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Abstract

Background—Cysteine is a glutathione precursor, but is also a homocysteine byproduct. We
prospectively evaluated relationships between fasting plasma concentrations of total cysteine and
total homocysteine, and subsequent myocardial infarction (MI) in women.

Methods—Among 32826 women who provided blood samples between 1989 and 1990, 239
were diagnosed with incident M1 after blood collection, but before July 1998. Of these women,
144 had provided a post-fast sample. We matched controls to cases 2:1 by age, cigarette smoking
status, and month and fasting status at the time of blood collection. We used conditional logistic
regression to adjust for confounding.

Results—Fasting total cysteine was positively related to Ml risk in matching factor-adjusted
analyses [RR for highest vs. lowest quartile 3.50 (95% CI 1.44, 8.52)]. However, after controlling
for conventional risk factors of M, it was not independently associated with risk [RR for highest
vs. lowest quartile 1.32 (95% CI 0.42, 4.12; P trend=0.10)]. Fasting homocysteine was positively
associated with Ml risk; the multivariable adjusted rate ratio (RR) for the highest versus the lowest
quartile was 3.37 (95% CI 1.30, 8.70; P trend=0.014).

Conclusions—Fasting plasma concentration of total homocysteine, but not total cysteine was
positively associated with Ml risk.

Although substantial evidence demonstrates that plasma total homocysteine concentration
(tHcy) is a predictor of coronary artery disease (CAD), recent randomized controlled
trials1- have cast doubt on the hypothesis that homocysteine is a causal risk factor for
cardiovascular events. Despite reducing plasma tHcy concentration, treatment with high
dose folic acid, vitamin B4, and vitamin Bg did not reduce the incidence of the combined
outcome of myocardial infarction, stroke and cardiovascular deathl-3: 3. However, these
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trials come against the background of a vast literature that indicates that elevated tHcy
concentration is associated with harm®: 7. Intracellular homocysteine is a byproduct of
methionine metabolism and is either (1) re-methylated to methionine, or (2) catabolized by
vitamin Bg-dependent transsulfuration to cysteine®: 9 (See Figure ). Cysteine is a major
precursor of glutathione (y—glutamyl-cysteinyl-glycine; GSH)10 that protects cells from
oxidative damage by removing hydrogen peroxide®. It appears that cysteine is a rate-limiting
amino acid for GSH synthesis in humans?L. In addition to conversion from homocysteine,
intracellular cysteine also results from conversion from other amino acids!?, as well as from
the gamma glutamyl transferase (GGT) dependent recycling of the amino acids from
extracellular glutathionel3,

The one prospective study that has evaluated the relationship between total cysteine (tCys)
and risk of cardiovascular disease hospitalizations and cardiovascular death found no
significant relationship4. A few cross-sectional and retrospective studies have compared
plasma tCys concentration between patients with established CAD to controls and found
conflicting results®-17, We hypothesize that while plasma homocysteine concentration is
positively associated with increased risk of myocardial infarction (M), plasma total cysteine
is likely to be inversely associated with risk of MI. We previously studied the total
homocysteine: Ml relationshipl8, but did not consider total homocysteine in the fasting state.
Using prospectively collected samples in a nested case control design within the Nurses'
Health Study cohort, we seek to answer two primary questions: 1) What is the relationship
between plasma concentration of total homocysteine, in the fasting state, and subsequent
risk of myocardial infarction? and 2) What is the relationship between plasma concentration
of total cysteine, in the fasting state, and subsequent risk of myocardial infarction?

The Nurses' Health Study cohort was established in 1976 when 121,700 female registered
nurses, 30-55 years of age, completed a mailed questionnaire to study the relationship
between diet and lifestyle and subsequent disease. We continue to follow the cohort
continues every 2 years by questionnaire to update exposure status and to identify cases of
newly diagnosed disease. Data have been collected on many coronary artery disease risk
factors, including height, weight, cigarette smoking, alcohol use, physical activity, age at
menopause, post-menopausal hormone use, diagnosis of hypertension and diabetes mellitus,
history of aspirin use, history of hypercholesterolemia, and parental family history of
myocardial infarction. BMI was calculated by dividing the most recent weight before blood
collection by the square of height reported in 1976. We calculated total alcohol intake per
day as the sum of the alcohol content contributed from beer, wine, and liquor, assuming 12.8
g of ethanol for 360 mL (12 oz) of beer, 11.0 g for 120 mL (4 oz) of wine, and 14.0 g for 45
mL (1.5 oz) of liquor.

