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Abstract. Objectives: The effects of body surface index (BSI) on cardiac parameters of 113 shock 

patients are examined in the current report. Background: The role of BSI on cardiac parameters is little 

known in the medical literature based on probabilistic or stochastic modeling. Material & Methods: The 

study has been conducted with 113 shock patients involving 20 study characters, and the data can be 

viewed in the site: http://www.umass.edu/statdata/statdata/data/shock.txt  Joint generalized linear models 

(JGLMs) is adopted as statistical analysis tools. Results: The role of BSI on cardiac parameters can be 

obtained from the models of cardiac parameters as well as the model of BSI. From the models of cardiac 

parameters, it is noted that mean systolic blood pressure (SBP), mean central venous pressure (MCVP), 

mean cardiac index (CI) are positively associated with BSI with P-values (P=0.0026),   (P=0.0001) and 

(P<0.0001) respectively. Also mean arterial pressure (MAP) is positively associated with the interaction 

effects SBP*BSI (P=0.0472), MCVP*BSI (P=0.0337), and it is negatively associated with BSI 

(P=0.0048). Variances of SBP, MCVP, MAP are negatively associated with BSI with P-values 

(P=0.0859), (P=0.0024) and (P<0.0001) respectively. Also variance of MAP is positively with DBP*BSI 

(P<0.0001). Again from the model of BSI, it is noted that mean BSI is positively associated with MCVP 

(P<0.0001), CI (P=0.0187), and it is negatively associated with MAP (P=0.0985). From the variance 

model of BSI, it is observed that variance of BSI is positively associated with SBP (P=0.0370), DBP 

(P=0.0669), shock type (Shock) at level 3 (P=0.0451), and it is negatively associated with MAP 

(P=0.0464). Conclusion: It is shown herein that BSI is highly associated with each cardiac parameter 

either with mean, or variance, or both. For high BSI, SBP, MCVP, CI, interaction effects SBP*BSI & 

MCVP*BSI are also high. 
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1. Introduction   

 

Generally, for any sample unit four absolute (free of other measures) physical 

units such as height (Height), weight (Weight), hip (Hip) and waist (Waist) are 

measured in any medical study, assuming that they may be correlated with the 

interested study disease, or disease biomarkers, or disease parameters. Based on these 

four absolute measures, some relative (based on absolute measures) measures such as 

body mass index (BMI=Weight(kg)/Height(m)
2
), body surface area 

(BSA=√[{Weight(kg)}{Height( cm)}/3600]) and index of fat distribution 

(IFD=Waist/Hip) can be computed. In medicine and physiology, the measured surface 

of a human body is known as the body surface area (BSA). For different clinical 
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purposes, these relative measures (BMI, BSA and IFD) are frequently used as a better 

indicator of metabolic mass than absolute measure as they are less affected by abnormal 

adipose mass (Gurney, 2002; Gao et al., 2008; Adler et al., 2012).  

BMI, BSA and IFD are identified as a risk factor of many diseases such as 

diabetes, breast cancer, cardiovascular and chronic kidney diseases (Lorincz & 

Sukumar, 2006; Rose & Vona-Davis, 2010; Sheikkasaraf et al., 2010; Ogunlade  et al., 

2016; Evans et al., 2017; Dewey et al., 2008; Roy et al., 2012). Obesity is directly 

associated with the incidence, prevalence and mortality of breast cancer (Lorincz & 

Sukumar, 2006). Obese breast cancer women have a higher risk of lymph node 

metastasis, larger tumors and higher mortality rates than non-obese women (Rose & 

Vona-Davis, 2010). The relationship between BMI and risk of breast cancer has been 

well established (Rose & Vona-Davis, 2010). Left ventricle parameters such as mass & 

end diastolic dimension can be estimated from some body size parameters such as BSA, 

body fat-free mass, and height (Sheikkasaraf et al., 2010). Anthropometric parameters 

are associated with most indices of cardiac autonomic function except resting heart rate 

(Ogunlade  et al., 2016). It is reported that cardiac output, blood pressure and vascular 

resistance are associated with weight, height, BMI and BSA in healthy young adults at 

standing and supine rest (Evans et al., 2017; Dewey et al., 2008). It is noted that 

elevated BMI and BSA are associated with coronary artery calcium (Roy et al., 2012). 

