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Abstract

BACKGROUND: Lipid profiling is central for coronary artery disease (CAD) risk assessment.
Nonadherence or unreported use of lipid-lowering drugs, particularly statins, can significantly
complicate the association between lipid profile measures and CAD clinical outcomes. By
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combining medication history evaluation with statin analysis in plasma, we determined the effects
of inaccurately reported statin use on lipid profile measures and their association with CAD risk.

METHODS: We compared medication history of statin use with statin concentration
measurements, by liquid chromatography—tandem mass spectrometry, in 690 participants
undergoing coronary angiography (63 £ 11 years of age). Nominal logistic regression was
employed to model CAD diagnosis with statin measurements, phenotypic, and lipid profile
characteristics.

RESULTS: Medication history of statin use was confirmed by statin assay for 81% of the
patients. Surprisingly, statins were detected in 46% of patients without statin use records.
Nonreported statin use was disproportionately higher among older participants. Stratifying
samples by statin history resulted in underestimated LDL-lipid measures. Apolipoprotein B
concentrations had a significant inverse CAD association, which became nonsignificant upon
re-stratification using the statin assay data.

CONCLUSIONS: Our study uncovered prominent discrepancies between medication records
and actual statin use measured by mass spectrometry. We showed that inaccurate statin use
assessments may lead to overestimation and underestimation of LDL levels in statin user and
nonuser categories, exaggerating the reverse epidemiology association between LDL levels and
CAD diagnosis. Combining medication history and quantitative statin assay data can significantly
improve the design, analysis, and interpretation of clinical and epidemiological studies.

Introduction

Since the 1960s, coronary artery disease (CAD)-related deaths in the United States have
decreased about 4-fold (1). This reduction is in large part due to the benefits of cholesterol-
lowering agents (2). The decline in CAD-associated mortality was further improved
following the approval in the late 1980s of the first statins. Statins are highly effective for
reducing the levels of atherogenic low-density lipoprotein (LDL)-related biomarkers, such as
low-density lipoprotein cholesterol (LDL-C), LDL particles, and apolipoprotein B (APOB)
1, 2).

The beneficial effect of LDL-reducing therapy through statin use is reinforced by a reduction
of myocardial infarction in randomized clinical trials that compare statin-treated vs control
groups (3, 4). The newest clinical guidelines from the American Heart Association and the
American College of Cardiology were developed based on data from numerous randomized
clinical trials. The guidelines advocate the calculated percent risk of atherosclerotic
cardiovascular disease (ASCVD) over a subsequent 10 years (pooled cohort equation score)
as the main criterion for statin prescription, further expanding the number of persons eligible
for statin therapy (5). According to the most recent US government survey covering the
years 2003 to 2012, 23% of adults used some brand of statin medications (6), and the
prevalence of statin use is increasing worldwide (7).

With increasing statin prescription rates, poor statin adherence has emerged as a major
barrier to achieving LDL-C target levels, increasing the risk of CAD-associated death (8—
10). Consequently, an urgent need for significant improvement in statin adherence became
commonly recognized (9, 11). To achieve this goal, it is vital to accurately stratify statin
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users and nonusers during CAD risk assessment. However, the collection of information
about medication compliance or adherence (i.e., whether a patient or study participant
actually takes the drug as prescribed) is challenging (6, 12-15). Efforts to develop general
standard operating procedures for collecting medication adherence information have started
only in recent years (16). Patient nonadherence to the prescribed statin-dose regimen is

a widespread problem recognized by clinicians (1, 16, 17). Medication history reports by
patients might not accurately reflect statin use. That is partly related to the clinical settings
where the information is collected (i.e., in primary care or during surgical treatments), which
can vary across age groups and risk categories. In addition, reliance on assays that allow
confirmation of statin use by plasma or urine concentration measurements is challenging
because each statin has different pharmacologic characteristics (e.g., half-life, excretion
pathway, etc.) (17).

In this study, we address these challenges by evaluating medication information based on

a laboratory-developed mass spectrometry assay to screen plasma samples for detectable
statin concentrations (18). We studied the plasma specimens and the medical histories of 690
participants of the CATHeterization GENetics (CATHGEN) coronary catheterization cohort
(19). Combining the demographic/health information and medication history with measured
statin and lipid concentration data, we examined the confounding effects of statin history

Vs assay-based data on the associations between traditional lipid profile measures and CAD
diagnosis. Our findings demonstrate the application of a high-throughput statin screening
assay for large sample cohorts and may inform the design, data analysis, and interpretation
of CAD-related clinical and observational studies.