From 1989 through 1990, blood samples were collected from 32,826 cohort members (27%
of the original cohort) who were then 43-69 years of age. Participants who provided blood
samples were similar to those who did not. Details regarding the blood collection methods
have been published previously®. Briefly, each woman arranged to have her blood drawn
and then shipped, via overnight courier with an ice pack, to our laboratory, where it was
processed and separated into plasma, red blood cells, and white blood cell components.
Within 24-36 hours of being drawn, we received 97% of the samples in our laboratory.
Since collection, samples have been archived at -130 °C or colder in continuously monitored
liquid nitrogen freezers. As of 1998, follow-up of women who provided blood samples was
over 99% complete.
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We included as cases, women who provided a blood sample after fasting 10 hours or more,
reported no myocardial infarction before blood collection, and who were diagnosed with
myocardial infarction after blood collection but before June 1, 1998, the end of follow-up
for this analysis. Overall, 144 cases of myocardial infarction (21 fatal) with adequate plasma
were identified. For all cases of myocardial infarction, we requested hospital records (we
could not obtain records for three cases, but all cases were retained for analysis). Myocardial
infarction was classified as confirmed if symptoms met the criteria of the World Health
Organization (typical symptoms and either diagnostic electrocardiographic changes or
elevated cardiac enzymes).

The median (10t to 90t percentiles) time from blood collection to diagnosis was 48 months
(16, 91). Where possible, two control subjects, with no diagnosis of myocardial infarction at
the time of the case's diagnosis, were selected at random, matched to the case subject by age
(2 years), cigarette smoking status (current, past, and never smoker), and month of blood
collection. Most (81% percent) of case-control matches were exact; the most relaxed match
was within +3 years of age, and within £6 months of blood collection. We analyzed the
matched sets together. The Committee on the Use of Human Subjects in Research at the
Brigham and Women's Hospital approved the study. All subjects gave their informed
consent.

Laboratory Analysis

Plasma concentrations of tHcy and tCys were measured with high performance liquid
chromatography using fluorescence detection at the Jean Mayer United States Department of
Agriculture Human Nutrition Research Center on Aging at Tufts University20. These assays
were performed in three batches in 1994, 1996 and in 1998. Matched case and control
samples were handled identically and measured within the same batch. We interspersed
replicate plasma samples, labeled to preclude their identification by the laboratory, to assess
laboratory precision. The intra-assay coefficients of variation for plasma tHcy and tCys,
were 7.5% and 5.4% respectively.

Creatinine was measured using a modified Jaffe method. The intra-assay coefficient of
variation was 12.8%. We used a modified version of the Cockcroft-Gault formula to
estimate creatinine clearance?l: 22, This formula is based on fat-free body mass and has the
advantage of attenuating the overestimation of creatinine clearance (CrCl) in obese
individuals with the Cockcroft-Gault equation while providing similar results in average-
weight women?2, The formula for women is (146 - age) x [(0.287 x weight) + (9.74 x
height2)]/(60 x creatinine), with age in years, weight in kilograms, height in meters, and
creatinine in mg/dl; the units for CrCl are ml/min. This formula has been validated
compared with measured CrCI22,

Total cholesterol was measured enzymatically?3 with an intra-assay coefficient of variation
of 1.7%. High-density lipoprotein cholesterol (HDL) was measured using Hitachi 911
analyzer?4, with an intra-assay coefficient of variation of 2.5%. C-reactive protein (CRP)
was determined with a high sensitivity immunoturbidimetric assay on a Hitachi 911
analyzer, with an intra-assay coefficient of variation of 1.4%.

The laboratory personnel that conducted the assays had no knowledge of the case—control
status of the samples.

