(4):733–9. PMID: 9538268

23. Goldstein BA, Assimes T, Winkelmayer WC, Hastie T. Detecting clinically meaningful biomarkers with
repeated measurements: An illustration with electronic health records. Biometrics. 2015; 71(2):478–86.
doi: 10.1111/biom.12283 PMID: 25652566

24. Richardson DB. An incidence density sampling program for nested case-control analyses. Occup Envi-
ron Med. 2004; 61(12):e59. PMID: 15550597

25. Royston P, Altman DG. Regression using fractional polynomials of continuous covariates: parsimoni-
ous parametric modelling. Appl Stat. 1994; 43(3):429–67.

26. Timpson NJ, Nordestgaard BG, Harbord RM, Zacho J, Frayling TM, Tybjaerg-Hansen A, et al. C-reac-
tive protein levels and body mass index: elucidating direction of causation through reciprocal Mendelian
randomization. Int J Obes (Lond). 2011; 35(2):300–8.

27. Church TS, Kuk JL, Ross R, Priest EL, Biltoft E, Blair SN. Association of cardiorespiratory fitness, body
mass index, and waist circumference to nonalcoholic fatty liver disease. Gastroenterology. 2006; 130
(7):2023–30. PMID: 16762625

28. Eckel RH. Obesity and heart disease: a statement for healthcare professionals from the Nutrition Com-
mittee, American Heart Association. Circulation. 1997; 96(9):3248–50. PMID: 9386201

29. Nguyen S, Hsu CY. Excess weight as a risk factor for kidney failure. Curr Opin Nephrol Hypertens.
2007; 16(2):71–6. PMID: 17293680

30. McQueenMJ, Hawken S, Wang X, Ounpuu S, Sniderman A, Probstfield J, et al. Lipids, lipoproteins,
and apolipoproteins as risk markers of myocardial infarction in 52 countries (the INTERHEART study):
a case-control study. Lancet. 2008; 372(9634):224–33. doi: 10.1016/S0140-6736(08)61076-4 PMID:
18640459

31. Teo KK, Ounpuu S, Hawken S, Pandey MR, Valentin V, Hunt D, et al. Tobacco use and risk of myocar-
dial infarction in 52 countries in the INTERHEART study: a case-control study. Lancet. 2006; 368
(9536):647–58. PMID: 16920470

32. Wang Y, Chen X, Song Y, Caballero B, Cheskin LJ. Association between obesity and kidney disease: a
systematic review and meta-analysis. Kidney Int. 2008; 73(1):19–33. PMID: 17928825

33. Siani A, Cappuccio FP, Barba G, Trevisan M, Farinaro E, Lacone R, et al. The relationship of waist cir-
cumference to blood pressure: the Olivetti Heart Study. Am J Hypertens. 2002; 15(9):780–6. PMID:
12219872

34. Klag MJ, Whelton PK, Randall BL, Neaton JD, Brancati FL, Ford CE, et al. Blood pressure and end-
stage renal disease in men. N Engl J Med. 1996; 334(1):13–8. PMID: 7494564

35. Sarnak MJ, Levey AS, Schoolwerth AC, Coresh J, Culleton B, Hamm LL, et al. Kidney disease as a risk
factor for development of cardiovascular disease: a statement from the American Heart Association
Councils on Kidney in Cardiovascular Disease, High Blood Pressure Research, Clinical Cardiology,
and Epidemiology and Prevention. Circulation. 2003; 108(17):2154–69. PMID: 14581387

36. Yusuf S, Hawken S, Ounpuu S, Bautista L, Franzosi MG, Commerford P, et al. Obesity and the risk of
myocardial infarction in 27,000 participants from 52 countries: a case-control study. Lancet. 2005; 366
(9497):1640–9. PMID: 16271645

37. DeClercq V, Taylor C, Zahradka P. Adipose tissue: the link between obesity and cardiovascular dis-
ease. Cardiovasc Hematol Disord Drug Targets. 2008; 8(3):228–37. PMID: 18781935

