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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 enrollment or death after 4 years. Why is this valid? Provide descriptive statistics that support your answer.
The minimum time to death for censored individuals is 1480 days, which is after 4 years of enrollment (4 yrs * 365.25 days/yr = 1461 days). Thus we are able to answer questions about mortality within 4 years of enrollment without being concerned about right censoring. 

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: An indicator variable for death within 4 years of study enrollment was created (no subjects were censored during that period of observation). Descriptive statistics are displayed within groups by serum CRP levels, as defined by the Mayo Clinic website (less than 1 mg/L, between 1mg/L and 3 mg/L inclusive, and greater than 3 mg/L), as well as for the entire sample. Within each group, we include the mean, standard deviation, minimum, and maximum for continuous variables (age, body mass index, cholesterol). For binary variables (male, smoker, prior history of CVD, death) we display percentages. 
Inference: Data from the Cardiovascular Health Study is available for 5,000 adults, but 67 (including 11 who died within 4 years) are missing data on serum C reactive protein (CRP). Those individuals are excluded from all analyses, though we cannot be certain as to how those dropped subjects affect the generalizability of our results. Of the remaining 4933 subjects, 13 were missing data on Body mass index (12 in the 1-3 mg/L category and 1 in the >3 mg/L category), 3 were missing data on cholesterol (1 in the <1 mg/L category and 2 in the >3 mg/L group), and 6 were missing data on smoking (1 in the <1 mg/L group and 5 in the 1-3 mg/L group).
Of the 4933 subjects with available data, 428 had serum CRP measurements less than 1 mg/L, 3330 had measurements between 1mg/L and 3 mg/L inclusive, and 1175 had measurements greater than 3 mg/L. The table below presents descriptive statistics for subjects within these categories. Subjects having serum CRP in the highest interval were more likely to be female, smokers, and have had a prior incidence of cardiovascular disease than in the other categories. Also, subjects in the highest CRP category were more likely to have a higher body mass index score than in the other categories. No consistent trend was observed for age or cholesterol level across these intervals. Subjects in the highest CRP group appeared to have the highest mortality rate: 15.6% of subjects of with CRP greater than 3 mg/L died within 4 years, compared to 8.4% and 4.9% in the middle and lower CRP groups respectively.
	 
	Serum C Reactive Protein (CRP)

	 
	< 1 mg/L  (n=428)
	1-3 mg/L  (n=3330)
	> 3 mg/L  (n=1175)
	Any Level  (n=4933)2

	Male (%)
	45.6%
	43.3%
	37.0%
	42.0%

	Age (yrs)1
	73.5 (5.80; 65 - 94)
	72.7 (5.52; 65 - 100)
	72.7 (5.58; 65 - 93)
	72.8 (5.56; 65 - 100)

	Body Mass Index1
	23.8 (3.64; 15.6 - 38.6)
	26.4 (4.31; 14.7 - 53.2)
	28.5 (5.46; 15.3 - 58.8)
	26.7 (4.72; 14.7 - 58.8)

	Cholesterol (mg/dl)1
	206 (40.5; 109 - 407)
	213 (38.6; 73 - 363)
	211 (40.4; 97 - 430)
	212 (39.2; 73 - 430)

	Smoker (%)
	9.60%
	11.0%
	16.4%
	12.2%

	Prior CVD (%)
	18.2%
	21.5%
	28.8%
	22.9%

	Death w/in 4 years (%)
	4.91%
	8.41%
	15.6%
	9.81%

	1Descriptive statistics presented are the mean (standard deviation; minimum – maximum).

	2There were 67 cases of missing observations.


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: Mean CRP values were compared between subjects who died within 4 years of enrollment and those who survived at least 4 years. Differences in means were tested with a t test that allowed for unequal variances (Satterthwaite approximation). 95% confidence intervals for the difference in population means were also based on allowing for unequal variances.
Inference: Mean serum CRP was 3.42 mg/L for the 4449 subjects who survived at least 4 years after study enrollment and 5.38 mg/L for the 484 subjects who died within 4 years. Based on a 95% confidence interval that allows for unequal variances, the observed tendency of 1.95 mg/L higher mean serum CRP among subjects dying earlier is consistent with a true difference population mean anywhere between 1.21 mg/L to 2.70 mg/L higher mean CRP among subjects who die within 4 years. Using a t test that similarly allows for unequal variances, this observation is statistically significant at a 0.05 level of significance (two-sided p<0.001), and we can with high confidence reject the null hypothesis that mean serum CRP levels are not different by vital status at 4 years in favor of a hypothesis that death within 4 years is associated with higher mean serum CRP.
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: 
Geometric mean CRP values were compared between subjects who died within 4 years of enrollment and those who survived at least 4 years. For the 428 (21 who died within the first 4 years of enrollment and 407 who survived at least 4 years) subjects who had measurements of 0 mg/L of CRP, their value was replaced by half of the lowest observed value (1 mg/L) in the data, as we did not have information about the lowest limit of detection. Adding 0.5 to these subjects allowed their measurements to behave similarly to those with lower CRP than higher CRP. Differences in mean of log transformed data were tested with a t test that allowed for unequal variances (Satterthwaite approximation). 95% confidence intervals for the difference in population mean for log CRP were also based on allowing for unequal variances. Estimates and confidence intervals were exponentiated to obtain appropriate inference on the geometric mean.
Inference: Geometric mean serum CRP was 2.03 mg/L for the 4449 subjects who survived at least 4 years after study enrollment and 2.97 mg/L for the 484 subjects who died within 4 years. Based on a 95% confidence interval based on allowing unequal variances, the observed tendency of 46.4% higher geometric mean CRP among subjects dying earlier is consistent with a true ratio of population geometric mean anywhere between 33.2% to 60.9% higher geometric mean CRP among subjects who die within 4 years. Using a t test on log transformed CRP that similarly allows for unequal variances, this observation is statistically significant at a 0.05 level of significance (two-sided p<0.001), and we can with high confidence reject the null hypothesis that the geometric mean serum CRP levels are not different by vital status at 4 years in favor of a hypothesis that death within 4 years is associated with higher geometric mean serum CRP.