Statistical Analysis

We estimated adjusted Spearman's correlation coefficients of tHcy and tCys to the other
covariates among cases and controls separately, after first calculating residuals from linear
regression with loge(tHcy), tCys, loge(HDL-to-total cholesterol ratio),loge(C-reactive
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protein), loge(BMI), loge(physical activity), and alcohol as outcome variables and age
(modeled as quartiles), and batch as covariates. Log-transformation was performed where
appropriate, to improve the normality of the residuals.

Conditional logistic regression was used to estimate odds ratios, and 95% confidence
intervals (CI), between quartiles of the exposure variable (tHcy and tCys), and risk of Ml.
These odds ratios were taken as estimates?® of rate ratios (RR). We additionally controlled
for potential confounders that were not part of the matching scheme. Indicator functions
were used to model the categorical covariates, including menopausal status (post-
menopausal and unknown-menopausal status versus pre-menopausal), current post-
menopausal hormone use at blood collection (use within the previous 3 months), history of
diabetes mellitus, hypertension, parental history of myocardial infarction prior to age 60,
hypercholesterolemia, and aspirin use (use for greater than 14 days per month, use for 1-14
days per month, versus no use). To control more appropriately for confounding and other
co-variation by continuous variables (alcohol use, BMI, CrCl, plasma CRP, total-to-HDL
cholesterol), we used natural cubic splines?®, with four degrees of freedom, to smooth the
relationships with the log-odds of myocardial infarction. Physical activity in metabolic
equivalents (MET) — hours per week in 1988 was entered into the regression models as
indicator functions of the quarters, since natural cubic splines was sub-optimal for this
variable. We estimated the following models: i) Control for matching factors only, including
age (as a linear function); ii) Control for conventional non-biomarker risk factors for Ml
(considered the definitive model). As a form of sensitivity analysis, we also estimated
models with plasma-derived covariates: iii) Model ii plus CrCl, total-to-HDL cholesterol
ratio, and CRP; and iv) additionally controls for plasma concentrations of tCys (model with
homocysteine) or tHcy (model with cysteine). We used medians to impute the few missing
values in the covariates physical activity, CRP, creatinine, and total-to-HDL cholesterol
ratio (all less than 4%).

We conducted tests for trend by modeling the hormone level as a linear continuous covariate
and calculating a Wald statistic?®. All P values are two-sided, and when less than 0.05, is
statistically significant. The software used for statistical analysis were SAS release 9.127 and
S-plus version 828,

Funding Sources

Results

This study was supported by Public Health Service grant HL34594 from the National
Institutes of Health, Department of Health and Human Services, as well as a grant from
Merck. The corresponding author was also supported by the American Heart Association
award 0475016N. The authors are solely responsible for the design and conduct of this
study, all study analyses, the drafting and editing of this paper and its final contents.

Table I shows the distribution of risk factors for myocardial infarction at the time of blood
sampling among case women and matched controls. The median age (101, 90t percentiles)
at the time of blood collection was 63 (52, 68).

After adjusting for age and analysis batch, fasting plasma concentrations of tHcy correlated
directly with concentrations of plasma tCys, and inversely with physical activity, among
control women. In addition to its correlation with tHcy, fasting plasma concentrations of
tCys correlated directly with body mass index, and inversely with alcohol consumption,
among control women (Table I1). After adjusting for age and analysis batch, fasting plasma
concentrations of tHcy correlated directly with concentrations of plasma tCys, and inversely
with physical activity, among control women. Plasma tHcy correlated inversely with
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creatinine clearance among cases. In addition to its correlation with tHcy, fasting plasma
concentrations of tCys correlated directly with body mass index, and inversely with alcohol
consumption among control women (Table I1).

Fasting concentrations of tHcy were significantly positively associated with subsequent risk
of M, both controlling for matching factors only [RR (95%CI) for top vs. bottom quartile
2.89 (1.44, 5.80), p value for linear trend 0.001], or after adjusting for conventional risk
factors [RR (95%CIl) for top vs. bottom quartile 3.37 (1.30, 8.70), p value for linear trend
0.014]. The shape and magnitude of the relationship changed little with addition of plasma
covariates to the regression model (model iii). There was some augmentation of the
relationship when we additionally adjusted for plasma tCys (Table I1). Fasting tCys was
positively associated with risk of Ml in a model that adjusted for matching factors only [RR
(95%Cl) for top vs. bottom quartile 3.50 (1.44, 8.52), p value for linear trend <0.001].
However, there was no clear relationship seen after adjustment for conventional Ml risk
factors [RR (95%CIl) for top vs. bottom quartile 1.32 (0.42, 4.12), p value for linear trend
0.10]. Additional adjustment for plasma covariates resulted in further attenuation of the
relationship (Table I11).

