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Recommendations for risk of cardiovascular disease according to serum CRP levels are as follows (taken from the Mayo Clinic website):

	Below 1 mg/L
	Low risk of heart disease

	1 - 3 mg/L
	Average risk of heart disease

	Above 3 mg/L
	High risk of heart disease


1. The observations of time to death in this data are subject to (right) censoring. Nevertheless, problems 2 – 6 ask you to dichotomize the time to death according to death within 4 years of study enrolment or death after 4 years. Why is this valid? Provide descriptive statistics that support your answer.
The main censoring event in this study is the end of data collection. If an individual is lost to follow-up prior to completion of the study, he/she would contribute time to follow-up, but they would be classified as living (death=0) at the time at which they were censored. If the time of censoring occurred prior to the four-year cutoff, there may be an issue because we cannot know if these individuals died between the time they were lost to follow-up and the four-year cutoff.

However, in this study, all 495 individuals who contributed less than 4 years to the study were observed to die. Thus, 100% of those who were no longer in the study at 4 years are known to be dead, and 100% of those still in the study at four years are known to have survived at least that long. There is some censoring after four years, but that does not affect the statistic of mortality within the first four years. The first censored event (participant no longer followed in the study but alive at the last observation) occurred after 4.05 years of follow-up, but even this participant is known to have survived up to four years. So, in this case, it is valid to dichotomize time to death using a cutoff of 4 years.

2. Provide a suitable descriptive statistical analysis for selected variables in this dataset as might be presented in Table 1 of a manuscript exploring the association between serum CRP and 4 year all-cause mortality in the medical literature. In addition to the two variables of primary interest, you may restrict attention to age, sex, BMI, smoking history, cholesterol, and prior history of cardiovascular disease.
Methods: For this analysis, indicator variables were created to represent history of atherosclerotic disease, current status as a smoker, and whether the participant was observed to die from any cause within four years. No observations were censored within the first four years, so this indicator is a valid representation of 4-year mortality. BMI was categorized based on standard clinical thresholds for identifying underweight, overweight, obese, and extremely obese adults. Although the BMI of a healthy elder adult differ from the BMI of a younger adult, no clear cutoffs have been defined specifically for elder adults, so the standard cutoffs are used to characterize the distribution in the sample. Age and serum cholesterol were analyzed as continuous variables. 

Descriptive analyses were conducted to characterize the overall distribution of age, sex, BMI, smoking status, cholesterol, history of atherosclerotic disease, and death within four years in the sample. The distribution of these characteristics across levels of serum CRP was also examined, with serum CRP categorized as low risk for heart attack (below 1 mg/L), average risk (1-3 mg/L), and high risk (above 3 mg/L).  For categorical variables, column percentages and frequencies are presented, and for continuous variables, the distributions are characterized by the mean, standard deviation, minimum, and maximum.

Inference: Among the 5,000 adults over 65 included in this study, 428 (8.56%) had serum CRP levels indicating low heart attack risk, 3,330 (66.6%) had serum CRP levels indicating average heart attack risk, and 1,175 (23.5%) had serum CRP levels indicating high heart attack risk. Sixty-seven participants (1.34%) had missing data on serum CRP. As shown in the table below, participants ranged from age 65 to 100, with a mean of 72.8 years (sd 5.60). The majority was female, the modal BMI category was 25.0 to 29.9, and the mean serum cholesterol was 212 mg/dl (sd 39.3, range 73 to 430). Twelve percent (12.1%) were smokers, 23.0% reported a history of atherosclerotic disease at enrolment, and 9.90% died within four years of study observation.  Relative to the overall sample, those with missing data were slightly older (mean age 75.2 years; sd 7.25), a lower percentage was male (35.8%), had a similar distribution of BMI and cholesterol, comprised fewer smokers (5.97%), a higher percentage reported a history of atherosclerotic disease (26.9%), and a higher percentage died in the first four years of the study (16.4%). 

By serum CRP level, there was little variation in age, but an increasingly lower percentage of those with higher levels of serum CRP were male. Those with lower serum CRP levels tended to have lower BMI than those in higher serum CRP categories, and the mean level of serum cholesterol was slightly lower among those in the lowest serum CRP category. A higher percentage of participants with high risk serum CRP levels were smokers and had a history of atherosclerotic disease. Lastly, there was a trend of increasing risk of death within four years by serum CRP risk category; among those with low risk, 4.91% died within four years, relative to 8.41% of those with average risk and 15.6% of those with high risk.

