Biost 518 / 515, Winter 2015
Homework #2
January 13, 2015, Page 13 of 13

Biost 518: Applied Biostatistics II

Biost 515: Biostatistics II

Emerson, Winter 2015

152/195pts for HW2

Homework #2

January 13, 2015

Written problems: To be submitted as a MS-Word compatible file to the class Catalyst dropbox by noon  on Tuesday, January 20, 2015. See the instructions for peer grading of the homework that are posted on the web pages. 

On this (as all homeworks) Stata / R code and unedited Stata / R  output is TOTALLY unacceptable. Instead, prepare a table of statistics gleaned from the Stata output. The table should be appropriate for inclusion in a scientific report, with all statistics rounded to a reasonable number of significant digits. (I am interested in how statistics are used to answer the scientific question.)

In all problems requesting “statistical analyses” (either descriptive or inferential), you should present both

· Methods: A brief sentence or paragraph describing the statistical methods you used. This should be using wording suitable for a scientific journal, though it might be a little more detailed. A reader should be able to reproduce your analysis. DO NOT PROVIDE Stata OR R CODE.

· Inference: A paragraph providing full statistical inference in answer to the question. Please see the supplementary document relating to “Reporting Associations” for details.

All questions relate to associations between the two biomarkers C-reactive protein (CRP) and fibrinogen (FIB), and how any such association might depend upon prevalence of prior cardiovascular disease (CVD). This homework again uses the subset of information that was collected to examine inflammatory biomarkers and mortality. The data can be found on the class web page (follow the link to Datasets) in the file labeled inflamm.txt. Documentation is in the file inflamm.pdf. See homework #1 for information about reading the data into R and/or Stata.

1. Provide a suitable descriptive statistical analysis for the association between CRP and FIB both overall, and separately for groups having no prior history of diagnosed cardiovascular disease or having prior diagnosed CVD. 12/15pts Problem 1

Methods: Only slight modifications were made to the original dataset. We 
created a categorical variable for serum C reactive protein (CRP) levels based on information from the Mayo Clinic (see below) for low (less than 1 mg/L), average (between 1 and 3 mg/L), and high levels of CRP (greater than 3 mg/L). We also removed all subjects that were missing measurements for fibrinogen and/or CRP, since these variables are of primary interest in this study.
 With the remaining subjects we created Table 1, below, in which we report summary statistics for fibrinogen and prior history of cardiovascular disease (an indicator variable for whether a patient had angina, Myocardial Infarction (MI), Transient Ischemic Attack (TIA), or stroke prior to enrollment in the study) in the entire sample and across groups defined by serum CRP levels, our predictor of interest. These groups of serum CRP levels were determined based on recommendations from the Mayo Clinic’s website regarding risk levels of heart disease for various levels of serum CRP. We also report summary statistics for fibrinogen among subjects with and without prior history of cardiovascular disease (CVD) and explore potential confounders chosen based on hypothesis of association with fibrinogen (sex, type II diabetes, and smoking habits). We report the sample size, mean, standard deviation, minimum and maximum, and number missing (if any) for continuous variables. For categorical variables we report sample size, percentages and number missing (if any). We also produce a scatterplot of fibrinogen versus CRP with lowess smooths for the entire sample (black, solid) as well as stratified smooths for subjects with (blue, dashed) and without (red, dotted) history of cardiovascular disease. Points are colored by prior CVD (blue points for subjects with prior CVD, red points for subjects without prior CVD), as are lowess smooths (blue, dashed smooth for subjects with prior CVD; red, dotted smooth for subjects without prior CVD, and black, solid smooth for all subjects).

Recommendations for risk of cardiovascular disease according to serum CRP levels are as follows (taken from BIOST 515/518 Homework #1, taken from the Mayo Clinic website):

	CRP Levels
	Recommendation

	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


Inference: We have observations for 5,000 subjects. As mentioned above, we are missing serum CRP levels for 67 subjects and we are missing blood fibrinogen measurements for 85 subjects, where 51 subjects are missing both CRP and fibrinogen measurements. Since these are our primary variables of interest, we will remove these subjects from consideration for all further analyses, leaving us with observations for 4,899 subjects. Some of the remaining subjects are missing measurements for some other variables (see Table 1). Since these other variables are not of primary interest, we will ignore any missing values for a variable other than serum CRP or fibrinogen.

After removing 101 subjects missing either serum CRP or fibrinogen measurements, we are left with 4,899 subjects who are not missing serum CRP or fibrinogen values. Of these 4,899 subjects, 426 have a measurement of CRP less than 1 mg/L, 3,306 have a measurement between 1 and 3 mg/L, and 1,167 have a measurement greater than 3 mg/L. Mean fibrinogen levels were higher for subjects with higher levels of serum CRP (279.8 mg/dl for CRP < 1 mg/L, 311.1 mg/dl for between 1 and 3 mg/L, and 372.7 mg/dl for > 3 mg/L). Among the 1,122 subjects who had prior history of cardiovascular disease we see the same pattern of higher mean fibrinogen levels for subjects with higher levels of CRP. The same pattern holds among the 3,777 subjects who had no prior history of cardiovascular disease. However, the mean fibrinogen levels were higher in each of the three CRP groups for subjects with prior history of CVD compared to those without prior history of CVD. Additionally, a larger proportion of subjects with higher serum CRP levels (> 3 mg/L) had previous cardiovascular disease, type II diabetes, were female, and were smokers. This suggests that each of these variables are associated with our predictor of interest in our sample. If, based on prior scientific knowledge, we believed that these variables were also causally associated with fibrinogen levels (but not in our causal pathway of interest), this would suggest that prior CVD, sex, type II diabetes, and smoking history are confounders or effect modifiers and should be accounted for in further analyses. Adjusting for these potential confounders remains outside the scope of this assignment, but is important to address here.