Chemotherapy  and glucocorticoid  doses are determined in terms of BSA (Dewey et 

al., 2008). Note that BSA is used in measuring cardiac index. 

Most of the associations of BSA and BMI with cardiac parameters have been 

determined based on simple correlation, simple regression, odds ratio and Logistic 

regression analysis which are not appropriate for many physiological non-constant 

variance data analysis. Very little study has been done using probabilistic modeling of 

BSI or BSA considering that the original physiological observations are heteroscedastic. 

The report has identified the association of body surface index (BSI) with many cardiac 

parameters such as SBP, DBP, MAP, MCVP, CI, HR and shock type based on joint 

mean and variance probabilistic modeling of BSI.   

 

2. Material & statistical methods  

 

Materials 

The effect of body surface index on cardiac parameters has been examined in the 

report based on a secondary data set containing 113 shock patients with 20 explanatory 

factors/variables.  The data can be obtained from the site given in the Abstract. The data 

set, covariate description, and data collection method is clearly explained in (Afifi & 

Azen, 1979).  This is not re-explained herein. The 20 explanatory study characters in the 

data set are: Age (yr.), Sex (male=0, female = 1), Height (cm), Cardiac index (CI) 

(liters/ min m
2
), Systolic blood pressure (SBP) (mm Hg), Shock type (non-shock=1, 

hypovolemic=2, cardiogenic, or bacterial, or neurogenic or other=3), Diastolic BP 

(DBP) (mm Hg), Heart rate (HR) (beats/min), Mean arterial pressure (MAP) (mm Hg), 

Survival status (Survive) (survived=1, death=2), Mean central venous pressure (MCVP) 

(cm H
2
O), Appearance time (AT) (sec), Body surface index (BSI) (m

2
), Mean 

circulation time (MCT) (sec), Plasma volume index (PVI) (ml/kg), Urinary output (UO) 

(ml/hr), Hemoglobin (HG) (gm/100 ml), Red cell index (RCI) (ml/kg), Hematocrit 

(HCT) (percent), and Card sequence order (initial=1, final =2) (CSO).  
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  Statistical Methods 

The report aims to investigate the association of body surface index (BSI) with 

seven cardiac factors (or parameters) such as SBP, MAP, MCVP, DBP, HR, CI, Shock 

type. The associations of BSI with cardiac factors can be obtained from the models of 

cardiac factors, as well as the model of BSI. Note that the given data set is a 

multivariate data, so simple correlation, regression, odds ratio and Logistic regression 

analysis may not give the exact association. With appropriate modeling of the response 

BSI, or a cardiac factor, only the aimed associations can be obtained.  Here all the seven 

responses (BSI, SBP, MAP, MCVP, DBP, HR, CI) are continuous positive 

heteroscedastic and non-normally distributed. They can be modeled by a suitable 

transformation if the variance of the response is stabilized under the transformation. But 

no one is stabilized under any transformation. Under this case, they may be modeled by 

joint generalized linear models (JGLMs) with Log-normal and Gamma distributions. 

JGLMs are elaborately given in (Lee et al., 2017; Das & Lee, 2009; Qua et al., 2000). It 

is not described herein. In addition, JGLMs of SBP, MAP, MCVP, DBP, HR, CI are 

given in (Das et al., 2018; Das, 2017a; Das, 2017b; Das, 2017c; Das, 2017d). Model of 

BSI is not given in any article, which has been derived herein based on JGLMs with 

both Log-normal and Gamma distribution.         