	Serum CRP risk level for heart disease by characteristics of adults 65+ in four US communities (N=5,000)

	
	Overall

(n=5,000)

% (n)a
	Serum CRP

	
	
	Low risk (<1mg/L)

(n=428)

% (n)a
	Avg. risk 

(1-3mg/L)

(n=3,330)

% (n)a
	High risk (>3mg/L)

(n=1,175)

% (n)a

	Age, yrs 

mean (sd; range)
	72.8 (5.60; 65-100)
	73.5 (5.80; 65-94)
	72.7 (5.52; 65-100)
	72.7 (5.58; 65-93)

	Male 
	41.9 (2,096)
	45.6 (195)
	43.3 (1,442)
	37.0 (435)

	BMI 
	
	
	
	

	<18.5
	1.64 (82)
	4.44 (19)
	1.41 (47)
	1.28 (15)

	18.5 to 24.9
	36.7 (1,833)
	59.4 (254)
	37.6 (1,252)
	26.2 (308)

	25.0 to 29.9
	41.6 (2,081)
	30.8 (132)
	43.6 (1,452)
	39.7 (466)

	30.0 to 39.9
	18.4 (920)
	5.37 (23)
	16.1 (537)
	29.5 (347)

	(40
	1.42 (71)
	0.00 (0)
	0.90 (30)
	3.23 (38)

	Smoker
	12.1 (604)
	9.58 (41)
	11.0 (366)
	16.4 (193)

	Cholesterol, mg/dl 

mean (sd; range)
	212 (39.3; 73-430)
	206 (40.5; 109-407)
	213 (38.6; 73-363)
	211 (40.4; 97-430)

	History of atherosclerotic dis.
	23.0 (1,149)
	18.2 (78)
	21.5 (715)
	28.8 (338)

	Death within 4yrs
	9.90 (495)
	4.91 (21)
	8.41 (280)
	15.6 (183)

	a Statistics are presented as percent (n), except where indicated for age and cholesterol. Percents are calculated with inclusion of missing values: 13 observations missing for BMI, 6 for smoking status, 7 for cholesterol


3. Perform a statistical analysis evaluating an association between serum CRP and 4 year all-cause mortality by comparing mean CRP values across groups defined by vital status at 4 years.
Methods: For this analysis, a two-sample T-test allowing for unequal variances was conducted to test the null hypothesis that the mean serum CRP level among those who were observed to die within four years is equal to the mean serum CRP level among those who survived beyond four years. There are no censored observations before four years of study time, such that a T-test is a valid method for analysis of differences in survival time. A two-sided p-value was used, corresponding to an alterative hypothesis that difference in mean serum CRP values between the two groups is not equal to zero ((=0.05). Sixty-seven participants had missing data on serum CRP (11 of whom died within four years), and these observations are excluded from the present analysis.

Inference: The mean serum CRP level among the 484 participants who died within four years was 5.38 mg/L (sd 8.10), and the mean serum CRP level among the 4,449 participants who survived past four years was 3.42 (sd 5.87). This difference of 1.95 mg/L between the mean CRP levels of those who died within four years and those who did not is consistent (based on 95% confidence limits) with those who died having mean serum CRP levels between 1.21 mg/L and 2.70 mg/L higher than those who survived past four years. Based on these results, we can reject the null hypothesis of no difference in mean serum CRP levels by vital status at 4 years in favor of a hypothesis of there is an association between serum CRP and death within four years (two-sided p<0.0001).
4. Perform a statistical analysis evaluating an association between serum CRP and 4 year all-cause mortality by comparing geometric mean CRP values across groups defined by vital status at 4 years. (Note that there are some measurements of CRP that are reported as zeroes. Make clear how you handle these measurements.)

Methods: For this analysis, measures of serum CRP were log-transformed and a two-sample T-test allowing for unequal variances was conducted to test they hypothesis that the difference in the geometric mean serum CRP levels between those who died within four years and those who survived beyond four years is not equal to zero (null hypothesis that the geometric means are equal). The 428 observations with serum CRP levels of zero were set to 0.5 (half the lowest detected value of 1) for this analysis. A two-tailed p-value was used, with (=0.05. From the output, the estimates of means and mean difference in log-transformed CRP levels were exponentiated to obtain the results in terms of geometric means.

Inference: The geometric mean serum CRP level among the 484 participants who died within four years was 2.97 mg/L, which was 1.46 mg/L higher than the geometric mean serum CRP level among the 4,449 participants who survived past four years (geometric mean 2.03 mg/L). This difference would not be surprising (with 95% confidence) if the geometric mean difference fell between 1.33 mg/L and 1.61 mg/L. Based on an alpha of 0.05, the results of the two-sample T-test allowing for unequal variance indicate that we should reject the null hypothesis of no difference in geometric mean in favor of the alternative hypothesis that there is a difference by survival status at four years.

5. Perform a statistical analysis evaluating an association between serum CRP and 4 year all-cause mortality by comparing the probability of death within 4 years across groups defined by whether the subjects have high serum CRP (“high” = CRP > 3 mg/L).
Methods: To compare the probability of death within four years among those with high serum CRP (>3mg/L) and those with average or low serum CRP ((3 mg/L), a Pearson’s chi-square test for difference in proportions was conducted. Wald statistics were used to compute 95% confidence intervals for the difference in proportions across the two groups. The 67 participants with missing data on serum CRP were excluded from this analysis.