Materials and Methods

STUDY POPULATION

We used 690 plasma samples from the CATHGEN sample archive collected from
participants during their coronary artery catheterization procedure (19). Age, sex, race,

body mass index (BMI), history of hypertension (BP), diabetes (DM), smoking (SMK), and
name of reported statin medication were acquired from the CATHGEN database. Specimens
were classified based on a CAD index of <32 and =32 as primary association variables
CAD[-] and CAD[+], respectively (20). Medication history, including statin type and dose,
was collected by the treating physicians at the time of catheterization. Sources were history
recorded during the patient interview and the medical record, where medication history

was obtained at the time of hospital admission for cardiac catheterization. Samples with
recorded statin use were categorized as h[+], and those without recorded statin medication
were categorized as h[-] (h: history). The study population included 442 males (64%) and
248 females (36%), with a mean age of 63 = 11 years. All samples were de-identified before
shipment. Table 1 shows participant characteristics, including demographic data. The use of
CATHGEN study data was approved by the Duke Health Institutional Review Board.

CHEMICALS AND REAGENTS

Solvents and chemicals used in this study are listed in the online Supplemental Material.
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PROTEIN AND LIPID PROFILE MEASUREMENTS

Total cholesterol (TC), total triglycerides (TG), total APOB, and total apolipoprotein Al
(APOAL) were measured with published liquid chromatography—tandem mass spectrometry
(LC-MS/MS) methods (21, 22). The lipoprotein class fractions, high-density lipoprotein
cholesterol (HDL-C), LDL-C, and very-low-density lipoprotein cholesterol (VLDL-C) were
acquired by size fractionation using an asymmetric flow field-flow fractionation method
(23), collecting 40 fractions from 50 pL plasma injections. Each fraction was analyzed for
TC with the same LC-MS/MS methods used for the whole plasma analysis (21). Summing
concentrations after recovery correction in corresponding size ranges gave HDL-C, LDL-C,
VLDL-C, and non-HDL-C (non-high-density lipoprotein cholesterol: TC minus HDL-C)
concentrations in plasma (23).

STATIN PLASMA CONCENTRATION ASSAY

The carboxylic acid form of the statin parent compounds or metabolites was measured

by an LC-MS/MS method published elsewhere (18). Briefly, an aliquot of 10 pL plasma
sample was mixed with 10 pL of water, and then 80 L of acetone spiked with deuterated
internal standards, vortexed, and centrifuged. The supernatant was transferred onto a
96-well polypropylene plate, then evaporated and reconstituted with 25 pL of 30:70
acetonitrile:water. The reconstituted extracts were analyzed via LC-MS/MS in scheduled
multiple reaction monitoring mode with <1 ng/mL limits of detection (LODSs) in plasma for
the following 7 generic statin compounds: atorvastatin, simvastatin, pravastatin, lovastatin,
rosuvastatin, fluvastatin, and pitavastatin. We calculated the percentage of confirmed

statin users out of all reported users of a particular compound. The analysis confirmed
statin use for atorvastatin (90%), pravastatin (73%), lovastatin (83%), rosuvastatin (64%),
fluvastatin (67%), simvastatin (69%), but not pitavastatin (0%) (18). All compounds with
concentrations above the LOD were counted as detected (labeled a[+]), and below the LOD
were counted as non-detects (labeled a[-]).

