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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.
Methods: Serum CRP levels are categorized according to the Mayo Clinic’s definitions of risk for cardiovascular disease (below 1 mg/L, 1-3 mg/L, and above 3 mg/L). These are cross-tabulated with a binary variable indicating whether or not a subject had a history of cardiovascular disease. The mean blood fibrinogen (standard deviation; range) is presented for each group. 101 subjects had missing data for either FIB or CRP; these subjects were removed from the analysis.
Results: The table below displays the descriptive statistics for each group, and the overall sample. Subjects with higher CRP tended to have higher blood fibrinogen regardless of cardiovascular history. However, those with a history of cardiovascular disease had higher blood fibrinogen across all CRP strata. 
	
	

	Blood C reactive protein (CRP)

	
	
	Below 1 mg/L

(n=426)
	1-3 mg/L

(n=3306)
	Above 3 mg/L

(n=1167)
	All Subjects

(n=4899)

	Fibrinogen mg/dl (FIB)
	Prior CVD (n=1122)
	290.23 (57.9; 360) 
	314.85 (55.6; 454) 
	386.29 (84.5; 520) 
	334.46 (74.1; 557)

	
	No prior CVD (n=3777)
	277.48 (48.5; 264)
	310.02 (52.5; 453) 
	367.20 (78.9; 740) 
	319.62 (64.8; 763)

	
	All subjects (n=4899)
	279.81 (50.5; 368)
	311.05 (53.2; 483)
	372.68 (81.0; 740)
	323.02 (67.3; 763)


2. Perform t test analyses exploring an association between mean fibrinogen and prior history of CVD.

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: Mean blood fibrinogen was compared between subjects who had a history of cardiovascular disease and those who did not. The difference was tested with a two-sample t-test assuming equal variances in the groups. A 95% confidence interval for the difference was calculated, also assuming equal variances.
Results: Among the 1122 subjects with a prior history of cardiovascular disease, the mean FIB was 334.46 mg/dl; the mean for the 3777 subjects who did not was 319.62 mg/dl. The observed difference in means of 14.85 mg/dl would not be considered unusual if the true difference in population means was between 10.38 mg/dl and 19.32 mg/dl higher FIB in subjects with a prior history of cardiovascular disease, based on a 95% confidence interval calculated assuming equal variances. Additionally, this difference is statistically significant at a 5% significance level, under a t-test assuming equal variances (two-sided P < 0.00001). Therefore, we can reject the null hypothesis of equal mean FIB levels by CVD history with high confidence, in favour of there being an association between higher mean FIB levels and CVD history.
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.
The same analysis could be performed by fitting a linear regression model with FIB as the response variable, and a binary variable indicating prior CVD as the regressor. The estimated beta coefficient for the regressor would be the point estimate of the difference in means, and its confidence interval would be the same as the interval calculated under the t-test. The p-value for testing whether or not the beta coefficient is 0 would be the same as the p-value under the t-test. 
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. 

Methods: Mean blood fibrinogen was compared between subjects who had a history of cardiovascular disease and those who did not. The difference was tested with a two-sample t-test allowing for unequal variances in the groups. A 95% confidence interval for the difference was calculated, also allowing for unequal variances.
Results: Among the 1122 subjects with a prior history of cardiovascular disease, the mean FIB was 334.46 mg/dl; the mean for the 3777 subjects who did not was 319.62 mg/dl. The observed difference in means of 14.85 mg/dl would not be considered unusual if the true difference in population means was between 10.04 mg/dl and 19.65 mg/dl higher FIB in subjects with a prior history of cardiovascular disease, based on a 95% confidence interval calculated allowing for unequal variances. Additionally, this difference is statistically significant at a 5% significance level, under a t-test allowing for unequal variances (two-sided P < 0.00001). Therefore, we can reject the null hypothesis of equal mean FIB levels by CVD history with high confidence, in favour of there being an association between higher mean FIB levels and CVD history.
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.
The same analysis could be performed by fitting a linear regression model with FIB as the response variable, a binary variable indicating prior CVD as the regressor, and using robust standard error estimates (Huber-White sandwich estimators). The estimated beta coefficient for the regressor would be the point estimate of the difference in means, and its confidence interval would be the same as the interval calculated under the t-test. The p-value for testing whether or not the beta coefficient is 0 would be the same as the p-value under the t-test. 
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)?
Because the group sample sizes are relatively large, we know that the two tests will give very similar results. 
3. Perform a statistical analysis evaluating an association between mean fibrinogen across groups defined by CRP, modeling CRP as a continuous, untransformed random variable.
Methods: A standard linear regression model was fit, regressing fibrinogen on CRP. Robust estimates of standard errors were used for inference. 
a. Provide an interpretation of the estimated intercept from the fitted regression model as it pertains to fibrinogen levels.