Many of these patterns in the relationship between fibrinogen and CRP are also evident in Figure 1. The lowess smooth for all subjects (black, solid) shows an increasing first order trend in mean fibrinogen levels. Similarly, the stratified lowess smooths for the 1,122 subjects with prior CVD (blue, dashed) and the 3,777 subjects with no prior CVD (red, dotted) show increasing first order trends in mean fibrinogen levels in these two groups. These lowess smooths show a slightly larger slope for subjects with prior CVD (blue, dashed) than subjects without (red, dotted), but it is difficult to say whether this difference in slopes is significant enough to show evidence of effect modification. However, the separation of these smooths does seem to suggest an association between mean fibrinogen and prior CVD. It is hard to say whether there is a clear second order trend in mean fibrinogen levels across all subjects or within groups defined by prior CVD since we do see some curve to our lowess smooths for larger values of CRP but we hesitate to draw any conclusions based on the ends of lowess smooths. Also, it is difficult to discern first order trends in the variance of fibrinogen levels since so many subjects (3,832) have serum CRP levels at or below 3 mg/l. The scatterplot does indicate that there are no obvious outliers, except perhaps one subject who has fibrinogen around 875 mg/dl and serum CRP around 25 mg/l. 

It becomes more apparent after completing the last problems in the homework assignment that the presence of a second order trend can be identified using log transformation, and that we should be specific about noting whether trends are on an additive or multiplicative scale. Since this is criteria on which to be graded for this question, I will deduct 2 points. The inference given here is an accurate description the untransformed data. You also mention how prior CVD could be a potential effect modifier or confounder, so I will give 3 points. 3/5 for Inference

Table does not address associations between missing data for various CRP levels and their relation to FIB levels and vice versa. Given what we worked on for HW1, stratifying CRP across “low, med, high” seems logical. Variables of sex, smoking and type 2 diabetes are analyzed to see if they act as potential confounders or effect modifiers in this data set.  Table is logical and easy to read and understand. -1 for not characterizing missing data (amongst CRP and FIB variables) and addressing patterns of sample sizes. Sample size for each permutation of variables is listed but it is difficult to draw inference from it. 4/5 for Table

Table 1. Stratified descriptive statistics

	
	Serum CRP Levels

	
	< 1 mg/L (n=426)
	1 - 3 mg/L (n=3306)
	> 3 mg/L (n=1167)
	Any Level (n=4899)

	Fibrinogen (mg/dl)
	279.8 (50.6; 172 - 540)
	311.1 (53.2; 109 - 592)
	372.7 (81.0; 132 - 872)
	323.0 (67.4; 109 - 872)

	Fibrinogen among subjects with prior CVD (mg/dl) 
	290.2 (57.9; 180 - 540)

(n=78)
	314.8 (55.6; 138 - 592)

(n=709)
	386.3 (84.5; 175 - 695)

(n=335)
	334.5 (74.1; 138 - 695)

(n=1122)

	Fibrinogen among subjects without prior CVD (mg/dl)
	277.5 (48.5; 172 - 436)

(n=348)
	310.0 (52.5; 109 – 562)

(n=2597)
	367.2 (78.9; 132 – 872)

(n=832)
	319.6 (64.8; 109 – 872)

(n=3777)

	Prior cardiovascular disease (%)
	18.3%
	21.5%
	28.7%
	22.9%

	Male (%)
	45.3%
	43.1%
	36.9%
	41.8%

	Type II Diabetes (%)
	8.22%
	13.8%, missing: 4
	24.6%, missing: 3
	15.9%, missing: 7

	Smoker (%)
	9.65%, missing: 1
	10.9%, missing: 5
	16.4%
	12.1%, missing: 6


Descriptive statistics presented for continuous variables are the mean (standard deviation; minimum - maximum): number of missing observations (if any), and (sample size), if different than the sample size reported in each column header. Descriptive statistics presented for binary variables are the percentages: and number of missing observations..

Figure 1. Scatterplot with stratified lowess smooths of fibrinogen vs CRP
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5/5 for scatterplot – Axes are labeled clearly with units, stratification clearly labeled and easy to see, presence of lowess smooths for each category. Points are clustered in 0-1mg/L range for CRP (x axis), so a log scale may have spread out the points and made them easier to see. 

2. Perform t test analyses exploring an association between mean fibrinogen and prior history of CVD. 9/10pts Problem 2a

a. Perform an analysis presuming that the standard deviation of fibrinogen is similar within each group defined by presence of absence of prior history of CVD. 

Methods: We compare the mean fibrinogen levels between subjects who did and did not have previous history of cardiovascular disease. We test the null hypothesis that the difference in mean fibrinogen levels between the two groups is zero using a two-sided t test that assumes equal variances of fibrinogen in groups defined by prior history of CVD. We also construct 95% confidence intervals for the difference in mean fibrinogen levels between these two groups using the same method that assumes equal variances of fibrinogen in the two groups. 