STATISTICAL ANALYSIS

The LC-MS/MS data acquired on the different analytical platforms were exported and
merged using JMP software (SAS Institute). Logistic regression algorithms implemented
in JMP were used to model CAD[+] vs CAD[-] diagnoses. All models incorporated
standardized continuous variables for age and BMI, and categorical variables for sex, race,
SMK, BP, and DM. When the models included an additional binary nominal variable for
statin use history or assay, labels h[+]/[-] or a[+]/[-] were used, respectively. The model
sensitivity, specificity, accuracy, positive predictive value (PPV), and negative predictive
value (NPV) were calculated as follows: Sensitivity = TP/(TP + FN); Specificity = TN/(TN
+ FP); Accuracy = (TP + TN)/(TP + TN + FP + FN); PPV = TP/(TP + FP); NPV = TN/(TN
+ FN) where TP is the number of true-positive values, TN is the number of true-negative
values, FP is the number of false-positive values, and FN is the number of false-negative
values.
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DISCREPANCIES IN THE DETERMINATION OF STATIN USE BASED ON MEDICATION
RECORDS AND DETECTABLE STATIN CONCENTRATIONS

Based on medication histories, 261 out of 690 participants were statin users (labeled
h[+], Fig. 1). In the 261 h[+] specimens, the LC-MS/MS assay confirmed some type of
statin use for 212 participants (81%, labeled a[+]). In 7 out of 690 samples, a second
statin was detected near the LOD of that drug. The most frequently detected statins by
LC-MS/MS assay were atorvastatin (133 samples) and simvastatin (82 samples). Among
the 429 specimens without a recorded history of statin use (labeled h[-]), the LC-MS/MS
assay agreed with non-detectable levels of statins for 231 specimens (53.8%, labeled a[-]).
For 198 (46.2%) h[-] specimens, statins were detectable, labeled a[+], and the mean and
range of statin concentrations were similar to the [h+] group (18). The samples also can
be stratified into concordant and discordant categories: 33.5% concordant statin nonusers
h[-]/a[-], 7.1% discordant h[+]/a[-], 28.7% discordant h[-]/a[+], and 30.7% concordant
statin users h[+]/a[+].

LIPID MEASURES IN CONCORDANT AND DISCORDANT HISTORY/ASSAY CATEGORIES

The patients’ statin use was reflected by relative LDL measures. The stratification into
concordant and discordant categories revealed significant differences in APOB and LDL-C
concentrations between the groups (Fig. 2, Table 2). Corresponding group characteristics are
shown in online Supplemental Table 1. The concentration difference between the h[-]/a[-]
and h[+]/a[-] subsets was less prominent than between the h[-]/a[+] and h[+]/a[+] subsets.
These observations confirmed the notion that the h[-] group included a substantial number
of actual a[+], while the h[+] group included relatively few a[-] participants. Overall, there
were decreasing dose—response-like trends in LDL-related lipid measures across the groups
in the following order: h[-]/a[-] = h[+]/a[-] > h[-]/a[+] > h[+]/a[+].

EFFECT OF STATIN USE ON THE ASSOCIATION OF LDL MEASURES WITH CAD BY AGE

GROUPS

The consequence of statin history-based vs assay-based determination of statin use was
revealed by comparison of APOB concentrations in h[-], a[-], h[+], and a[+] samples
(online Supplemental Table 2), especially after further stratification into CAD[+]/[-] and 4
age subgroups (Fig. 3, online Supplemental Fig. 1, and online Supplemental Table 4). The
most significant differences in CAD[+] vs CADJ[-] were found for participants in the 40
to 54 years and 75 to 86 years age groups. In the 40 to 54 years age group, APOB levels
were positively associated with CAD[+], most significantly in the h[-] group (= 0.005).
In the 75 to 86 years age group, however, APOB levels showed negative associations with
CAD[+], most significant in the h[+] (= 0.008) and a[+] (P = 0.005) groups. Similar trends
were found for the LDL-related measures and others, LDL-C, VLDL-C, and non-HDL-C
(Supplemental Fig. 1).
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ASSOCIATION OF RISK COVARIATES WITH STATIN USE

The percentage differences in the prevalence of risk covariates were small within the

h[+], h[-], a[+], and a[-] groups (Supplemental Table 1, online Supplemental Fig. 2).
However, logistic regression analysis showed a significant association between statin use (as
dependent variable (h[+]/[-] or a[+]/[-]) and certain covariates (as independent variable).
Sex, BP, and DM were significantly associated with h[+]/[-], while age with a[+]/[~]
(P-values range 0.010 to 0.034). These differences in associations between statin use and
risk covariates were probably the result of changes in the prevalence of risk factors after re-
stratification into a[+]/[-] groups, and highlight the importance of balancing the prevalence
of risk covariates after accurate statin use and adherence assessment.