 

Statistical & graphical analysis 

Body surface index has been modeled adopting JGLMs under both Log-normal 

and Gamma distributions. Here BSI is considered as the response variable, and the 

remaining other 19 characters are considered as the explanatory variables. Final model 

has been accepted based on the lowest Akaike information criterion (AIC) value (within 

each class), which minimizes both the squared error loss and predicted additive errors  

(Friedman et al., 2001, pp. 203-204). On the basis of AIC value, Log-normal JGLMs fit 

(AIC= -367.5) is more better than Gamma (AIC= -365.456). Therefore, the final 

analysis results of BSI for Log-normal model fit are presented in Table 1. In mean 

model, some partially significant effects such as MAP, HCT and CSO (with P-values 

less than 0.1803) are included in the model for better fit (Friedman et al., 2001; Das, 

2012). In addition, partially significant effects are termed as confounder in 

Epidemiology, and they should be included in the model. In variance model, all 

included effects are significant around 6% significance level. 

Body surface index model (Table 1) is a data generated model that should be 

examined for its correctness by model checking plots. Note that valid conclusions are 

drawn from the developed model considering the derived model as the approximately 

true model of the unknown model. The final Log-normal fitted model of BSI (Table 1) 

is examined by model checking plots in Figure 1. In Figure 1(a), absolute BSI fitted 

residuals are plotted with respect to fitted values. It is approximately flat diagram with 

running means except the left and right tails. Left tail is decreasing as a larger absolute 

residual value is located at the left boundary. Also, the right tail is increasing as two 

larger residuals are located at the right boundary. Figure 1(a) shows that variance is 

constant with the running means. Figure 1(b) reveals the normal probability plot for the 

fitted BSI mean model, which does not present any discrepancy in the fitted model. 

Therefore, both the figures confirm that the fitted BSI model (Table 1) is approximately 

true model of BSI. 
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Figure 1. For the joint Log-normal fitted models of body surface index (Table 1), the (a) absolute  

residuals plot with the fitted values, and (b) the normal probability plot for the mean model 

 

3. Results 

 

Log-normal fitted JGLMs analysis results of BSI have been presented in Table 1. 

From the fitted BSI mean model, it is observed that mean BSI is positively associated 

with the cardiac factors MCVP (P<0.0001), CI (P=0.0187), and it is negatively 

associated with MAP (P=0.0985). From the variance model of BSI, it is observed that 

variance of BSI is positively associated with the cardiac factors SBP (P=0.0370), DBP 

(P=0.0669), shock type (Shock) at level 3 (P=0.0451), and it is negatively associated 

with MAP (P=0.0464). In addition, other than cardiac factors, mean BSI is positively 

associated with height (P<0.0001), CSO (P=0.1226), while it is negatively associated 

with sex (P<0.0001), survival status (P=0.0280), PVI (P<0.0001) and HCT (P=0.1803). 

Other than cardiac factors, variance of BSI is negatively associated with height 

(P<0.0001) and hemoglobin (P=0.0613).   

From the mean and variance models of cardiac parameter MCVP (Das et al., 

2018), it is observed that, MCVP is positively associated with BSI (P=0.0001), and its 

variance is negatively associated with BSI  (P=0.0024). SBP models (Das, 2017a) show 

that it is positively associated with BSI (P=0.0026), while its variance is negatively 

associated with BSI (P=0.0859). CI models (Das, 2017b) reveal that it is positively 

associated with BSI (P<0.0001), while its variance does not show any association with 

BSI. MAP models (Das, 2017c) show that it is negatively associated with BSI 

(P=0.0048), and also it is positively associated with the interaction effects SBP*BSI 

(P=0.0472) and MCVP*BSI (P=0.0337). MAP variance is negatively associated with 

BSI (P<0.0001), and also it is positively with DBP*BSI (P<0.0001). Models of DBP 

(Das, 2017a) and HR (Das, 2017d) do not show any association with BSI. All these 

results are summarized in Table 2.    
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Table 1.  Results for mean and dispersion models for body surface index from Log normal fit 

 

Model Covariate Estimate Standard error t-value P-Value 

 

 

 

Mean Model 

Constant -0.49070 0.11393 -4.307 <0.0001 

Height 0.00725 0.00062 11.727 <0.0001 

SEX  -0.04742 0.01158 -4.096 <0.0001 

Survive  -0.02561 0.01158 -2.211 0.0280 

Mean arterial pressure (MAP)  -0.00036 0.00022 -1.659 0.0985 

Mean central venous pressure 

(MCVP)  

