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Abstract

Background—Extreme prolongation or reduction of the QT interval predisposes patients to
malignant ventricular arrhythmias and sudden cardiac death, but the association of variations in
the QT interval within a reference range with mortality end points in the general population is
unclear.

Methods—We included 7828 men and women from the Third National Health and Nutrition
Examination Survey. Baseline QT interval was measured via standard 12-lead
electrocardiographic readings. Mortality end points were assessed through December 31, 2006
(2291 deaths).

Results—After an average follow-up of 13.7 years, the association between QT interval and
mortality end points was U-shaped. The multivariate-adjusted hazard ratios comparing participants
at or above the 95th percentile of age-, sex-, race-, and R-R interval—corrected QT interval (=439
milliseconds) with participants in the middle quintile (401 to <410 milliseconds) were 2.03 (95%
confidence interval, 1.46-2.81) for total mortality, 2.55 (1.59-4.09) for mortality due to
cardiovascular disease (CVD), 1.63 (0.96-2.75) for mortality due to coronary heart disease, and
1.65 (1.16-2.35) for non-CVVD mortality. The corresponding hazard ratios comparing participants
with a corrected QT interval below the fifth percentile (<377 milliseconds) with those in the
middle quintile were 1.39 (95% confidence interval, 1.02-1.88) for total mortality, 1.35
(0.77-2.36) for CVD mortality, 1.02 (0.44-2.38) for coronary heart disease mortality, and 1.42
(0.97-2.08) for non-CVD mortality. Increased mortality also was observed with less extreme
deviations of QT-interval duration. Similar, albeit weaker, associations also were observed with
Bazett-corrected QT intervals.
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Conclusion—Shortened and prolonged QT-interval durations, even within a reference range, are
associated with increased mortality risk in the general population.

Abnormal prolongation and shortening of the electrocardiographic QT-interval duration,
similar to those seen in hereditary forms of long and short QT syndromes, are associated
with increased risk for ventricular arrhythmias and sudden cardiac death.1-> The effect of
less extreme variations in QT-interval duration on mortality, however, is

See Invited Commentary at end of article

controversial. Some studies have shown associations between smaller increases in QT-
interval duration and total mortality, cardiovascular mortality, and sudden cardiac death,5-17
but these associations have not been replicated consistently in all studies.18-20 Furthermore,
although a short duration of the QT interval also may be associated with increased mortality,
most studies have used broad categorizations of QT-interval durations that make it difficult
to estimate precisely the dose-response relationships between QT interval and mortality. The
purpose of this analysis was to investigate the association between QT-interval duration and
total mortality and mortality due to cardiovascular disease (CVD), coronary heart disease
(CHD), and non-CVD causes in a representative sample of the general US population using
flexible methods to identify potential variations in mortality risks along the full spectrum of
QT-interval durations.

& CME available online at www.jamaarchivescme.com and questions on page
1699

METHODS

STUDY POPULATION

We used data from the Third National Health and Nutrition Examination Survey (NHANES
[11), a cross-sectional study conducted from 1988 through 1994 that used a multistage,
stratified, clustered probability design to select a representative sample of the civilian
noninstitutionalized US population aged 2 months and older.2! Children, older adults, non-
Hispanic black subjects, and Mexican American subjects were oversampled to produce more
precise estimates for these groups. The present study was restricted to participants 40 years
and older because 12-lead electrocardiograpic readings were performed only in this age
group. Of the 8561 participants 40 years or older who had available electrocardiographic
measurements, we excluded 122 participants with missing QT-interval duration or heart rate,
535 participants with QRS duration of at least 120 milliseconds, and 76 participants with
missing mortality status. The final analysis was based on data from 7828 participants (3703
men and 4125 women).