Inference: The average fibrinogen level among the 1,122 subjects who had prior history of cardiovascular disease was 334.5 mg/dl and the average fibrinogen among the 3,777 subjects who had no prior history of cardiovascular disease was 319.6 mg/dl. So, our estimate for the difference in mean fibrinogen levels between the two groups is 14.8 mg/dl, with the group of subjects who had prior history of cardiovascular disease having the higher mean fibrinogen. A 95% confidence interval for this difference in mean fibrinogen levels (assuming equal variances) is from 10.4 to 19.3 mg/dl. So, our observed difference in mean fibrinogen levels (14.8 mg/dl) would not be unusual if the true population difference in mean fibrinogen levels were between 10.4 mg/dl and 19.3 mg/dl, with subjects with prior CVD having higher mean fibrinogen. A two-sided t test assuming equal variances of fibrinogen in the two groups yields a p-value less than 0.0001, which is significant at the 0.05 level so we can reject the null hypothesis that the mean fibrinogen levels are the same in the two groups and conclude that there is an association between fibrinogen and prior cardiovascular disease.

b. How could the same analysis as presented in part a have been performed with linear regression? Explicitly provide the correspondences between the various statistical output from each of the analyses. 
6/10pts Problem 2b

Methods: We could also use simple linear regression analysis (without robust standard errors) with fibrinogen as the response and the indicator variable for prior CVD as the response 
to get an estimate and 95% confidence interval for the difference in mean fibrinogen levels between subjects with and without prior history of CVD. A hypothesis test testing the null hypothesis that the distribution of fibrinogen is the same for the two groups defined by prior CVD (or that the slope for prior CVD is zero) is equivalent to performing the t test (assuming equal variances) that we performed in part a. 

Inference: Using simple linear regression, we again estimate that the average fibrinogen level among the 1,122 subjects who had prior history of cardiovascular disease was 334.5 mg/dl and the average fibrinogen among the 3,777 subjects who had no prior history of cardiovascular disease was 319.6 mg/dl. As in part a, our estimate for the difference in mean fibrinogen levels between the two groups is 14.8 mg/dl, with the group of subjects who had prior history of cardiovascular disease having the higher mean fibrinogen. A 95% confidence interval for this difference in mean fibrinogen levels (using R’s default estimate of standard errors, not robust) is from 10.4 to 19.3 mg/dl, just as in part a. So, once again our observed difference in mean fibrinogen levels (14.8 mg/dl) would not be unusual if the true population difference in mean fibrinogen levels were between 10.4 mg/dl and 19.3 mg/dl, with subjects with prior CVD having higher mean fibrinogen. A two-sided test for the regression coefficient for prior CVD equal to zero yields the same p-value as in part a, which is again less than 0.0001 and is significant at the 0.05 level so we can  reject the strong null hypothesis and again conclude that there is an association between fibrinogen and prior cardiovascular disease.

c. Perform an analysis allowing for the possibility that the standard deviation of fibrinogen might differ across groups defined by presence of absence of prior history of CVD. 10/10 Problem 2c

Methods: We compare the mean fibrinogen levels between subjects who did and did not have previous history of cardiovascular disease. We test the null hypothesis that the difference in mean fibrinogen levels between the two groups is zero using a two-sided t test that allows for unequal variances. We also construct 95% confidence intervals for the difference in mean fibrinogen levels using the same method that allows for unequal variances between the two groups.

Inference: The average fibrinogen level among the 1,122 subjects who had prior history of cardiovascular disease was 334.5 mg/dl and the average fibrinogen among the 3,777 subjects who had no prior history of cardiovascular disease was 319.6 mg/dl. Thus our estimate for the difference in mean fibrinogen levels between the two groups is 14.8 mg/dl with the group of subjects who had prior history of cardiovascular disease having the higher mean fibrinogen. A 95% confidence interval for this difference in mean fibrinogen levels (allowing for unequal variances) is from 10.0 to 19.7. So, our observed difference in mean fibrinogen levels (14.8 mg/dl) would not be unusual if the true population difference in mean fibrinogen levels were between 10.0 mg/dl and 19.7 mg/dl, with subjects who had prior CVD having higher mean fibrinogen. A two-sided t test that allows for unequal variances yields a p-value less than 0.0001 which is significant at the 0.05 level, so we can reject the null hypothesis that the mean fibrinogen levels are the same and conclude that there is an association between fibrinogen and prior CVD.

d. How could a similar analysis as presented in part c have been performed with linear regression? Explicitly provide the correspondences between the various statistical output from each of the analyses. 6/10pts Problem 2d

Methods: We could also use simple linear regression analysis (with robust standard errors estimated using the Huber-White sandwich estimator) with fibrinogen as the response and the indicator variable for prior CVD as the response to get an estimate and 95% confidence interval for the difference in mean fibrinogen levels between subjects with and without prior history of CVD. A hypothesis test testing the null hypothesis that the regression coefficient (slope) for prior CVD is equal to zero (or that there is no linear trend in the mean fibrinogen) approximates the t test (allowing for unequal variances) that we performed in part c.