0.00531 0.00079 6.718 <0.0001 

Cardiac index (CI)  0.00857 0.00362 2.368 0.0187 

Plasma volume index (PVI) -0.00340 0.00039 -8.728 <0.0001 

Hematocrit (HCT)  -0.00094 0.00070 -1.344 0.1803 

Card sequence order (CSO)  0.01330 0.00858 1.550 0.1226 

 

 

 

Dispersion 

Model 

Constant 1.6298 1.4784 1.102 0.2716 

Height  -0.0418 0.0080 -5.194 <0.0001 

Shock Type Level 2  0.2545 0.2710 0.939 0.3487 

Shock Type Level 3  0.5326 0.2643 2.015 0.0451 

Systolic blood pressure (SBP) 0.0212 0.0101 2.098 0.0370 

Mean arterial pressure (MAP)  -0.0637 0.0318 -2.003 0.0464 

Diastolic  pressure  (DBP)  0.0500 0.0272 1.841 0.0669 

Hemoglobin  (HG)   -0.0893 0.0475 -1.881 0.0613 

 
Table 2. Association of Cardiac Parameters with body surface area 

 

Cardiac Parameters Covariate Estimate s.e. t-value P-Value 

Mean MAP BSI -0.2259 0.079330 -2.847 0.0048 

Mean MAP SBP* BSI 0.0011 0.00056 1.996 0.0472 

Mean MAP MCVP*BSI 0.0063 0.00296 2.137 0.0337 

Variance MAP BSI -8.455 1.9275 -4.387 <0.0001 

Variance MAP DBP*BSI 0.132 0.0307 4.314 <0.0001 

Mean CI BSI 0.40120 0.08737 4.529 <0.0001 

Variance CI ------ ------ ------ ------ ------- 

Mean MCVP BSI 0.8039 0.20753 3.874 0.0001 

Variance MCVP BSI  -1.7843 0.5821 -3.065 0.0024 

Mean SBP BSI 0.0827 0.02720 3.040 0.0026 

Variance SBP BSI -1.5430 0.89410 -1.725 0.0859 

Mean HR ------- ------- ------ ------ ------- 

Variance HR ------ ------- ------ ------ ----- 

Mean DBP ------ ------- ------ ------ ----- 

Variance DBP ------ ------ ------ ----- ----- 

 

4. Discussion 

 

Analysis results of BSI have been displayed in Table 1. Mean & variance models 

of BSI (Table 1) conclude the following associations of BSI with the cardiac 

parameters. 

 Mean BSI is negatively associated with MAP (P=0.0985), implying that BSI 

increases as MAP decreases. 

 Mean BSI is positively associated with MCVP (P<0.0001), indicating that BSI 

increases as MCVP increases. 
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 Mean BSI is positively associated with CI (P=0.0187), concluding that BSI 

increases as CI increases. 

 Variance of BSI is positively associated with SBP (P=0.0370), interpreting that 

BSI variance increases as SBP increases. 

 Variance of BSI is negatively associated with MAP (P=0.0464), implying that 

BSI variance increases as MAP decreases. 

 Variance of BSI is positively associated with DBP (P=0.0669), indicating that 

BSI variance increases as DBP increases. 

 Variance of BSI is positively associated with shock type at level 3 (P=0.0451), 

concluding that BSI variance is higher for the shock patients with level 3 than 

the patients with levels 1 & 2. 

Also from the models of the cardiac parameters such as MAP, CI, MCVP, SBP, 

HR and DBP, the following associations of the cardiac parameters with BSI can be 

concluded.  

 MAP is negatively associated with BSI (P=0.0048), concluding that MAP 

decreases as BSI increases (Das, 2017c). This is also observed from BSI mean 

model (Table 1). 

 MAP is positively associated with the interaction effects SBP*BSI (P=0.0472), 

indicating that MAP increases as the joint interaction effect SBP*BSI increases.  