The estimated intercept term is an estimate of mean fibrinogen levels in subjects with CRP levels of 0.
b. Provide an interpretation of the estimated slope from the fitted regression model as it pertains to fibrinogen levels.

The estimated slope term is an estimate of the increase in mean fibrinogen levels in subjects corresponding to an increase of 1 mg/L CRP. 
c. Provide full statistical inference about the presence of an association between fibrinogen and CRP using this regression analysis.

From linear regression analysis using Huber-White estimates of the standard error, we estimate that for each mg/L difference in CRP between two populations, the difference in mean fibrinogen is 5.25 mg/dl greater in the population with higher CRP. A 95% CI suggests that this observation is not unusual if the true difference in mean fibrinogen was between 4.60 and 5.90 mg/dl higher per mg/L difference in CRP. Because the two sided P value is P < .0005, we reject the null hypothesis that there is no linear trend in the average fibrinogen across CRP groups.
d. In a table similar to table 1 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).
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.)
Methods: A standard linear regression model was fit, regressing fibrinogen on log-transformed CRP. CRP observations of 0 were replaced with 0.5. Robust estimates of standard errors were used for inference. 
a. Provide an interpretation of the estimated intercept from the fitted regression model as it pertains to fibrinogen levels.

The estimated intercept term is an estimate of mean fibrinogen levels in subjects with CRP levels of 1, that is, log CRP levels of 0.
b. Provide an interpretation of the estimated slope from the fitted regression model as it pertains to fibrinogen levels.

The estimated slope term is an estimate of the increase in mean fibrinogen levels in subjects corresponding to an increase of 1 mg/L log CRP, that is, e mg/L CRP. 
c. Provide full statistical inference about the presence of an association between fibrinogen and CRP using this regression analysis.

From linear regression analysis using Huber-White estimates of the standard error, we estimate that for each mg/L difference in log CRP between two populations, the difference in mean fibrinogen is 36.83 mg/dl greater in the population with higher CRP. A 95% CI suggests that this observation is not unusual if the true difference in mean fibrinogen was between 34.61 and 39.15 mg/dl higher per mg/L difference in log CRP. Because the two sided P value is P < .0005, we reject the null hypothesis that there is no linear trend in the average fibrinogen across log CRP groups.
d. In a table similar to table 1 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).
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.
Methods: A standard linear regression model was fit, regressing log-transformed fibrinogen on CRP. Robust estimates of standard errors were used for inference. 
a. Provide an interpretation of the estimated intercept from the fitted regression model as it pertains to fibrinogen levels.

The estimated intercept term is an estimate of geometric mean fibrinogen levels in subjects with CRP levels of 0.
b. Provide an interpretation of the estimated slope from the fitted regression model as it pertains to fibrinogen levels.

The estimated slope term is an estimate of the percentage increase in geometric mean fibrinogen levels in subjects corresponding to an increase of 1 mg/L CRP.
c. Provide full statistical inference about the presence of an association between fibrinogen and CRP using this regression analysis.

