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Introduction
Hemodynamics is generally considered as one of the most 
fundamental factors responsible for aneurysm rupture [1,2]. 
Several hemodynamic variables/factors such as wall shear stress 
(WSS), blood flow pattern, mean wall pressure, inlet mass flow 
etc., are hypothesized to be the causes for aneurysm rupture [3-
5]. Intra-aneurysmal stream results in complex stream structure 
and different stream impinging sites, some at the dome and some 
at the ostium [6,7]. This complex stream yields a variable WSS 
distribution on the aneurysm wall. Because WSS determines 
endothelial functions, understanding of WSS distribution on the 
aneurysm wall becomes very important [5-7]. 

Current improvement of numerical tools has enabled us to 
understand hemodynamics in realistic patient aneurysm geometries 
[6, 8, 9]. Recent research studies are based on patient-specific 
aneurysm models that are benefited greatly by advanced 3D 
angiography as 3D images receive detailed anatomic features, 
which are generally neglected in idealized geometry [8,10,11]. 
Although advances in neuroimaging and endovascular treatment 

have contributed to resolution of many ruptured aneurysms in the 
stratospheric utilization of resource allocation, predicting which 
aneurysms will rupture, and subsequently allowing intervention 
prior to this occurs, remains clinically difficult [10-12]. WSS 
has emerged as one of the major determinants of aneurysm 
behaviour [3-5]. Low WSS environments have been shown to 
induce endothelial cell dysfunction leading to inflammatory 
infiltration and wall remodeling and degradation within the 
aneurysmal sac resulting in the potential for ultimate rupture 
[8,12], while on the other hand, high WSS has been correlated 
with aneurysm formation and again the role that hemodynamics 
plays in the underlying pathophysiology of aneurysm is quite 
complex [2,10,13]. Recently machine learning is increasingly 
adopted in aneurysm research studies, focusing on factors such 
as morphology, hemodynamics, and clinical parameters [14-16]. 
 
Several articles have focused on the effects of WSS on unruptured 
and ruptured intracranial aneurysms at the internal carotid artery 
[3, 6, 9, 14-16], using 3D image analyses, machine learning and 
other statistical techniques. Image segmentation and aneurysm 
construction model techniques using 3D images are well 
discussed in [3,9,11]. Some articles have studied the association 
of hemodynamic variables/ factors and cerebral aneurysm rupture 
[3, 9,10, 12], using statistical analysis by 2×2 contingency tables, 
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ABSTRACT
Hemodynamics is generally considered as one of the most important factors in aneurysm rupture. Abnormal wall shear stress, greater pressure and flow 
impingement are all responsible for aneurysm rupture. The role of wall shear stress on intracranial aneurysms can be identified from its associations 
with other hemodynamics and related clinical variables, which is very little studied. The report aims to establish the relationship of wall shear stress with 
other hemodynamics and related clinical variables based on a real data set of 98 aneurysm subjects. It is derived herein that mean wall shear stress (WSS) 
is marginally positively associated with the subject’s diabetes history (DBH) (P<0.001), family history (FMH) (P<0.001), ELAPSS (P<0.001), and it is 
negatively associated with heart rate (HTR) (P<0.001) & PHASE (P<0.001). Mean WSS is negatively associated with the joint interaction effect (JIE) of age 
and mean velocity (VEL) i.e., AGE*VEL (P<0.001), JIE of maximum WSS (MXWS) and subject’s hypertension history (HPH) i.e., MXWS*HPH (P<0.001), 
JIE of MXWS and subject’s anatomical aneurysm’s location (LOC) i.e., MXWS*LOC (P<0.001), JIE of oscillatory shear index (OSI) and maximum pressure 
(MXPR) i.e. OSI*MXPR (P<0.001), mean WSS gradient (WSG) and mean velocity (VEL) i.e., WSG*VEL (P<0.001), while it is positively associated with 
the JIEs of mean wall pressure gradient (WPG) and systolic blood pressure (SBP) i.e., WPG*SBP (P<0.001), WPG and subject’s smoking history (SMH) 
i.e., WPG*SMH (P<0.001), OSI*SMH (P<0.001), MXPR*HYP (P<0.001), minimum WSS (MIWS) and subject’s alcohol consumption history (ACH) 
i.e., MIWS*ACH (P<0.001), and many more. These derived associations of WSS with other hemodynamics and related variables may be helpful for the 
aneurysm rupture treatment process. 



Citation: Mahashweta Das, Ritika Roy Chowdhury, Deb Sankar Gupta, Rabindra Nath Das (2025) Associations of Wall Shear Stress on Vascular Morphology, 
Hemodynamics, and Many Clinical Variables. Journal of Cardiology Research Reviews & Reports. SRC/JCRRR-231. 