EFFECT OF STATIN USE ON CAD MODEL CHARACTERISTICS

The percentage of CAD[+] prevalence was similar in h[+] and a[+] groups, 64% and 63%,
respectively, P=0.831, but the CAD[+] prevalence was higher in the h[-] group (48%)
than in the a[-] group (40%), 2= 0.048. To assess the whole model consequence of using
h[+]/[-] vs a[+]/[-] as a covariate, 3 nominal logistic models were constructed (Table 3
and online Supplemental Table 3). All models were built with the whole sample set (n =
690). Model 1 was built without statistical correction for statin use. Model 2 was calculated
with h[+]/[-] correction. Model 3 was built using statin detection by LC-MS/MS with
a[+]/[-] correction. The models were evaluated based on the partial odds ratio of h[+]/[-]
and a[+]/[-] covariates, and whole model sensitivity, specificity, accuracy, PPV, NPV, and
area under the receiver operating characteristic (ROC) curve (AUC) (Table 3). The partial
odds ratio for h[+]/[-] in Model 2 was 1.74 (95% confidence interval [CI], 1.23-2.44) and
for a[+]/[-] in Model 3 it was 2.42 (95% ClI, 1.73-3.37) (Table 3, Supplemental Table 3).
Although Models 1 to 3 had similar whole model sensitivity and specificity, the partial odds
ratio was higher for the a[+]/[-] covariate than for the h[+]/[-] covariate.

Discussion

Statins are the first-line lipid-lowering pharmaceutical therapy against CAD. However,
inaccurately reported statin adherence may complicate the CAD risk assessment based on
the standard lipid panel measures, posing a barrier to clinical and epidemiological studies.
Here, using a quantitative LC-MS/MS-based approach we evaluated the accuracy of statin
medication history records and determined the effects of misreported statin use on assessing
lipid profile measures and their association with CAD risk.

One of the main strengths of our study was measuring the concentration of 7 commonly
used statin drugs and their metabolites. Although statin detectability can be limited by
pharmacologic characteristics (e.g., half-life, target organ, excretion pathway, etc.), it was
compensated for by the relatively low LOD of the LC-MS/MS assay (LOD of 0.1 ng/mL
for atorvastatin, 1 ng/mL for other statins). We assumed that other sources of variability
such as statin dose, time since initiation of statin use, and initial LDL-related measures
were randomly distributed within the h[+]/[-] and a[+]/[-] categories. Another important
strength of our study was that 690 samples were analyzed both for statins and lipid profile
measures, which allowed for stratification into treated/nontreated groups and subgroups by
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age. Furthermore, the CAD status of the study participants was defined based on their CAD
index, determined by cardiac catheterization, which was able to confirm CAD status with
high PPV. Meanwhile, the samples were collected at the time of cardiac catheterization,
which potentially can limit a broad extrapolation of the specific findings from the study to
other populations in different settings.

Previously, as a validation of our LC-MS/MS method on the same study population, we
presented evidence that our assay can determine statin use with high accuracy in cases of
reported statin use (h[+]/a[+]), where the detected statin compounds matched the expected
statin medication (18). Unexpectedly, in this study, we also found a substantial number of
cases where the study participant did not report statin use but we found detectable statin
concentrations (h[=]/a[+]). The concordant h[+]/a[+] and discordant h[-]/a[+] samples had a
statistically similar normal distribution of statin concentrations (mean, median, and range).
Furthermore, the number of cases where we did not detect statin concentrations despite

a reported history of statin use was relatively small (Fig. 1). Therefore, in our study, the
population’s lack of reported statin use seemed to be a more serious problem than the
nonadherence to statins.

Importantly, we showed that unreported statin use can significantly affect LDL measures
with consequences on the assessment of CAD risk.

Statin use is expected to decrease LDL particle number-related measures, such as

APOB, LDL-C, non-HDL-C, and TC. Inaccurate assessment of statin use can result in
underestimation and overestimation of the LDL-C levels, and biased associations between
LDL particle-related measures and CAD diagnosis. We found that LDL measures were
significantly higher in the concordant h[=]/a[-] group than in the discordant h[-]/a[+] group
(Fig. 2) with the following order of significantly different mean concentrations: h[-]/a[-]

> h[+]/a[-] > h[-]/a[+] > h[+]/a[+]. This order of LDL levels was most likely a result of
differences in response to statin use in general: nontreatment > nonadherent-treatment >
treatment, where nonadherent-treatment corresponds with h[-]/a[+] and h[+]/a[-] groups.
These data suggest that a lack of agreement between the medication history of statin

use vs the statin assay results may be used as an indicator of nonadherent statin use.