Inference: Using simple linear regression with robust standard errors, we again estimate that the average fibrinogen level among the 1,122 subjects who had prior history of cardiovascular disease was 334.5 mg/dl and the average fibrinogen among the 3,777 subjects who had no prior history of cardiovascular disease was 319.6 mg/dl. As in part c, our estimate for the difference in mean fibrinogen levels between the two groups is 14.8 mg/dl, with the group of subjects who had prior history of cardiovascular disease having the higher mean fibrinogen. A 95% confidence interval for this difference in mean fibrinogen levels (using robust standard errors) is from 10.0 to 19.7 mg/dl, just as in part c. So, once again our observed difference in mean fibrinogen levels (14.8 mg/dl) would not be unusual if the true population difference in mean fibrinogen levels were between 10.0 mg/dl and 19.7 mg/dl, with subjects with prior CVD having higher mean fibrinogen. A two-sided test for the regression coefficient for prior CVD equal to zero yields the a slightly different p-value than in part c, but it is still less than 0.0001 and is significant at the 0.05 level so we can reject the null hypothesis that there is no linear trend in mean fibrinogen levels across groups defined by prior CVD and again conclude that there is an association between fibrinogen and prior cardiovascular disease.

e. How could you have used the results of the analysis performed in part a to predict whether the analysis in part c would have found a stronger or weaker association (as measured by the magnitude of the t statistic and p value)? 2/5pts

From part a we knew that the group with no prior history of CVD was larger (3,777 subjects compared to 1,122). From our descriptive statistical analysis in question one, we knew that the group of subjects with prior CVD, the smaller group (1,122 subjects compared to 3,777 with no prior history of CVD), had larger standard deviation in fibrinogen levels (74.1 mg/dl vs 64.8 mg/dl). This suggests that a t test assuming equal variance is anti-conservative. In other words, we would predict that the t test assuming equal variance would report p-values that are too small, test statistics that are too large, and 95% confidence intervals that are too narrow
. We would then expect that the analysis in part c that does not assume equal variances between the two groups would report a smaller test statistic, larger p-value and wider confidence intervals, so would find a weaker association between fibrinogen and prior CVD. This is precisely what occurred: In part a we report a test statistic of 6.51, p-value of 8.2*10-11, and confidence interval from 10.4 to 19.3. In part c we report a test statistic of 6.06, p-value of 1.7*10-9, and confidence interval from 10.04 to 19.7. 

For problems 3 – 6, we are interested in exploring alternative approaches to the use of simple linear regression to explore associations between CRP and FIB. In each of those problems, I ask you to report fitted values from the regression. Please always use at least 4 significant figures when making calculations, and report the fitted values to three significant digits.

3. Perform a statistical analysis evaluating an association between mean fibrinogen across groups defined by CRP, modeling CRP as a continuous, untransformed random variable. 

a. Provide an interpretation of the estimated intercept from the fitted regression model as it pertains to fibrinogen levels.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the difference in mean fibrinogen across groups defined by CRP. 

Inference: The estimated intercept (304 mg/dl) is the estimated mean fibrinogen among subjects with CRP levels equal to zero mg/l. 

b. Provide an interpretation of the estimated slope from the fitted regression model as it pertains to fibrinogen levels.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the difference in mean fibrinogen across groups defined by CRP.

Inference: The estimated slope (5.25) is the estimate for the average difference in mean fibrinogen (in mg/dl) for two groups that differ by 1mg/l in serum CRP levels, with subjects with the higher CRP tending to have higher mean fibrinogen. 

c. Provide full statistical inference about the presence of an association between fibrinogen and CRP using this regression analysis.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the difference in mean fibrinogen across groups defined by CRP. 

Inference: We estimate that the average difference in mean fibrinogen for two groups that differ by 1mg/l in serum CRP levels is 5.25 mg/dl, with subjects with higher CRP levels tending to have higher mean fibrinogen levels. A 95% confidence interval suggests that our observed estimate for the average difference in mean fibrinogen between two groups that differ by 1 mg/l in CRP (5.25 mg/dl) would not be unusual if the true average difference in mean fibrinogen between groups that differ by 1 mg/l in CRP were between 4.60 and 5.90 mg/dl, with subjects with higher CRP levels tending toward higher mean fibrinogen levels. A two-sided hypothesis test testing the null hypothesis of no linear trend in the mean fibrinogen across groups defined by CRP levels yields a p-value less than 0.0001, so we can reject the null hypothesis and conclude that there is an association between fibrinogen and CRP. 

d. In a table similar to table 2 below, provide estimates of the central tendency for fibrinogen levels within groups having CRP of 1, 2, 3, 4, 6, 8, 9, and 12 mg/L. (Make clear what summary measure is being estimated).

Methods: In Table 2, below, we provide estimates of mean fibrinogen within groups having CRP levels of 1, 2, 3, 4, 6, 8, 9, and 12 mg/l. We use the linear regression model fit at the beginning of question 3, above, with estimated intercept (304 mg/dl) and estimated slope (5.25 mg/dl per 1 mg/l CRP).

Inference: See Table 2, below, for estimates of the mean fibrinogen for groups having various levels of serum CRP. We see a general trend of increasing fitted mean fibrinogen as CRP increases.