Discussion

In this large prospective study, high plasma concentration of total homocysteine, but not
total cysteine, was associated with increased rate of Ml among predominantly post-
menopausal women. Although tCys was associated with elevated risk of M, after adjusting
for matching factors only, the relationship did not persist after adjusting for conventional
CAD risk factors. There was a significant positive correlation between fasting
concentrations of total homocysteine and total cysteine.

The finding that plasma concentration of homocysteine is positively correlated with risk of
MI is consistent with several other prospective studies2®. We previously reported on this
relationship in the Nurses Health study®, but that analysis did not consider the specific
relationship of fasting total homocysteine to MI risk. This analysis among women who
provided blood after fasting revealed a relationship further away from the null than in our
previous analysis. This is likely due to the effect of reducing measurement error.
Randomized controlled trials that have evaluated homocysteine lowering with folic acid,
vitamin Bg and vitamin By, found that this therapy, although successful in reducing
homocysteine, did not reduce incidence of the combined outcome of myocardial infarction,
stroke and cardiovascular death1™3: 5, This suggests either that, in addition to the beneficial
effect of homocysteine lowering, the therapy had other effects on disease progression that
are harmful, or that homocysteine in the ranges seen in the normal population is not a direct
cause of cardiovascular disease. Homocysteine may be a correlate for an alternative causal
mechanism that is unaffected by vitamin therapy. The latter may also be true for total
cysteine concentration, but possibly for different reasons. We observed a positive correlation
between fasting plasma concentration of tCys and the risk factors body mass index and C-
reactive protein concentration (table Il). Cysteine is an important precursor to intracellular
glutathione, which is an essential cellular antioxidant (Figure 1)10: 13, Animal studies
suggest that GGT on cell surfaces plays a key role in providing cysteine for intracellular
GSH production, by breaking down extracellular GSH13. GGT gene expression is increased
during oxidative stress10, and several studies have shown that plasma concentration of GGT
is positively associated with cardiovascular disease risk39. This is consistent with our
finding that elevated tCys is positively associated with Ml risk, but not after adjustment for
BMI and other risk factors for CAD. Elevated plasma cysteine may thus be a marker of the
body’s attempt to increase intracellular GSH in response to increased oxidative stress.
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To our knowledge, this is the first prospective study that has examined the relationship
between plasma total cysteine and subsequent MI risk. Major strengths of this study are its
prospective design, and control for confounding factors. In addition, we were able to reduce
measurement error in tHcy and tCys as well as other plasma covariates by focusing on those
women who had provided blood after fasting. However, given the observational nature of
the study, we cannot rule out unmeasured confounding.

In summary, our investigation revealed that increased fasting concentration of total
homocysteine, but not total cysteine, was significantly associated with increased risk of
myocardial infarction in predominantly post-menopausal women. We recommend the
conduct of future studies to facilitate a clearer understanding of the relationship between
plasma total cysteine and the risk of chronic disease, particularly in younger women and in
men.
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Figure 1.

Metabolism of Homocysteine and Cysteine, including the transsulfuration pathway.

THEF is tetrahydrofolate and TMG is trimetylglycine
Modified from Salway®, Welch & Loscalzo?, and Wu et al3L.
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Covariate

Cases, N=144

Controls, N=258

Median (10t to 90t
percentiles); Number (%)*

Median (10t to 90t
percentiles); Number (%)*

Plasma total Cysteine (nmol/ml)
Plasma total Homocysteine (nmol/ml)

Age at blood draw (years)

Current smokers ™

Body Mass Index (kg/m?)