DATA COLLECTION

The NHANES Il included a standardized questionnaire administered in the home by a
trained interviewer and a detailed physical examination at a mobile examination center.
Demographics, educational level, smoking status, alcohol consumption, medical history, and
medication use were assessed by interview. We defined QT-prolonging medications
according to the Arizona Center for Education and Research on Therapeutics database.22
Height and weight were measured, and body mass index was calculated as weight in
kilograms divided by height in meters squared. Blood pressure was measured 3 times during
the in-home interview and 3 additional times during the participant’s visit to the mobile
examination center. Laboratory test results included measurement of total and high-density
lipoprotein cholesterol, plasma glucose, serum potassium, and serum calcium
concentrations. Diabetes mellitus was defined as a fasting plasma glucose level of at least
126 mg/dL, a nonfasting plasma glucose level of at least 200 mg/dL, and/or current use of
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oral hypoglycemic agents or insulin (to convert glucose levels to millimoles per liter,
multiply by 0.0555).

QT INTERVAL

Standard 12-lead resting electrocardiographic recordings were performed using a
commercially available device (Marquette MAC 12; Marquette Medical Systems, Inc,
Milwaukee, Wisconsin) with signals sampled at 250 samples per second per channel when
participants visited the mobile examination centers. All electrocardiographic readings were
reviewed at the Central ECG [Electrocardiogram] Laboratory, Epidemiological Cardiology
Research Center, Wake Forest University, Winston-Salem, North Carolina. Recordings with
technical errors, missing leads, or inadequate quality per visual inspection were excluded.
Then, a representative P-QRS-T cycle was derived automatically by selective averaging
using the Dalhousie ECG Analysis Program.23 The program measured the QT interval as a
global interval by selective averaging of all normally conducted complexes. The global QT
interval derived in this manner reduces measurement uncertainties due to small T-wave
amplitudes in any individual lead. Resting heart rates and QT intervals were obtained from
electrocardiographic readings.

As the primary metric for QT analysis, we used age-, race-, sex-, and R-R interval-adjusted
QT-interval (QTrras) duration by means of the residual method. More specifically, we first
regressed QT interval on age (continuous), race or ethnicity (non-Hispanic white, non-
Hispanic black, Mexican American, and other), sex (female or male), and R-R interval
(restricted quadratic splines with knots at the 5th, 50th, and 95th percentiles to allow a more
flexible and nonlinear relationship between QT and R-R intervals) as the independent
covariates in the linear regression model. Then, we obtained the model residuals for each
participant. Residuals represent, for each participant, the component of QT interval not
explained by model regressors. Residuals are uncorrelated with the regressors and thus
adjusted for them. Because the average of the residuals is 0, we rescaled the residuals by
adding the mean QT interval of the overall study population to calculate the final QTrras.
Parallel analyses also were performed with the Bazett heart rate—corrected QT-interval
(QTb) duration.

MORTALITY END POINTS

Participants in the NHANES 111 were followed up for mortality through December 31,
2006.24 Vital status and cause of death assignment were based on probabilistic matching of
NHANES 111 with the National Death Index death certificate records. Cause of death was
determined based on the underlying cause listed on the death certificates. We used the
International Classification of Diseases, Ninth Revision (/CD-9) for classifying deaths
occurring from 1988 through 1998 and the International Statistical Classification of Diseases
and Related Health Problems, 10th Revision (/CD-10) for deaths occurring from 1999
through 2006. Cardiovascular disease mortality was defined as /CD-9 codes 390 to 434 and
436 to 459 or /CD-10codes 100 to 199. Coronary heart disease mortality was defined as
/CD-9codes 410 to 414 and 429.2 or /CD-10codes 120 to 125. Non-CVD mortality was
defined as all other deaths that were not classified as CVD mortality. In addition, we
excluded cases of “sudden death, unknown causes” (/CD-9 code 798 or /CD-10code R96)
from non-CVD mortality in a sensitivity analysis and found similar results (not shown).

STATISTICAL ANALYSIS

We used electrocardiographic sampling weights to account for the complex survey design of
the NHANES 111.21 We used Cox proportional hazards models to estimate multivariate-
adjusted hazard ratios for mortality end points associated with QTrras. To provide detailed
analyses of the dose-response relationship of the QTrras with mortality rate, we used 2
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alternative approaches. First, we categorized QTrras into 7 categories with cutoffs at the 5th,
20th, 40th, 60th, 80th, and 95th percentiles of the weighted population QTrras distribution.
In these analyses, we used the middle category as the reference category (participants
between the 40th and 60th QTrras percentiles, corresponding to the middle quintile).
Second, we modeled QTrras with restricted quadratic splines with knots at the 5th, 50th, and
95th percentiles of the QTrras distribution to provide a smooth yet flexible description of the
dose-response relationship. In spline analyses, we used the 50th percentile of the QTrras
distribution as the reference value (median).