4. Repeat problem 3, except perform a statistical analysis evaluating an association between mean fibrinogen across groups defined by CRP, modeling CRP as a continuous, log transformed random variable. (For the purpose of this problem in this homework, replace all observations of CRP=0 with CRP=0.5.)

a. Provide an interpretation of the estimated intercept from the fitted regression model as it pertains to fibrinogen levels.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the difference in mean fibrinogen across groups defined by log-transformed CRP, where all observations of CRP=0 were replaced with CRP=0.5 before taking the log.

Inference: The estimated intercept (296 mg/dl) is the estimated mean fibrinogen among subjects with log-CRP levels equal to zero, or CRP levels equal to 1 mg/l.

b. Provide an interpretation of the estimated slope from the fitted regression model as it pertains to fibrinogen levels.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the difference in mean fibrinogen across groups defined by log-transformed CRP, where all observations of CRP=0 were replaced with CRP=0.5 before taking the log.

Inference: The estimated slope (36.8) is the estimate for the average difference in mean fibrinogen (in mg/dl) for two groups that differ by 1mg/l in log-CRP levels, with subjects with the higher log-CRP tending to have higher mean fibrinogen. Equivalently, the estimated slope indicates that a 10% increase in CRP is associated with, on average, a 3.51 mg/dl difference in mean fibrinogen, with subjects with the higher CRP tending to have higher mean fibrinogen.

c. Provide full statistical inference about the presence of an association between fibrinogen and CRP using this regression analysis.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the difference in mean fibrinogen across groups defined by log-transformed CRP, where all observations of CRP=0 were replaced with CRP=0.5.

Inference: We estimate that the average difference in mean fibrinogen for two groups that differ by a 1.1-fold (or 10%) increase in CRP is 3.51 mg/dl, with subjects with higher CRP levels tending to have higher mean fibrinogen levels. A 95% confidence interval suggests that our observed estimate for the average difference in mean fibrinogen between two groups that differ by a 10% increase in CRP (3.51 mg/dl) would not be unusual if the true average difference in mean fibrinogen between groups that differ by a 10% increase in CRP were between 3.30 and 3.73 mg/dl, with subjects with higher CRP levels tending toward higher mean fibrinogen levels. A two-sided hypothesis test testing the null hypothesis of no linear trend in the mean fibrinogen across groups defined by log-CRP levels yields a p-value less than 0.0001, so we can reject the null hypothesis and conclude that there is an association between fibrinogen and log-CRP.

d. In a table similar to table 2 below, provide estimates of the central tendency for fibrinogen levels within groups having CRP of 1, 2, 3, 4, 6, 8, 9, and 12 mg/L. (Make clear what summary measure is being estimated).

Methods: In Table 2, below, we provide estimates of mean fibrinogen within groups having CRP levels of 1, 2, 3, 4, 6, 8, 9, and 12 mg/l. We use the linear regression model fit at the beginning of question 4, above, with estimated intercept (296 mg/dl) and estimated slope (36.8 mg/dl per 1 unit log-CRP).

Inference: See Table 2, below, for estimates of the mean fibrinogen for groups having various levels of serum CRP, based on a linear regression model with fibrinogen as the response and log transformed CRP as the predictor. We see a general trend of increasing fitted mean fibrinogen as CRP increases.

5. Repeat problem 3, except perform a statistical analysis evaluating an association between the geometric mean fibrinogen across groups defined by CRP, modeling CRP as a continuous, untransformed random variable.

a. Provide an interpretation of the estimated intercept from the fitted regression model as it pertains to fibrinogen levels.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the ratio of geometric mean fibrinogen across groups defined by CRP. 

Inference: The estimated intercept (5.71) is the estimated mean log fibrinogen (or the estimated log of the geometric mean of fibrinogen) among subjects with CRP levels equal to zero mg/l. In other words, 301 (e5.71) mg/dl is the estimated geometric mean fibrinogen among subjects with CRP levels equal to zero mg/l. 

b. Provide an interpretation of the estimated slope from the fitted regression model as it pertains to fibrinogen levels.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the ratio of geometric mean fibrinogen across groups defined by CRP.

Inference: The 
estimated slope (0.01) is the estimate for the average difference in log geometric mean fibrinogen for two groups that differ by 1mg/l in serum CRP levels, with subjects with the higher CRP tending to have higher geometric mean fibrinogen. In other words, e0.014=1.014 is the estimate for the average ratio in geometric mean fibrinogen for two groups that differ by 1 mg/l in serum CRP levels, with subjects with higher CRP tending to have higher geometric mean fibrinogen.

c. Provide full statistical inference about the presence of an association between fibrinogen and CRP using this regression analysis.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the ratio of geometric mean fibrinogen across groups defined by CRP.

Inference: We estimate that the average ratio of geometric mean fibrinogen for two groups that differ by 1mg/l in serum CRP levels is 1.014, with subjects with higher CRP levels tending to have higher geometric mean fibrinogen levels. A 95% confidence interval suggests that our observed estimate for the average ratio of geometric mean fibrinogen between two groups that differ by 1 mg/l in CRP (1.014) would not be unusual if the true average ratio of geometric mean fibrinogen between groups that differ by 1 mg/l in CRP were between 1.012 and 1.016, with subjects with higher CRP levels tending toward higher geometric mean fibrinogen levels. A two-sided hypothesis test testing the null hypothesis of no linear trend in the log geometric mean fibrinogen across groups defined by CRP levels yields a p-value less than 0.0001, so we can reject the null hypothesis and conclude that there is an association between fibrinogen and CRP. 

d. In a table similar to table 2 below, provide estimates of the central tendency for fibrinogen levels within groups having CRP of 1, 2, 3, 4, 6, 8, 9, and 12 mg/L. (Make clear what summary measure is being estimated).