These results also highlight a less recognized nonadherence problem, when patients use a
statin, perhaps at irregular intervals, but report no statin use at all (h[-]/a[+]). Our data
illustrate the consequence of inaccurate statin-use assessment through the comparison of
APOB concentrations after stratification into h[-], a[-], h[+], and a[+] groups and further
subgroups by CAD[+]/[-] diagnosis and age (Fig. 3). In the h[-] group particularly, we
observed declining relative APOB levels with age in the h[-]/CAD[+] group as opposed

to increasing APOB levels with age in the h[-]/CADI[-] group. In the 75 to 86 years age
group, there was a significant inverse association between CAD[+] diagnosis and APOB
concentrations. A similar inverse association between LDL measures and CAD diagnosis
has been reported for older populations, leading to the so-called “lipid paradox” or “inverse
epidemiology” hypothesis (24-28). However, our results demonstrate that the false inclusion
of statin users into the h[-] group can cause a significant underestimation of APOB levels,
mainly among older CAD[+] participants. On the other hand, the inclusion of nonusers into
the h[+] group resulted in an overestimation of APOB levels, mainly among older CAD[-]
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participants. In both scenarios, underestimation among CADI[+] and overestimation among
CAD[-] participants contributed to the inverse association between APOB and CAD[+]
diagnosis. Thus, our findings demonstrate that the inaccurate assessment of statin-use
medication history can lead to an exaggerated inverse epidemiology or lipid paradox trend,
especially in the >75 years of age group.

To some extent, the lipid paradox was observable in the 75 to 86 years age group regardless
of stratification by statin use (Fig. 3). However, we noticed that CAD[-] participants in

the 75 to 86 years age group had a lower prevalence of DM (22%) and SMK (28%) as
compared to the younger 40 to 54 and 55 to 64 years age groups (DM: 25% to 35%,

SMK: 41% to 47%). There was also a higher representation of female (61% vs 36% to
54%) and White (72% vs 51% to 62%) participants in the 75 to 86 years age group

(online Supplemental Fig. 3). The lack of diabetes and smoking history combined with the
prevalence of White female patients contribute to decreased rates of CAD-associated death.
Meanwhile, the average LDL-related measures were relatively higher in older people. Thus,
these phenotypic characteristics together may have favored the probability of CAD[-] in the
75 to 86 years age group even with high LDL-related measures.

In most epidemiological studies, statin use is determined from self-reports (29). To avoid
statistical biases, and to define associations between CAD presence and lipid profile
measures, most studies include participants who either do or do not use lipid-lowering
statin medications (6, 29-31). Another approach is to include user and nonuser participants
and apply a 2-level categorical [+]/[-] covariate in the prediction model (32). Using our
data, by correcting with either h[+]/[-] or a[+]/[-] binary covariates, in addition to other
demographic and risk covariates, we expected to see substantial differences in the partial
odds ratios of both h[+]/[-] and a[+]/[-] covariates. Indeed, the partial odds ratio for

the a[+]/[-] was 0.68 higher than for the h[+]/[-] covariate (Table 3). This false-positive
association between statin use and CAD[+] was likely due to referral bias. In this study, we
evaluated a cohort of patients who were referred for cardiac catheterization because of their
expected elevated CAD risk, which also resulted in receiving a statin prescription before the
examination occurred.

Interestingly, the h[+]/[-]-corrected Model 2 and the a[+]/[-]-corrected Model 3 both
resulted in whole model characteristics (sensitivity and specificity) that were very similar

to the uncorrected Model 1 (Table 3). The lack of differences in the whole model output was
in contrast to the differences in the h[+]/[-] and a[+]/[-] odds ratios. This observation can be
understood in view of the numerically different cross-effects or confounding effects between
h[+]/[-] or a[+]/[-] and the other model covariates. During the optimization of the nominal
logistic prediction equations, the inaccuracy of the [+]/[-] statin-use variable-containing
term is numerically compensated by adjustments in the other covariate-containing terms.
Therefore, the consequence on the whole model output from the lack of inclusion or
accuracy of a [+]/[-] statin-use variable is minimal if demographic and risk covariates are
also included in the model.