We censored follow-up at age 90 years because mortality was high after this age and few
participants contributed person-time in this age category. Models were adjusted for age; race
or ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, and other); sex;
R-R interval (restricted quadratic splines with knots at the 5th, 50th, and 95th percentiles);
body mass index; smoking status (current, former, or never); alcohol consumption (<12 or
>12 drinks in the past year); high school education (<12 years or =12 years); annual
household income (<$20 000 or =$20 000); total and high-density lipoprotein cholesterol,
serum potassium, and serum calcium levels; systolic blood pressure; use of blood pressure—
lowering medication; diabetes mellitus; history of myocardial infarction; history of
congestive heart failure; use of QT-prolonging medications; and use of B-blockers.

Also, we performed stratified analyses in men and women separately and sensitivity
analyses excluding individuals with diabetes mellitus, myocardial infarction, or heart failure
or those taking QT-prolonging medications (final sample size, 5475). All analyses were
conducted using commercially available software (SUDAAN, version 10.0; Research
Triangle Institute, Research Triangle Park, North Carolina).

The average age of study participants was 56.5 years; 45.1% of participants were male
(Table 1). The mean (SD) duration was 406.1 (18.8) milliseconds for the QTrras and 429.3
(23.3) milliseconds for the QTb. The numbers of all-cause, CVD, CHD, and non-CVD
deaths during follow-up were 2291, 911, 515, and 1380, respectively (Table 2).

After an average follow-up of 13.7 years, the multivariate-adjusted hazard ratios comparing
participants above the 95th percentile of the QTrras (=439 milliseconds) with participants in
the middle quintile (401 to <410 milliseconds) were 2.03 (95% confidence interval [CI],
1.46-2.81) for total mortality, 2.55 (1.59-4.09) for CVD mortality, 1.63 (0.96-2.75) for CHD
mortality, and 1.65 (1.16-2.35) for non-CVD mortality (Figure 1). The corresponding hazard
ratios comparing participants below the 5th percentile of the QTrras (<377 milliseconds)
with the middle quintile were 1.39 (95% CI, 1.02-1.88) for total mortality, 1.35 (0.77-2.36)
for CVD mortality, 1.02 (0.44-2.38) for CHD mortality, and 1.42 (0.97-2.08) for non-CVD
mortality. Although participants with the extreme 5% highest and lowest QTrras had the
highest mortality rate, other categories also were at increased risk compared with the middle
quintile (Figure 1). Consistently, in the spline regression models, the risk increased
progressively from the middle of the QTrras distribution with no clear threshold of risk
(Figure 2).

The U-shaped association between QT interval and mortality end points also was evident
when using the QTb, although the magnitude of the association was slightly de-creased
(Figures 1 and 2). The hazard ratios comparing participants with a QTb at or above the 95th
percentile with those in the middle quintile were 1.42 (95% Cl, 1.03-1.94) for total
mortality, 1.59 (0.85-2.97) for CVD mortality, 0.85 (0.47-1.55) for CHD mortality, and 1.32
(0.90-1.94) for non-CVD mortality (Figure 1). The corresponding hazard ratios comparing
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participants with a QTb below the 5th percentile with those in the middle quintile were 1.06
(95% Cl, 0.70-1.59) for total mortality, 1.26 (0.63-2.52) for CVD mortality, 1.05 (0.42-2.62)
for CHD mortality, and 0.92 (0.58-1.46) for non-CVD mortality.

When stratified by sex, the association between the QTrras and mortality end points was
similar among men and women (Figure 3). Finally, excluding participants with diabetes
mellitus, myocardial infarction, or heart failure or those receiving QT-prolonging
medications did not materially change the results (eFigure; http://www.archinternmed.com).