Methods: In Table 2, below, we provide estimates of geometric mean fibrinogen within groups having CRP levels of 1, 2, 3, 4, 6, 8, 9, and 12 mg/l. We use the linear regression model fit at the beginning of question 5, above, with log transformed fibrinogen as the response and serum CRP as the predictor.

Inference: See Table 2, below, for estimates of the geometric mean fibrinogen for groups having various levels of serum CRP. We see a general trend of increasing fitted mean fibrinogen as CRP increases.

6. Repeat problem 3, except perform a statistical analysis evaluating an association between the geometric mean fibrinogen across groups defined by CRP, modeling CRP as a continuous, log transformed random variable. (For the purpose of this problem in this homework, replace all observations of CRP=0 with CRP=0.5.)

a. Provide an interpretation of the estimated intercept from the fitted regression model as it pertains to fibrinogen levels.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the ratio of geometric mean fibrinogen across groups defined by log CRP levels. 

Inference: The estimated intercept (5.68) is the estimated mean log fibrinogen (or the estimated log of the geometric mean of fibrinogen) among subjects with log CRP levels equal to zero, or CRP levels equal to one mg/l. In other words, 293 (e5.68) mg/dl is the estimated geometric mean fibrinogen among subjects with CRP levels equal to one mg/l. 

b. Provide an interpretation of the estimated slope from the fitted regression model as it pertains to fibrinogen levels.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the ratio of geometric mean fibrinogen across groups defined by log CRP levels.

Inference: The estimated slope (0.11) is the estimate for the average difference in log geometric mean fibrinogen for two groups that differ by 1 unit in log CRP levels, with subjects with the higher log CRP tending to have higher geometric mean fibrinogen. In other words, 1.111 (e0.11) is the estimate for the average ratio in geometric mean fibrinogen for two groups that differ by 1 unit in log CRP levels, with subjects with higher log CRP tending to have higher geometric mean fibrinogen. Equivalently, we estimate that the average ratio in geometric mean fibrinogen is 1.010 (1.10.11) for two groups where one has CRP 10% (or 1.1 times) higher than the other.

c. Provide full statistical inference about the presence of an association between fibrinogen and CRP using this regression analysis.

Methods: We use simple linear regression with robust standard errors (computed using the Huber-White sandwich estimator) to compare the ratio of geometric mean fibrinogen across groups defined by log CRP levels.

Inference: We estimate that the average ratio of geometric mean fibrinogen for two groups where one has serum CRP levels 1.1 times higher than the other is 1.010, with subjects with higher CRP levels tending to have higher geometric mean fibrinogen levels. A 95% confidence interval suggests that our observed estimate for the average ratio of geometric mean fibrinogen between two groups where one has CRP 10% higher than the other (1.010) would not be unusual if the true average ratio of geometric mean fibrinogen between groups that differ by a 1.1-fold increase in CRP were between 1.0095 and 1.0107, with subjects with higher CRP levels tending toward higher geometric mean fibrinogen levels. A two-sided hypothesis test testing the null hypothesis of no linear trend in the log geometric mean fibrinogen across groups defined by log CRP levels yields a p-value less than 0.0001, so we can reject the null hypothesis and conclude that there is an association between fibrinogen and CRP. 

d. In a table similar to table 2 below, provide estimates of the central tendency for fibrinogen levels within groups having CRP of 1, 2, 3, 4, 6, 8, 9, and 12 mg/L. (Make clear what summary measure is being estimated).

Methods: In Table 2, below, we provide estimates of geometric mean fibrinogen within groups having CRP levels of 1, 2, 3, 4, 6, 8, 9, and 12 mg/l. We use the linear regression model fit at the beginning of question 6, above, with log transformed fibrinogen as the response and log transformed CRP as the predictor.

Inference: See Table 2, below, for estimates of the geometric mean fibrinogen for groups having various levels of serum CRP. We see a general trend of increasing fitted mean fibrinogen as CRP increases.

Table 2: Fitted values for central tendency of fibrinogen across groups defined by CRP levels. 

	
	Fitted Values for Fibrinogen (mg/dL)

	CRP level
	Problem 3: (mean)
	Problem 4: (mean)
	Problem 5: (geometric mean)
	Problem 6: (geometric mean)

	1 mg/L
	309
	296
	305
	293

	2 mg/L
	315
	321
	309
	315

	3 mg/L
	320
	336
	314
	328

	4 mg/L
	325
	347
	318
	339

	6 mg/L
	336
	362
	327
	353

	8 mg/L
	346
	372
	336
	364

	9 mg/L
	351
	376
	341
	369

	12 mg/L
	367
	387
	356
	380


7. Complete the following table that makes comparisons (differences or ratios) of the fitted values for each of the models. 

Methods: In Table 3, below, we provide estimates for comparisons (differences and ratios) of estimates of mean and geometric mean fibrinogen within groups having various levels of CRP that are reported in Table 2. The estimates in Table 2 used simple linear regression models fit in questions 3, 4, 5, and 6.