From linear regression analysis using Huber-White estimates of the standard error, we estimate that for each mg/L difference in CRP between two populations, the ratio in geometric mean fibrinogen is 1.4% higher in the population with higher CRP. A 95% CI suggests that this observation is not unusual if the true ratio in geometric mean fibrinogen was between 1.2% and 1.6% higher per mg/L difference in CRP. Because the two sided P value is P < .0005, we reject the null hypothesis that there is no linear trend in the average fibrinogen across CRP groups.
d. In a table similar to table 1 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).
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.)
Methods: A standard linear regression model was fit, regressing log-tranformed fibrinogen on log-transformed CRP. CRP observations of 0 were replaced with 0.5. Robust estimates of standard errors were used for inference. 
a. Provide an interpretation of the estimated intercept from the fitted regression model as it pertains to fibrinogen levels.

The estimated intercept term is an estimate of geometric mean fibrinogen levels in subjects with CRP levels of 1, that is, log CRP levels of 0.
b. Provide an interpretation of the estimated slope from the fitted regression model as it pertains to fibrinogen levels.

The estimated slope term is an estimate of the percentage increase in geometric mean fibrinogen levels in subjects corresponding to an increase of 1 mg/L log CRP, that is, e mg/L CRP. 
c. Provide full statistical inference about the presence of an association between fibrinogen and CRP using this regression analysis.

From linear regression analysis using Huber-White estimates of the standard error, we estimate that for each mg/L difference in log CRP between two populations, the ratio in geometric mean fibrinogen is 11.1% higher in the population with higher CRP. A 95% CI suggests that this observation is not unusual if the true ratio in geometric mean fibrinogen was between 10.5% and 11.8% higher per mg/L difference in log CRP. Because the two sided P value is P < .0005, we reject the null hypothesis that there is no linear trend in the average fibrinogen across log CRP groups.
d. In a table similar to table 1 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).
Table 1: Example of possible display of fitted values. You should indicate the summary measure of the fibrinogen distribution that is being estimated in each column.

	
	Fitted Values for Fibrinogen (mg/dL)

	CRP level
	Problem 3: (mean FIB mg/dl)
	Problem 4: (mean FIB mg/dl)
	Problem 5: (geometric mean FIB mg/dl)
	Problem 6: (geometric mean FIB mg/dl)

	1 mg/L
	309.266
	295.566
	305.113
	292.536

	2 mg/L
	314.517
	321.097
	309.389
	314.706

	3 mg/L
	319.768
	336.032
	313.725
	328.446

	4 mg/L
	325.012
	346.628
	318.123
	338.556

	6 mg/L
	335.520
	361.562
	327.103
	353.337

	8 mg/L
	346.022
	372.159
	336.337
	364.214

	9 mg/L
	351.273
	376.497
	341.050
	368.764

	12 mg/L
	367.026
	387.093
	355.593
	380.115


7. Complete the following table that makes comparisons (differences or ratios) of the fitted values for each of the models. 
	
	Fitted Values for Fibrinogen (mg/dL)

	Comparisons across CRP level
	Problem 3: (mean FIB mg/dl)
	Problem 4: (mean FIB mg/dl)
	Problem 5: (geometric mean FIB mg/dl)
	Problem 6: (geometric mean FIB mg/dl)