COMMENT

In a large sample representative of the general US population, the association between QT-
interval duration and all-cause, CVD, and CHD mortality was U-shaped, with increased
risks at the lower and upper tails of the QT-interval distribution. Although the increase in
risk was highest at the extremes of the distribution, the risk of mortality progressively
increased with longer and shorter QT-interval duration compared with the population
average with no clear threshold for risk change.

Population-based studies reporting associations between prolonged QT-interval duration and
mortality rate have been inconsistent. Some studies’-17 have shown progressive associations
of QT-interval duration with mortality rate, but other studies have shown U-shaped
associations®25 or nonsignificant associations.18-20 The categories used for evaluating the
association of QT-interval duration with mortality rate in previous studies generally were
wide and inconsistent across studies, making it difficult to evaluate dose-response
relationships and to compare findings. Our results suggest that analyses of QT-interval
duration and mortality rate need to carefully select the cut points and the reference category
to avoid masking nonlinear dose-response relationships.

In experimental models, prolongation of the QT interval is associated with the occurrence of
early after-depolarizations.2® Early after-depolarizations of sufficient amplitude can generate
premature action potentials that lead to cardiac arrhythmias that may progress to ventricular
fibrillation and sudden cardiac death.27-28 In general, longer QT intervals reflect longer
ventricular action potentials, a reduction in repolarizing reserve?? that is associated with
exaggerated spatial and temporal heterogeneity of electrical recovery of the ventricle. This
would allow for the development of functional reentry, in which still-activated regions of
ventricular myocardium reenter and reactivate regions with shorter action potentials,
producing polymorphic ventricular tachycardias. The progressive association of QT-interval
duration with mortality at the high end of the distribution then would reflect an increased
likelihood of ventricular arrhythmias associated with increasing heterogeneity in ventricular
action potential duration.

Although the literature regarding prolonged QT intervals is substantial, less is known
regarding shortened QT intervals, especially at the population level. Short QT syndrome is a
rare disease associated with hastened ventricular repolarization (QT intervals typically <320
milliseconds) and an increased risk of sudden cardiac death,34:18:30-32 3lthough more recent
studies33:34 have shown that genetically confirmed cases of short QT syndromemay have
QT-interval durations of 320 to 360 milliseconds. Data from population-based studies
regarding the risk associated with a QT interval at the low end of the distribution are limited.
A small study in the Netherlands® found no association for sudden cardiac death when
comparing participants with a QTb of less than 400 vs 400 to 440 milliseconds. Similarly, a
Finnish study of 10 822 participants found no association of all-cause mortality comparing
participants with a QTb of less than 340 vs 360 to 449 milliseconds,8 and a study of 3596
participants in England reported no association for all-cause or cardiovascular mortality
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comparing participants with a QTb of less than 397 vs 410 to 422 milliseconds.2®> None of
these studies presented a more detailed dose-response analysis. Our findings indicate that the
results of these analyses could depend on the cutoff points used to define the lower tail of
the QT-interval distribution and on the QT-interval values used to define the reference
category.

Similar to QT prolongation, shortening of the QT interval is not uniform in time and space
in the ventricle. Thus, shortening of the QT interval is associated with exaggerated
heterogeneity of repolarization in time and space. The exaggerated heterogeneity of action
potential duration creates a substrate for functional reentry similar to that of long QT
syndrome but with hastened recovery and reduced refractoriness in the ventricle, and
arrhythmias are likely to be even more malignant in short compared with long QT
syndromes.3°