Inference: See Table 3, below, for estimates of the differences and ratios of mean and geometric mean fibrinogen across groups having various differences and ratios of levels of serum CRP. See question 8 for a discussion/interpretation of this table.

Table 3: Differences and ratios of fitted mean and geometric mean fibrinogen values.

	
	Fitted Values for Fibrinogen (mg/dL)

	Comparisons across CRP level
	Problem 3: (mean)
	Problem 4: (mean)
	Problem 5: (geometric mean)
	Problem 6: (geometric mean)

	Differences

	2 mg/L – 1 mg/L
	5.25
	25.5
	4.28
	22.2

	3 mg/L – 2 mg/L
	5.25
	14.9
	4.34
	13.7

	4 mg/L – 1 mg/L
	15.8
	51.1
	13.0
	46.0

	4 mg/L – 2 mg/L
	10.5
	25.5
	8.73
	23.9

	6 mg/L – 3 mg/L
	15.8
	25.5
	13.4
	24.9

	8 mg/L – 4 mg/L
	21.0
	25.5
	18.2
	25.7

	9 mg/L – 6 mg/L
	15.8
	14.9
	13.9
	15.4

	9 mg/L – 8 mg/L
	5.25
	4.34
	4.71
	4.55

	12 mg/L – 6 mg/L
	31.5
	25.5
	28.5
	26.8

	Ratios

	2 mg/L / 1 mg/L
	1.017
	1.086
	1.014
	1.076

	3 mg/L / 2 mg/L
	1.017
	1.046
	1.014
	1.044

	4 mg/L / 1 mg/L
	1.051
	1.173
	1.043
	1.157

	4 mg/L / 2 mg/L
	1.033
	1.080
	1.028
	1.076

	6 mg/L / 3 mg/L
	1.049
	1.076
	1.043
	1.076

	8 mg/L / 4 mg/L
	1.065
	1.074
	1.057
	1.076

	9 mg/L / 6 mg/L
	1.047
	1.041
	1.043
	1.044

	9 mg/L / 8 mg/L
	1.015
	1.012
	1.014
	1.012

	12 mg/L / 6 mg/L
	1.094
	1.071
	1.087
	1.076


8. With respect to the results presented in Table 3, answer the following questions:

a. Which analysis gave constant differences in the fitted values when comparing two groups that differed by an absolute increase in c units in CRP levels (i.e., comparing CRP=x to CRP = x+c)? Explicitly provide all those similar paired comparisons from the table.

Methods: We compared the differences in the fitted mean and geometric mean fibrinogen values when comparing two groups that differed by an increase in c units in CRP levels in Table 3. 

Inference: The model in question 3 (simple linear regression with fibrinogen as the response and CRP as the predictor) is the only model of those compared in Table 3, above, that has constant differences in fitted fibrinogen values when comparing groups that differ in 1 mg/L of CRP (2 mg/L vs 1 mg/L, 3 mg/L vs 2 mg/L, 9 mg/L vs 8 mg/L), where that constant difference in fitted mean fibrinogen is 5.25 mg/dl. When comparing groups that differ in 2 mg/L of CRP (4 mg/L vs 2 mg/L), the difference in fitted mean fibrinogen is 10.5 mg/dl. When comparing groups that differ in 3 mg/L of CRP (4 mg/L vs 1 mg/L, 6 mg/L vs 3 mg/L, 9 mg/L vs 6 mg/L), the constant difference in fitted mean fibrinogen is 15.8 mg/dl. When comparing groups that differ in 4 mg/L of CRP (8 mg/L vs 4 mg/L), the constant difference in fitted mean fibrinogen is 21.0 mg/dl. When comparing groups that differ in 6 mg/L of CRP (12 mg/L vs 6 mg/L), the constant difference in fitted mean fibrinogen is 31.5 mg/dl. 

b. Which analysis gave constant ratios of the fitted values when comparing two groups that differed by an absolute increase in c units in CRP levels (i.e., comparing CRP=x to CRP = x+c)? Explicitly provide all those similar paired comparisons from the table.

Methods: We compared the ratios of the fitted mean and geometric mean fibrinogen values when comparing two groups that differed by an increase in c units in CRP levels in Table 3.

Inference: The model in question 5 (simple linear regression with log fibrinogen as the response and CRP as the predictor) is the only model of those compared in Table 3, above, that has constant ratios in fitted fibrinogen values when comparing groups that differ in 1 mg/L of CRP (2 mg/L vs 1 mg/L, 3 mg/L vs 2 mg/L, 9 mg/L vs 8 mg/L), where that constant ratio in fitted geometric mean fibrinogen is 1.014. When comparing groups that differ in 2 mg/L of CRP (4 mg/L vs 2 mg/L), the ratio of fitted geometric mean fibrinogen is 1.028. When comparing groups that differ in 3 mg/L of CRP (4 mg/L vs 1 mg/L, 6 mg/L vs 3 mg/L, 9 mg/L vs 6 mg/L), the constant ratio of fitted geometric mean fibrinogen is 1.043. When comparing groups that differ in 4 mg/L of CRP (8 mg/L vs 4 mg/L), the constant ratio of fitted geometric mean fibrinogen is 1.057. When comparing groups that differ in 6 mg/L of CRP (12 mg/L vs 6 mg/L), the constant ratio of fitted geometric mean fibrinogen is 1.087. 

c. Which analysis gave constant differences in the fitted values when comparing two groups that differed by a relative c-fold increase in CRP levels (i.e., comparing CRP=x to CRP = c * x )? Explicitly provide all those similar paired comparisons from the table.