Waist to Hip Ratio

Average physical activity (MET-hours per week)

Mean alcohol consumption (grams/day)
Parental history of Myocardial Infarction *
History of Hypertension *

History of Diabetes Mellitus *

History of Hypercholesterolemia *

Use of Aspirin in 1988 *
None
1-14 days per month
>14 days per month

Post-menopausal *

Use of female hormones in the three months prior to blood collection
Plasma total cholesterol (mg/dL)

Plasma HDL cholesterol (mg/dL)

Ratio of plasma total to HDL cholesterol

Plasma C reactive protein (mg/L)

Plasma Creatinine (mg/dl)

Estimated Creatinine Clearance (ml/min)

254.3 (206.0, 346.0)

11.0 (7.2,16.0)
63 (53, 68)
45 (31.3)
25.9 (20.5, 35.4)
0.81 (0.73, 0.89)
7.8(0.2,37.2)
1.3(0,16.2)
56 (38.9)

86 (59.7)
31 (21.5)

17 (11.8)

44 (30.6)
55 (38.2)
40 (27.8)
128 (89.0)

45 (31.0)
240 (180, 292)
50.7 (35.5, 71.1)
4.45(3.30, 6.93)
3.6 (0.6, 15.6)
0.73(0.57,1.03)
88.4 (59.8, 121.4)

2495 (187.2, 318.0)
9.9 (6.9, 14.8)
63 (52, 68)

78 (30.2)
24.3(20.4,31.3)
0.78 (0.71, 0.88)
9.0 (0.9, 34.2)
3.6 (0,22.3)

58 (22.5)

73 (28.3)
15 (5.8)

27 (10.5)

81 (31.4)
119 (46.1)
51 (19.8)
224 (86.8)

94 (36.4)
229 (181, 279)
57.4 (41.7, 85.3)
3.96 (2.62, 5.66)
2.5 (0.5, 9.6)
0.72 (0.58, 0.88)
87.9 (67.4,116.3)

Median age (range; 10th and goth percentiles) of diagnosis was 66.9 (55.4,73.7). Median time from blood sample to diagnosis was 4.0 years (1.25,
7.6). Waist-hip ratio was available for 101 cases and 178 controls. Information was available for the other covariates in over 95% of study

participants.

*
Number (%)
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Adjusted Spearman's correlation coefficients between total Homocysteine and total Cysteine and other
continuous variables among case and control study participants

Spearman’s correlation coefficient (P value) adjusted for age and batch

Covariate With total Homocysteine With total Cysteine
Cases Controls Cases Controls

Plasma Total Cysteine (nmol/ml) 0.35 (<0.001) 0.35 (<0.001)

Estimated Creatinine Clearance (ml/min) -0.32 (<0.001) -0.10 (0.10) -0.10 (0.22) -0.10 (0.11)
BMI (kg/m2) 0.001 (0.99) 0.09 (0.14) 0.12 (0.16) 0.20 (0.001)
Average physical activity (MET-hours per week) 0.002 (0.98) -0.15 (0.01) -0.05 (0.59) -0.06 (0.32)
Mean alcohol consumption (grams/day) 0.09 (0.30) 0.11 (0.07) 0.01 (0.93) -0.16 (0.01)
Plasma C-reactive Protein (mg/L) 0.08 (0.35) 0.002 (0.98) 0.15 (0.07) 0.11 (0.07)
Plasma total:HDL cholesterol ratio 0.04 (0.60) 0.005 (0.94) 0.12 (0.16) 0.04 (0.50)

Am Heart J. Author manuscript; available in PMC 2011 April 1.

Page 10



Page 11

Page et al.

‘(wopaauy 40 sa3163p 7 Yiim saul|ds 21gna Jeinyeu) auigisAoowoy [e10] ewse|d 03 uonippe ul € u1 s103ae} 1o} Buljjonuod japow uoissalfial a1s1bo| _mco_:vcoum

‘(wopaauy 40 saa1bap ¥ yim saulds 21gnd [ednyeu) auiglsAd [e10] ewse|d 03 uonippe ul € u1 s103ae} 1o} Buijjonuod japow uoissalhial onsibo| _,n..co_:ccoo“ﬁ
"Wopaaly J0 saalbap ¢ Yyum sauljds
21GN9 [eANJeU UM PIJ3POLL ‘O1el [0431S810UD TAH O} [e10} eLuse|d pue UONEAUIIUOD D euuse|d ‘9IUBIES]D UIUIEID 0} UOLIPPE Ul () Ut S1010BY 10} BUII0)UOD |3pOLU UOISsaIBal ansIBo| _mco_:vcou,f