	Differences

	2 mg/L – 1 mg/L
	5.251
	25.531
	4.276
	22.170

	3 mg/L – 2 mg/L
	5.251
	14.935
	4.336
	13.739

	4 mg/L – 1 mg/L
	15.753
	51.062
	13.001
	46.020

	4 mg/L – 2 mg/L
	21.004
	25.531
	8.733
	23.850

	6 mg/L – 3 mg/L
	15.753
	25.531
	13.377
	24.891

	8 mg/L – 4 mg/L
	21.004
	25.531
	18.213
	25.658

	9 mg/L – 6 mg/L
	15.753
	14.935
	13.948
	15.426

	9 mg/L – 8 mg/L
	5.251
	4.338
	28.490
	26.778

	12 mg/L – 6 mg/L
	31.506
	25.531
	4.276
	22.170

	Ratios

	2 mg/L / 1 mg/L
	1.0169
	1.0864
	1.014
	1.076

	3 mg/L / 2 mg/L
	1.0167
	1.0465
	1.014
	1.044

	4 mg/L / 1 mg/L
	1.0509
	1.173
	1.043
	1.157

	4 mg/L / 2 mg/L
	1.0334
	1.0795
	1.028
	1.076

	6 mg/L / 3 mg/L
	1.0493
	1.0760
	1.043
	1.076

	8 mg/L / 4 mg/L
	1.0646
	1.0737
	1.057
	1.076

	9 mg/L / 6 mg/L
	1.0469
	1.0117
	1.043
	1.044

	9 mg/L / 8 mg/L
	1.0151
	1.0293
	1.014
	1.076

	12 mg/L / 6 mg/L
	1.0939
	1.0706
	1.087
	1.076


8. With respect to the results presented in Table 2, 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.
The analysis in problem 3, for the following comparisons, differing by 1,3, and 4 absolute units. 

	2 mg/L – 1 mg/L
	5.251

	3 mg/L – 2 mg/L
	5.251

	9 mg/L – 8 mg/L
	5.251

	4 mg/L – 1 mg/L
	15.753

	9 mg/L – 6 mg/L
	15.753

	6 mg/L – 3 mg/L
	15.753

	8 mg/L – 4 mg/L
	21.004

	4 mg/L – 2 mg/L
	21.004


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.
The analysis in problem 5. This is seen through:

· All comparisons differing by 1 absolute unit had the same 1.014 ratio of fitted values 
· All comparisons differing by 3 absolute units had the same 1.043 ratio of fitted values 
	2 mg/L / 1 mg/L
	1.014

	3 mg/L / 2 mg/L
	1.014

	9 mg/L / 8 mg/L
	1.014

	4 mg/L / 1 mg/L
	1.043

	6 mg/L / 3 mg/L
	1.043

	9 mg/L / 6 mg/L
	1.043


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.

The analysis in problem 4. This is seen through:

· All comparisons differing by a multiple of 2 had the same 25.531 difference of fitted values 

· All comparisons differing by a multiple of 1.5 had the same 14.935 difference of fitted values  

	2 mg/L – 1 mg/L
	25.531

	4 mg/L – 2 mg/L
	25.531

	6 mg/L – 3 mg/L
	25.531

	8 mg/L – 4 mg/L
	25.531

	12 mg/L – 6 mg/L
	25.531

	9 mg/L – 6 mg/L
	14.935

	3 mg/L – 2 mg/L
	14.935


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.

The analysis in problem 6. This is seen through:

· All comparisons differing by a multiple of 2 had the same 1.076 ratio of fitted values 

· All comparisons differing by a multiple of 1.5 had the same 1.044 ratio of fitted values 

	2 mg/L / 1 mg/L
	1.076

	4 mg/L / 2 mg/L
	1.076

	6 mg/L / 3 mg/L
	1.076

	8 mg/L / 4 mg/L
	1.076

	9 mg/L / 8 mg/L
	1.076

	12 mg/L / 6 mg/L
	1.076

	3 mg/L / 2 mg/L
	1.044

	9 mg/L / 6 mg/L
	1.044


9. How would you decide which of the four potential analyses should be used to investigate associations between fibrinogen and CRP?
The analysis should be decided a priori. Pre-existing knowledge on fibrinogen and CRP would be required. If there is reason to believe that fibrinogen increases multiplicatively with CRP (instead of additively), or if the variance in fibrinogen is proportional to the mean, then one of the analyses involving the geometric mean should be used. Also, if there is reason to believe that the trend in fibrinogen vs. CRP levels is nonlinear (quadratic, cubic, etc), or if there are high leverage CRP observations, then the log-transformed CRP should be used. 