The results of this study demonstrate the feasibility of our statin assay for application in
large-scale studies. The assay requires only 10 uL plasma, performs reproducibly on a high-
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throughput 96-well sample preparation platform (18), and allows quantitative screening for
7 statin drugs or metabolites, which can be further expanded to the carboxylic acid forms of
any other drug. Including a statin panel in future public health surveys, such as the National
Health and Nutrition Examination Survey (NHANES), may be highly desirable. Meanwhile,
the assessment of medication history remains an unsolved problem. The development and
implementation of new practices to improve the quality of the medication history collection
is urgently needed. The development of standardized methods, highly trained personnel, and
constant reevaluation of records may lead to significant improvement in this area. Electronic
monitoring, electronic medication packaging (EMP) devices, and pill counts were suggested
as promising approaches (33-35). For example, the US government surveys suggest that

the patients are asked whether they had taken a prescription medication in the past 30

days. Those who answered “yes” are further asked to show the interviewer the medication
containers of all their prescription medications (6). The use of electronic health records
(EHR) can also improve the medication history accuracy (36). However, the multi-measure
approach, including the quantitative assessment, would likely provide the most accurate
measure of therapeutic adherence (37).

In summary, our findings suggest that collecting both medication history and statin assay
data can enhance the assessment of statin use and adherence. Medication history should be
assessed following standard operating procedures. Screening plasma samples for detectable
statin levels can be performed with high efficacy by using sensitive and high-throughput
mass spectrometry detection-based methods. The discrepancy between medication reports
and statin assay data can be a flag for nonadherent statin use and inform the design and
evaluation of clinical studies. Specifically, for the CATHGEN study, given the mechanism
whereby medication history was obtained, some of the discordances may be due to
inaccurate patient reporting or inaccuracies in the medical record. Inaccurate statin-use
assessments may lead to overestimation and underestimation of LDL-related measures

in statin user and nonuser categories, exaggerating the reverse epidemiology association
between LDL-related measures and CAD diagnosis. In the case of evaluation of lipid
metabolism-related biomarkers, independent assessment with stratification by age is also
highly important due to the confounding cross-effects among age, risk factors, and statin
use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Discrepancies in statin use based on medication history vs liquid chromatography-tandem

mass spectrometry analysis. (A), Mosaic plot; (B), contingency table.
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Fig. 2.
Lipid profile measures of apolipoprotein B (APOB), low-density lipoprotein cholesterol

(LDL-C), non-high-density lipoprotein cholesterol (non-HDL-C), and total cholesterol (TC)
in the h[=]/a[-], h[+}/a[-], h[-]/[a+], and h[+]/a[+] groups; P-values for mean differences
between groups of samples are shown in the graph. The measures are shown in mg/dL. To
convert to Sl units from mg/dL to mmol/L, divide the results for TC, LDL-C, HDL-C, very-
low-density lipoprotein cholesterol (VLDL-C), and non-HDL-C by 38.6; for triglycerides
(TG), divide by 88.6.
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Apolipoprotein B (APOB) measures stratified by age groups and CAD[-]/[+] diagnosis in

h[-1, h[+], a[-], and a[+] groups. The A-values are shown in Supplemental Table 4.
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Table 1.
General characteristics of the cohort.
Variable Values
Demographics
Number of samples 690
Age, years 63+ 114
40 to 54 155
55 to 64 212
65to 74 218
75 to 86 105
Body mass index (BMI), kg/m? 30474
Sex: male/female 442/248 (64%/36%)
Race: White/Black/Other 494/146/50 (72%/21%/7%)
Conditions
Cardiovascular disease (CAD): no/yes 319/371 (46%/54%)
Diabetes (DM): no/yes 482/208 (70%/30%)
Hypertension (BP): no/yes 211/479 (31%/69%)
Current smokers (SMK): no/yes 337/353 (49%/51%)

aMean + standard deviation (SD).

The percent prevalence of CAD by age category is shown in Supplemental Table 1.
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