Traditionally, reference ranges for QT-interval duration in the general population were
expressed in terms of QTh.18:30.31.36.37 The Bazett correction, however, has a strong
residual correlation with heart rate and results in wider distributions compared with other
adjustment methods with better control for heart rate.38 Indeed, the 2009 recommendations
for the standardization and interpretation of the QT interval from the American Heart
Association Electrocardiography and Arrhythmias Committee Council on Clinical
Cardiology, the American College of Cardiology Foundation, and the Heart Rhythm Society
recommended that linear regression functions rather than the Bazett formula be used for QT
correction.39 The report further recommended that, in addition to rate, sex and age should be
incorporated into QT adjustment because women and elderly individuals tend to have longer
QT intervals. The report proposed a reference range for linear function—adjusted QT-interval
duration from 390 to 450 milliseconds in men or 460 milliseconds in women. In the
NHANES Il1, these values correspond to the 17th and 98th percentiles of the QTrras
distribution in men and the 18th and 99th percentiles of that distribution in women. Our
analysis thus indicates that QT-interval duration is associated with variations in mortality
rate even within reference ranges calculated using the most recent normative standards.
Moreover, our study showed that the observed associations were stronger when using the
QTrras compared with the QTh, which might be explained partly by the imperfection of the
Bazett correction formula.

Several limitations of this study need to be considered. The QT-interval duration was
measured at a single baseline time, which may result in nondifferential measurement error
because there is substantial within-individual variability. Repeated measurements of QT-
interval duration are needed to reduce measurement error and to better characterize the
association between QT interval and mortality rate in future studies. Causes of death were
ascertained based on death certificates, and we did not have detailed adjudications of
arrhythmic sudden cardiac deaths, an end point that more specifically may reflect the effect
of QT-interval duration on mortality rate. Although potential misclassifications may occur
by using death certificate data and by the limited adjudication of arrhythmic deaths, these
inaccuracies were likely to be unrelated to baseline QT-interval data and therefore would
tend to result in an underestimation of the association between QT-interval duration and
specific causes of death in our study.

In conclusion, data from the NHANES I11, a large sample representative of the general US
population, showed a U-shaped relationship between QT interval and mortality end points.
Shortened and prolonged QT-interval durations, even within reference ranges, were
associated with increased risks of total, CVD, CHD, and non-CVD death. Detailed analyses
of the dose-relationship between QT-interval duration and mortality in other populations
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ould be conducted to confirm these findings, especially the mortality implications of a
ortened QT interval, and to elucidate the mechanisms underlying these associations.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Multivariate-adjusted hazard ratios (HRs) for total mortality rate and mortality due to
cardiovascular disease (CVD), coronary heart disease (CHD), and non-CVD causes.
Mortality end points were associated with age-, sex-, race-, and R-R interval—-corrected QT
interval (QTrras) and Bazett heart rate—corrected QT interval (QTb). Models were adjusted
for age; race or ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, or
other); sex; R-R interval (restricted quadratic splines with knots at the 5th, 50th, and 95th
percentiles); body mass index (calculated as weight in kilograms divided by height in meters
squared); smoking status (current, former, or never); alcohol consumption (<12 or =212
drinks in the past year); high school education (<12 years or 212 years); annual household
income (<$20 000 or =$20 000); levels of total and high-density lipoprotein cholesterol,
serum potassium, and serum calcium; systolic blood pressure; use of blood pressure—
lowering medication; diabetes mellitus; history of myocardial infarction; history of
congestive heart failure; use of QT-prolonging medications; and use of B-blockers. Wald test
Pvalues for testing the association of QTrras categories with mortality end points were less
than .001 for total mortality and CVD mortality, .02 for CHD mortality, and .008 for non-
CVD mortality. The corresponding P values for QTh were .08, .24, .49, and .28,
respectively. Cl indicates confidence interval.
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Figure 2.

Multivariate-adjusted hazard ratios for total mortality rate and mortality due to
cardiovascular disease (CVD), coronary heart disease (CHD), and non-CVD causes.
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Mortality end points were associated with age-, sex-, race-, and R-R interval-adjusted QT

interval (QTrras) and Bazett heart rate—corrected QT interval (QTb) using restricted

quadratic splines. The horizontal dotted line indicates a hazard ratio of 1. Adjustment factors
are described in Figure 1.
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Figure 3.