 MAP is positively associated with the interaction effects MCVP*BSI 

(P=0.0337), concluding that MAP increases as the joint interaction effect 

MCVP*BSI increases.  

 Variance of MAP is negatively associated with BSI (P<0.0001), interpreting that 

MAP variance increases as BSI decreases. Note that, variance of BSI is also 

negatively associated with MAP  (Table 1). 

 Variance of MAP is positively associated with DBP*BSI (P<0.0001), implying 

that MAP variance increases as DBP*BSI increases. 

 Mean CI is positively associated with BSI (P<0.0001), indicating that CI 

increases as BSI increases (Das, 2017b). This is also concluded from BSI mean 

model (Table 1).    

 Mean MCVP is positively associated with BSI (P=0.0001), concluding that 

MCVP increases as BSI increases (Das et al., 2018). This is also concluded from 

BSI mean model (Table 1).    

 Variance of MCVP is negatively associated with BSI (P=0.0024), interpreting 

that MCVP variance increases as BSI decreases (Das et al., 2018).   

 Mean SBP is positively associated with BSI (P=0.0026), indicating that SBP 

increases as BSI increases (Das, 2017a). 

 Variance of SBP is negatively associated with BSI (P=0.0859), concluding that 

SBP variance increases as BSI decreases (Das, 2017b).  

 Mean and variance of HR & DBP are not associated with BSI  (Das, 2017a; Das, 

2017d). 

This report considers the association of BSI with some cardiac factors. These 

associations are described above from the BSI mean and variance models (which are 

derived in the report) and also from the models of cardiac parameters (which are 

previously published). It is observed that in both cases, common associations are 

identical. Several associations of BSI are identified herein which are not discussed in 

any previous articles (best of our knowledge). Moreover, any previous article has not 
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considered to identify the association of BSI or BSA based on both mean variance 

modeling, and also from the modeling of the cardiac factors. So, it is very difficult to 

discuss the present finding with the previous published results. Best of our knowledge, 

these findings are completely new in medical literature. 

 

5. Conclusions 
 

The report has identified the associations of BSI with many cardiac factors which 

are included in the considered data set (Afifi & Azen, 1979). BSI model (Table 1) has 

been selected herein based on small standard error of the estimates (Table 1), model 

checking plots (Figure 1), comparison of fitting between Log-normal & Gamma, and 

smallest AIC value. These associations have been derived in two ways. One is the 

modeling of BSI with cardiac parameters, and the other is the modeling of any cardiac 

parameter with BSI and other factors. In both ways, common associations are identified 

as identical. There does not exist any contradiction regarding the associations of BSI 

between the two ways. The report has shown that BSI is associated with all the 

considered cardiac factors (SBP, DBP, MAP, CI, MCVP, HR Shock type) either with 

mean, or variance, or both (Tables 1, 2).     

The associations of BSI are derived herein for the data set given in (Afifi & Azen, 

1979). For different data sets, models may be different but the associations will be 

same, which is not verified herein as we have no other data sets. Moreover, many other 

cardiac parameters such as peak HR, basal HR, maximum HR, maximum BP, basal BP, 

ejection fraction, etc., are not included in the present study as these factors are not 

considered in the data set (Afifi & Azen, 1979). Future research study may consider all 

these cardiac factors. In the given data set (Afifi & Azen, 1979), body surface index 

(BSI) is mentioned (Materials Section), which is generally a relative measure, as it is an 

index. But its unit is meter square, indicating that it is not a relative measure. It may be 

body surface area (BSA) as the unit of BSI is same as the unit of BSA. It is not clearly 

explained in the data set. Moreover, body surface index is not defined in the literature 

(best of our knowledge).      

This report presents a clear associations of BSI with many cardiac parameters 

which is useful to medical practitioners as well as the cardiac patients. For high BSI, 

SBP, MCVP, CI, interaction effects SBP*BSI & MCVP*BSI are also high, and also 

MAP is low. These situations may invite many cardiac problems. So, BSI should not be 

very high. 
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