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: The proportion of subjects dying within 4 years of enrollment was compared between subjects who had high CRP levels (> 3 mg/L) and those with lower CRP levels (≤ 3 mg/L). Differences in the probability of death within 4 years were tested with a Pearson’s chi squared test for independence. 95% confidence intervals for the difference in population probabilities of 4 year mortality were obtained using Wald statistics.

Inference: Of the 1175 subjects who had CRP levels greater than 3 mg/L, 15.6% died within 4 years of enrollment, while 8.01% of the 3758 subjects whose CRP was less than or equal to 3 mg/L died within 4 years of enrollment. Based on a 95% confidence interval, the 7.56% higher absolute survival probability among subjects with higher CRP levels is consistent with a true difference in survival probabilities anywhere between a 5.32% and 9.81% higher absolute probability of survival for subjects with higher CRP than lower CRP. Using a chi squared test, this observation is statistically significant at a 0.05 level of significance (two-sided p<0.001), and we can with high confidence reject the null hypothesis that the survival probabilities are not associated with serum CRP levels.
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: The odds of subjects dying within 4 years of enrollment was compared between subjects who had high CRP levels (> 3 mg/L) and those with lower CRP levels (≤ 3 mg/L). An odds ratio different from 1 was tested using a Pearson’s chi squared test for independence. 95% confidence intervals for the odds ratio were obtained using Cornfield’s method.

Inference: Of the 1175 subjects who had CRP levels greater than 3 mg/L, the odds of dying within 4 years of enrollment was 0.184, while the odds of 4 year mortality was 0.0871 for the 3758 subjects whose CRP was less than or equal to 3 mg/L. Based on a 95% confidence interval, this observed odds ratio of 2.12 for the comparison of the high CRP group to low CRP group is consistent with a true odds ratio anywhere between 1.74 to 2.58. Using a chi squared test, this observation is statistically significant at a 0.05 level of significance (two-sided p<0.001), and we can with high confidence reject the null hypothesis that the odds of 4 year mortality are not associated with serum CRP levels.
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: The survival distribution was estimated using Kaplan-Meier estimates with strata defined by high CPR levels (> 3 mg/L) and lower CRP levels (≤ 3 mg/L). Difference in survival distributions between these groups was tested using the log-rank statistic. The hazard ratio and 95% confidence interval were obtained using Cox proportional hazards regression with the Huber-White sandwich estimator of standard errors.

Inference: The table and graph below display the Kaplan-Meier estimates of survival probability for the 3758 subjects whose CRP was less than or equal to 3 mg/L and the 1175 subjects who had CRP levels greater than 3 mg/L. We can see from the graph that those with lower CRP tend to have higher survival probabilities at every point in time. The instantaneous risk of death is estimated to be 68.7% higher for the high CRP group compared to the lower CRP group. Based on a 95% confidence interval, this observed hazard ratio of 1.69 for the comparison of the high CRP group to low CRP group is consistent with a true hazard ratio anywhere between 1.49 to 1.92. A log-rank test with two-sided p<0.001 suggests that we can with high confidence reject the null hypothesis that the probability of survival is not associated with CRP levels.
	 
	Survival Probabilities (Kaplan-Meier)

	 
	CRP ≤ 3 mg/L
	CRP > 3 mg/L

	1 year
	0.988
	0.966

	2 years
	0.971
	0.926

	3 years
	0.948
	0.881

	4 years
	0.920
	0.844
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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?
In order to address the possibility of an association between mortality and CRP, it is preferable that the analyst and the audience understand the results. For instance, the geometric mean is not as good of an analysis because most people do not fully understand this measure or how to interpret it. Also, most of the CRP values in this data are low, but utilizing log transformations is best when the values are considerable large. Additionally, odds ratios are difficult to comprehend, so that is not as desirable of an analysis. 

The typical comparison of mean CRP values would be a good analysis, as many individuals are familiar with the t test and can ascertain the association that way. However, defining vital groups at 4 years after enrollment is arbitrary (based on as much time as possible without censored data), while categorizing by CRP is more clinical since the intervals are pre-specified by the Mayo Clinic website, so it would seem easier to compare results based on CRP levels across different studies. Note that it is easier to dichotomize the categorical variable of CRP than the continuous variable of time to death. 

Thus, comparing the instantaneous risk of death across the entire time interval allows us to use more of the data and define the two comparison groups by CRP level rather than vital status at 4 years after enrollment. Although it is less understood than a comparison of means, I would prefer to communicate and explain the findings in terms of survival probabilities now that I have begun to understand their effectiveness.
�5/10. Would be 10/10 except that the inference section is copied from the old key with the calculations redone. 


�5/5: very good.


�5: BUT you took the verbiage from the old key and recalculated the numbers. Please review the policy on plagiarism and academic integrity, and see the TAs or Professor Emerson if you need help putting the solution in your own words.)