Trajectories of Risk Factors Preceding CVD

PLOSONE | DOI:10.1371/journal.pone.0155978 May 20, 2016 14 / 15

http://dx.doi.org/10.1093/eurpub/ckv125
http://www.ncbi.nlm.nih.gov/pubmed/26130798
http://www.ncbi.nlm.nih.gov/pubmed/17699976
http://www.ncbi.nlm.nih.gov/pubmed/12551854
http://dx.doi.org/10.1056/NEJMoa1114248
http://dx.doi.org/10.1056/NEJMoa1114248
http://www.ncbi.nlm.nih.gov/pubmed/22762315
http://www.ncbi.nlm.nih.gov/pubmed/7678183
http://www.ncbi.nlm.nih.gov/pubmed/9538268
http://dx.doi.org/10.1111/biom.12283
http://www.ncbi.nlm.nih.gov/pubmed/25652566
http://www.ncbi.nlm.nih.gov/pubmed/15550597
http://www.ncbi.nlm.nih.gov/pubmed/16762625
http://www.ncbi.nlm.nih.gov/pubmed/9386201
http://www.ncbi.nlm.nih.gov/pubmed/17293680
http://dx.doi.org/10.1016/S0140-6736(08)61076-4
http://www.ncbi.nlm.nih.gov/pubmed/18640459
http://www.ncbi.nlm.nih.gov/pubmed/16920470
http://www.ncbi.nlm.nih.gov/pubmed/17928825
http://www.ncbi.nlm.nih.gov/pubmed/12219872
http://www.ncbi.nlm.nih.gov/pubmed/7494564
http://www.ncbi.nlm.nih.gov/pubmed/14581387
http://www.ncbi.nlm.nih.gov/pubmed/16271645
http://www.ncbi.nlm.nih.gov/pubmed/18781935


38. Stevens LA, Coresh J, Greene T, Levey AS. Assessing kidney function—measured and estimated glo-
merular filtration rate. N Engl J Med. 2006; 354(23):2473–83. PMID: 16760447

39. Baxmann AC, AhmedMS, Marques NC, Menon VB, Pereira AB, Kirsztajn GM, et al. Influence of mus-
cle mass and physical activity on serum and urinary creatinine and serum cystatin C. Clin J Am Soc
Nephrol. 2008; 3(2):348–54. doi: 10.2215/CJN.02870707 PMID: 18235143

40. Vaartjes I, Koopman C, van Dis I, F.L.J. V, Bots ML. Hart- en vaatziekten in Nederland 2013, cijfers
over leefstijl, risicofactoren, ziekte en sterfte. The Hague: Dutch Heart Foundation. 2013.

41. Finegold JA, Asaria P, Francis DP. Mortality from ischaemic heart disease by country, region, and age:
statistics fromWorld Health Organisation and United Nations. Int J Cardiol. 2013; 168(2):934–45. doi:
10.1016/j.ijcard.2012.10.046 PMID: 23218570

42. Bhatnagar P, Wickramasinghe K, Williams J, Rayner M, Townsend N. The epidemiology of cardiovas-
cular disease in the UK 2014. Heart. 2015; 101(15):1182–9. doi: 10.1136/heartjnl-2015-307516 PMID:
26041770

43. Cooney MT, Dudina A, D'Agostino R, Graham IM. Cardiovascular risk-estimation systems in primary
prevention: do they differ? Do they make a difference? Can we see the future? Circulation. 2010; 122
(3):300–10. doi: 10.1161/CIRCULATIONAHA.109.852756 PMID: 20644026

44. Stokes J 3rd, Kannel WB,Wolf PA, Cupples LA, D'Agostino RB. The relative importance of selected
risk factors for various manifestations of cardiovascular disease among men and women from 35 to 64
years old: 30 years of follow-up in the Framingham Study. Circulation. 1987; 75(6 Pt 2):V65–73. PMID:
3568338

45. Yu X, Wu X. Stroke and myocardial infarction in Chinese patients: comparison of risk factors and in-
hospital outcomes. J Geriatr Cardiol. 2008; 5(4):223–6.

Trajectories of Risk Factors Preceding CVD

PLOSONE | DOI:10.1371/journal.pone.0155978 May 20, 2016 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/16760447
http://dx.doi.org/10.2215/CJN.02870707
http://www.ncbi.nlm.nih.gov/pubmed/18235143
http://dx.doi.org/10.1016/j.ijcard.2012.10.046
http://www.ncbi.nlm.nih.gov/pubmed/23218570
http://dx.doi.org/10.1136/heartjnl-2015-307516
http://www.ncbi.nlm.nih.gov/pubmed/26041770
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.852756
http://www.ncbi.nlm.nih.gov/pubmed/20644026
http://www.ncbi.nlm.nih.gov/pubmed/3568338