Methods: We compared the differences in the fitted mean and geometric mean fibrinogen values when comparing two groups that differed by a relative c-fold increase in CRP levels in Table 3.

Inference: The model in question 4 (simple linear regression with fibrinogen as the response and log CRP as the predictor) is the only model of those compared in Table 3, above, that has constant differences in fitted fibrinogen values when comparing groups that differ by a 2-fold increase in CRP (2 mg/L vs 1 mg/L, 4 mg/L vs 2 mg/L, 6 mg/L vs 3 mg/L, 8 mg/L vs 4 mg/L, 12 mg/L vs 6 mg/L), where that constant difference in fitted mean fibrinogen is 25.5  mg/dl. When comparing groups that differ by a 1.5-fold increase in CRP (3 mg/L vs 2 mg/L, 9 mg/L vs 6 mg/L), the constant difference in fitted mean fibrinogen is 14.9 mg/dl. When comparing groups that differ by a 1.125-fold increase in CRP (9 mg/L vs 8 mg/L), the constant difference in fitted mean fibrinogen is 4.34 mg/dl. Finally, when comparing groups that differ by a 4-fold increase in CRP (4 mg/L vs 1 mg/L), the constant difference in fitted mean fibrinogen is 51.1 mg/dl.

d. Which analysis gave constant ratios in the fitted values when comparing two groups that differed by a relative c-fold increase in CRP levels (i.e., comparing CRP=x to CRP = c * x )? Explicitly provide all those similar paired comparisons from the table.

Methods: We compared the ratios in the fitted mean and geometric mean fibrinogen values when comparing two groups that differed by a relative c-fold increase in CRP levels in Table 3.

Inference: The model in question 6 (simple linear regression with log fibrinogen as the response and log CRP as the predictor) is the only model of those compared in Table 3, above, that has constant ratios in fitted fibrinogen values when comparing groups that differ by a 2-fold increase in CRP (2 mg/L vs 1 mg/L, 4 mg/L vs 2 mg/L, 6 mg/L vs 3 mg/L, 8 mg/L vs 4 mg/L, 12 mg/L vs 6 mg/L), where that constant ratio in fitted geometric mean fibrinogen is 1.076. When comparing groups that differ by a 1.5-fold increase in CRP (3 mg/L vs 2 mg/L, 9 mg/L vs 6 mg/L), the ratio of fitted geometric mean fibrinogen is 1.044. When comparing groups that differ by a 1.125-fold increase in CRP (9 mg/L vs 8 mg/L), the constant ratio of fitted geometric mean fibrinogen is 1.012. Finally, when comparing groups that differ by a 4-fold increase in CRP (4 mg/L vs 1 mg/L), the constant ratio of fitted geometric mean fibrinogen is 1.157.

9. How would you decide which of the four potential analyses should be used to investigate associations between fibrinogen and CRP?

In deciding which analysis to investigate between fibrinogen and CRP, a priori, I would first think about what summary measures and transformations of fibrinogen and CRP are scientifically relevant. Often for biological data, the log transformation of measurements is of scientific interest since many of these substances that are being measured will behave multiplicatively in certain scenarios (such as disease). According to the supplementary material “Use of Ratios and Logarithms in Statistical Regression Models,” serum CRP is one such measurement that is commonly log transformed. If deciding between various measures that are all scientifically relevant, then I would think about which measures are likely to vary across groups defined by our predictor of interest. For example, ratios can accentuate effects better than differences when the measurements are very small. Next, I would think about the statistical precision of each measurement, in this case noting that the geometric mean can often give us more precision when we’re working with biological measurements such as CRP. 

A priori, I would have chosen to log transform CRP based on the information above. One hesitation I would have with this transformation is that some of the CRP measurements in our dataset are zero and there is no standard way to deal with this issue. However, since I believe that the log transformed CRP is most scientifically relevant, I believe that the scientific relevance of the transformation outweighs these technical difficulties. In the analyses above, we get around this issue by changing all values where CRP=0 to CRP=0.5, one half the smallest, non-zero measurement of CRP. Although this may not be the best way to handle this issue, if I am clear about my decision to transform the data in this way, my analysis will at least be reproducible. Such a transformation (changing CRP=0 to CRP=0.5) is especially relevant if we believe that the measurements of CRP=0 are in fact not zero, but were below the level of detection of whichever measurement device was being used.

In deciding whether to also log transform fibrinogen I would need to learn more about the behavior of fibrinogen. I personally do not have any background knowledge that would indicate whether fibrinogen behaves as CRP does (in a multiplicative matter in certain scenarios such as disease). So, I would need to do some background reading to decide whether a log transformation of fibrinogen would be scientifically relevant. If I were unable to discern this information, then I would also consider the communicability of my analysis. The general public often has a harder time understanding ratios than differences, so the analysis used in question 6 (modeling the geometric mean fibrinogen across groups defined by log CRP) may be difficult to communicate clearly to a general audience as compared to the analysis in question 4. Based on (what little) I currently know about fibrinogen, I believe that both the mean and geometric mean of fibrinogen may be scientifically relevant and thus I would decide not to log transform fibrinogen in order to more easily communicate my results to the general public. 
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