Multivariate-adjusted hazard ratios of total mortality rate and mortality due to cardiovascular
disease (CVD), coronary heart disease (CHD), and non-CVD causes. Mortality end points
were associated with age-, sex-, race-, and R-R interval-adjusted QT interval (QTrras) using
restricted quadratic splines, stratified by sex. The horizontal dotted line indicates a hazard
ratio of 1. Adjustment factors are described in Figure 1. Pvalues are for interaction.
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Table 1

Baseline Characteristics of the 7828 Study Participants

Characteristic

Patients, %2

Age, mean (SD), y
Male sex
Race
Non-Hispanic white
Non-Hispanic black
Mexican American
High school education
Annual household income <$20 000
Systolic blood pressure, mean (SD), mm Hg
Total cholesterol level, mean (SD), mg/dL
HDL cholesterol level, mean (SD), mg/dL
BMI, mean (SD)
Serum potassium level, mean (SD), mEqg/L
Serum calcium level, mean (SD), mg/dL
Diabetes mellitus
Myocardial infarction
Congestive heart failure
Smoking status
Current
Former
Never
Consume alcohol
Use QT-prolonging medication
Use a p-blocker
Heart rate, mean (SD), beat/min
QT interval, mean (SD), ms

QTrras, mean (SD), ms

QTb, mean (SD), ms

56.5 (12.4)
451

80.6
9.0
36
70.7
311
128.7 (18.2)
218.0 (42.1)
51.0 (16.1)
27.3 (5.5)
41(03)
9.2(0.4)
8.6
52
2.9

22.9
34.7
424
4538
12.0

7.9
68.1 (11.5)

406.1 (30.8)

406.1 (18.8)

4293 (23.3)

Page 13

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); HDL, high-density lipoprotein;

QTb, Bazett heart rate-corrected QT interval; QTrras, age-, race-, sex-, and R-R interval-adjusted QT interval.

Sl conversion factors: To convert calcium to millimoles per liter, multiply by 0.25; cholesterol to millimoles per liter, multiply by 0.0555; and

potassium to millimoles per liter, multiply by 1.

a . S
Data are expressed as percentage of patients unless otherwise indicated.

Arch Intern Med. Author manuscript; available in PMC 2012 April 30.



Page 14

Zhang et al.

'sanjeA QAD-Uou pue gAD Bulwwins Ag paulwisieg

q

*Apnis ayp Jo pua ay ybnoyy dn-mojjo mmc:_uc_m

‘leAsaiul 10 Pa10aLIod—{eAIRIUL Y- pue -xas ‘-aoel ‘-abe ‘seui 1 O ‘eAlaiul | PaloalIod—alel Leay 11azeg ‘q.LQ (asessip JBnaseAoIpIed {QAD aseasip Lesy Aleuolod ‘QHD SUOHBIARIGGY

08T STS 16 T62C e1oL
8TT 0§ 6 01¢ (VAZS Yyig6<
8.¢ 00T T6T 697 0.¥>018yF  UIG6> 01 4108
¥62 0T 967 06 8> 01yEy  Y108> 01 Yl09
65¢ 06 [44" T0v yeY> 01 €y  U09> 01 Ylov
Lee 68 19T 8.€ €¢y> 01607  YOr> 01 yloc
19T 09 10T 8G¢ 607> 01 £6€ yiog> 01 yig
A4 44 8¢ a8 €6€> unG>
qL0
08T STS 16 T62C e1oL
T0T ¥S €6 61 6EV< Yyig6<
vee 08 6vT €€ 6EV>01Tcy  YIS6> 01 Y108
GG¢ €8 ST 607 Tey>010Ty 408> 01 Y109
65¢ 66 0.1 6y 0T¥>01T0F 09> 01 yloy
99¢ 68 ST 0cy TOy>01T6E  WYOvr> 01 yloc
6T IZA 6¢T €¢e T6E€>01/1.E yiog> 01 yig
18 9¢ 4] evl 11€> yig>
sel1d
AAD-UON  AQHD AdAD gL sw'yoind 3|1URdRd
eSyreeq Jo 'ON

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

sa|uadlad q1 0 pue sed1 O Ag syreaq Jo JaquinN

NIH-PA Author Manuscript

Arch Intern Med. Author manuscript; available in PMC 2012 April 30.