Inference: The probability of death from any cause within four years among those with high serum CRP was 15.6%, compared to 8.01% among those with low or average serum CRP. This difference of 7.56% higher probability of death within four years among those with high serum CRP would not be surprising if the true difference in survival probability were between 5.32% and 9.81% (based on 95% CI). The results from the chi-square test indicate that this difference is statistically significant (p<0.0001, df=1), such that we should reject the null hypothesis of no difference in survival probability.
6. Perform a statistical analysis evaluating an association between serum CRP and 4 year all-cause mortality by comparing the odds of death within 4 years across groups defined by whether the subjects have high serum CRP (“high” = CRP > 3 mg/L).
Methods: To compare the odds of death within four years among those with high (>3mg/L) serum CRP to those with low to average serum CRP ((3 mg/L), a chi-square test was conducted to calculate the odds ratio and test if it is statistically different from the null value of 1.00, with (=0.05. Woolf’s method was used to calculate 95% confidence intervals based on the Wald statistic.

Inference: The probability of death from any cause within four years among those with high serum CRP was 15.6%, compared to 8.01% among those with low or average serum CRP. This translates to an odds ratio of 2.12 among those with high serum CRP relative to those with low or average serum CRP. This result would not be unusual if the true odds ratio were between 1.74 and 2.58. These confidence limits do not contain the null value of 1.00, and the chi-square test indicates that the odds ratio is statistically different from 1.00 (p<0.001), indicating that the null hypothesis should be rejected.

7. Perform a statistical analysis evaluating an association between serum CRP and all-cause mortality over the entire period of observation of these subjects by comparing the instantaneous risk of death across groups defined by whether the subjects have high serum CRP (“high” = CRP > 3 mg/L).


Methods: To account for censoring in time to death, Kaplan-Meier methods are used to characterize survival among those with high serum CRP (>3 gm/L) and those with low to average CRP ((3 mg/L). The survival distributions across groups based on serum CRP were compared using logr-ank test statistic, and hazard ratios and 95% confidence intervals were calculated using Cox proportional hazards regression. 

Inference: Over the entire study period, the survival probability of participants with serum CRP indicating high risk of heart disease is lower than that of participants with low to average risk CRP levels, as depicted in the Kaplan-Meier survival plot and table below. From Cox proportional hazards regression, the instantaneous risk of death among those with high serum CRP is 1.69 times the instantaneous risk of death among those with low to average serum CRP (HR=1.69). This observed hazard ratio would not be surprising if the true hazard ratio were between 1.47 and 1.92 (based on 95% confidence intervals). The log-rank chi-square test statistic 66.8, indicating that the null hypothesis of equal survival distributions by serum CRP level should be rejected (p<0.0001).

	
	K-M survival probability (95% CI)

	
	Low to average risk for heart attack (serum CRP (3mg/L)
	High risk for heart attack (serum CRP >3mg/L)

	1 year
	0.988 (0.983, 0.991)
	0.966 (0.954, 0.975)

	2 years
	0.971 (0.965, 0.976)
	0.926 (0.909, 0.940)

	3 years
	0.948 (0.941, 0.955)
	0.881 (0.861, 0.898)

	4 years
	0.920 (0.911, 0.928)
	0.844 (0.822, 0.864)

	5 years
	0.884 (0.873, 0.894)
	0.799 (0.774, 0.821)

	6 years
	0.852 (0.840, 0.863)
	0.754 (0.727, 0.779)

	7 years
	0.809 (0.756, 0.822)
	0.710 (0.682, 0.737)

	8 years
	0.769 (0.750, 0.786)
	0.647 (0.610, 0.682)
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8. Supposing I had not been so redundant (in a scientifically inappropriate manner) and so prescriptive about methods of detecting an association, what analysis would you have preferred a priori in order to answer the question about an association between mortality and serum CRP? Why?

The decision about what analysis to use should be made before the data are examined. One consideration is that the variable on time to death is censored. While, as discussed, using a cutoff of 4 years is valid given that no censored observations occur before this time, this precludes that four-year survival is the survival time of interest. A more informative analysis would allow us to compare survival probability across the entire period of follow-up. Furthermore, we would have more statistical precision if we did not have to categorize serum CRP. The method that allows us to look at mortality across the study period in the presence of censoring and doesn’t require the predictor of interest to be categorical is Cox proportional hazards regression. The survival probabilities by CRP level could be compared with Kaplan Meier and the log rank test statistic. Additionally, these methods allow us to compare groups based on levels of CRP, rather than comparing serum CRP based on mortality status. Since serum CRP precedes death in time, this is a scientifically more relevant setup for analysis.