's1eak ul abe Jo uonouny Jeaul| e pue [(wopaaly Jo s8a1bap  yum sauljds a1gna feanyeu) Aep Jad swelf ul axeul [oyodfe ‘(wopaady Jo $8a1bap # Yim saullds 21gna [eanreu) xapui ssew Apoq ‘(sajinrenb) sinoy
-13IN U1 Ananoe [eaisAyd‘(asn uriidse ou sa yuow Jad sAep #T-T SA yiuow Jad sAep #T <) asn uuidse Jo A101s1y ‘elwajola1sajoyasadAy Jo A10isiy ‘(Mmep poojq 03 Jorid syjuow 8aiyl ayl Ul SsuowIoy ajewsy 0
asn) asn auowJoy [esnedousw-1sod Juslind ‘(urensoun ‘sa jesnedouaw-aid “sa [esnedouswisod) sniels jesnedousw ‘09 abe aiogaq ||A Jo A101siy [eiuasred ‘uoisusiiadAy Jo A103s1y ‘snijjaw saiagelp Jo Aloisiy]

$10}9B} Y{SIJ JR[NISEAOIPJED (J8XJBWOIG-UOU) [BUOIIUBAUOD 0} UORIPPE Ul (U0123]|09 POO|g JO Yluow pue ‘snyeis Bunjows anasebio ‘abie) si01oe) Buiyorew Joy Buijjosiuod [apow uoissalbal onsifo| [euonipuod
*

960 (6,7'6000) 650  (86°0'20°0) 220 (£9T'6T'0)950  (aJajal) 0'T (12%56) g0 pasnipy
09'0 (€52'ST0) 290 (T T'OTO)YED (98T '¥2'0) L90  (uaseper) 0'T (10956) | 4O pasnipy
01’0 @y ero)zeT  (wT'0z0) vs0  (20Z'9€°0)S8°0  (Uasesel) 0T (12%56) 40 parsnipy
100°0> (cg8'vr'1) 06  (€6'2'€90) 9T (8L2'eL0)2r'T  (Waipl) 0T (1D %G6) HO paysnipe Jojoey BuiyoreN
99/6 99/TE 29/9¢ 99/62 $|01JU0D JO "ON//S85 JO “ON
(TTE UeIpaW) (59 uerpaw) (gez uelpsw) (6T Uelpaw)
682z v82-6v2 8v2-812 8Tz> (wyowy) suts1sAD fe1o L
500 @e9T D) 18y (€2°9'52°0)622 (696 ¥9°0) T6T  (uasage) 0'T (10956) 140 pasnipy
00 (€02t 'zeT) e8e (1262900887 (v 'SG0) 85T  (Uasayer) 0'T (10956) |40 pasnlpy
P00 (0r8'0eT) L€ (09 'PL0) 48T (907 'S90) EQT  (asjal) 0 (19%56) 40 pasnlpy
1000 (086 'vr'1)68C (86°€'90T)90C (¥62'vL0) Ly'T  (Waiapal) 0T (1D %G6) HO paysnipe Jojoey BulyoreN
19/08 T9/8¢ £9/0¢€ 69//2 $|01JU0D JO "ON//SBSBI JO “ON
(8'€T uelpaw) (T'TT UEIPAW) (g6 uepaw) (g2 uelpaw)
FAAES 12166 86-28 78> (Tw/jowu) ‘auta1sA20WoH [e30 L
v £ 4 T
puaJ] Jeaul| 40} anfeA d sa|nJend

"Apn1S yijeaH ,sasinN a8yl ul ‘aulslsA) [e101 pue auislsAoowoH [e10] ewseld Bunsey Jo ajirenb Ag uonoteju] [eIpJedoAN JO (HY) onel atey

NIH-PA Author Manuscript

lrajgeL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

; available in PMC 2011 April 1.

Am Heart J. Author manuscript