J Cardiol Res Rev Rep, 2025         Volume 6(5): 2-13

2×2 Pearson uncorrected test, etc. In practice, hemodynamic data 
sets are correlated heteroscedastic and physiological. So, the usual 
2×2 contingency tables, 2×2 Pearson uncorrected test, simple or 
multiple regression analysis are irrelevant. Advanced statistical 
models such as generalized linear models, joint generalized 
linear models (JGLMs) are appropriate for analysis of these 
correlated heteroscedastic physiological data sets. Based on the 
current literature of hemodynamic data set analyses, it is noted 
that advanced statistical data analysis techniques are very little 
used to establish the associations of hemodynamic variables/ 
factors with the other factors or variables. So, most of the earlier 
hemodynamic associations’ reports invite many debates and 
doubts. In addition, the previous hemodynamic associations’ 
reports do not use any appropriate model fitting diagnostic tools, 
which may be doubtful. The associations of mean WSS with other 
hemodynamic and related variables of aneurysm rupture patients 
are very few investigated based on probabilistic modeling. The 
current report investigates the following research hypotheses. 
•	 Is there any association of mean WSS with other hemodynamic 

and related variables of aneurysm rupture patients ? 
•	 If it is affirmative, how can we derive the most probable mean 

WSS association model? 
•	 What is the most probable mean WSS statistical model?
	 What are the effects of mean WSS on the other hemodynamic 

and related variables of aneurysm subjects? 
The current article examines the above research hypotheses related 
to mean WSS considering the following sections such as materials 
& methods for WSS data analysis, statistical analysis & results of 
WSS data, discussions, and conclusions of WSS data analysis. The 
derived WSS joint mean & variance models are shown in Table 

2 using the considered hemodynamic data set that is reported in 
the materials section. The statistical WSS mean-variance models 
are developed by joint generalized linear models (JGLMs), which 
is shortly reported in the methods section. The current derived 
outcomes of WSS data analysis are illustrated in the results section, 
while their interpretations are reported in the discussion section. 
From the derived WSS model, the basic hidden information of 
WSS associations with the other hemodynamic and other related 
variables is noted in the conclusion section. 

Materials and Methods
Materials 
The present WSS joint statistical mean & variance model has 
been obtained from a data set with clinical morphological and 
hemodynamic variables, which was collected by Song, [17]. 
A detailed description and the data collection method using 
3D models is given in [17]. The data set was collected on 98 
aneurysm subjects, and it is available in the site: https://www.
kaggle.com/datasets/amirmmahdavikia/cmha-control/code It is 
well known that intracranial aneurysm is a general life-threatening 
disease, with a rupture executing to aneurysmal subarachnoid 
hemorrhage (SAH) and along with a mortality rate exceeding 40% 
[18]. The progression and rupture of aneurysms is a longstanding 
research focus, which is associated with vascular morphology, 
hemodynamics, and many clinical factors, such as aging, gender, 
hypertension, smoking, diabetes, alcohol use, cerebrovascular 
disease history, and family SAH history [18, 19]. The current 
data set contains most of the variables which is clearly presented 
in [17]. and shortly described in Table 1. 

Table 1: Variables Description, their Operationalization & Descriptive Statistics
Variable Name Operationalization Minimum Maximum Mean Standard deviation Proportion (Or %)
Gender (GEN) Gender of the 

patient (1 = Male; 
2=Female)

1.000 2.000 1.704 0.456 1 = 29.59%; 2 = 
70.41%

Age (AGE) Age of the patient 
in years

29.00 82.0 59.90 10.310 ---------------

Systolic blood 
pressure (SBP)

Systolic pressure of 
the patient 

87.00 220.0 152.9 26.276 ---------------

Diastolic blood 
pressure (DBP)

Diastolic pressure 
of the patient 

52.00 125.0 89.15 13.351 ---------------

Heart Rate (HTR) Heart rate of the 
patient, measured 

in beats per minute 
(bpm)

53.00 159.0 80.84 13.717 ---------------

Respiratory Rate 
(RER)

Respiratory rate of 
the patient

13.00 32.00 19.76 2.236 ---------------

Smoking History 
(SMH)

0 = No; 1 = Yes 0.000 1.000 0.051 0.220 0 = 94.90%; 1 = 
5.10% 

Alcohol Con- 
sumption (ACH)

0 = No; 1 = Yes 0.000 1.000 0.071 0.257 0 = 92.86%; 1 = 
7.14%

Diabetes History 
(DBH)

0 = No; 1 = Yes 0.000 1.000 0.092 0.288 0 = 90.82%; 1 = 
9.18%

Hypertension 
History (HPH)

0= No; 1= Yes 0.000 1.000 0.673 0.468 0 = 32.65%; 1 = 
67.35%

Family History 
(FMH)

0 = No; 1 = Yes 0.000 1.000 0.020 0.141 0 = 97.96%; 1 = 
2.04% 

Has aneurysm 0 = No; 1 = Yes 1.000 1.000 1.000 0 0 = 0%; 1 = 100%
Rupture (RUP) 0 = No; 1 = Yes 0.000 1.000 0.755 0.430 0 = 24.49%; 1 = 

75.51%
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Shape (SHP) Morphological 
shape of the 

aneurysm (0 =No;1 
= Yes)

0.000 1.000 0.663 0.472 0 = 33.67%; 1 = 
66.33%

Location (LOC) 1 = M1; 2 = M2 1.000 2.000 1.633 0.482 1 = 36.73%; 2 = 
63.27%

Earlier SAH from 
another aneurysm

0 = No; 1 = Yes 0.000 0.000 0.000 0 0= 100%; 1 = 0%

PHASE (Population, 
Hypertension, Age, 
Size, Earlier SAH) 
risk scoring system 

(0-4)

0.0000 4.000 2.122 0.793 ---------------

ELAPSS (Earlier SAH, 
Location, Age, 

Population, Size 
and Shape) scoring 

system (4-6)

4.000 6.000 4.827 0.429 ---------------

Inlet Mass Flow 
(IMF)

[kg s-1] Mass 
flow rate of blood 

entering the 
aneurysm

0.000977 0.01131 0.0045 0.002 ---------------

Outlet 1 Mass 
Flow (O1MF)

[kg s-1] Mass of 
blood flowing out 
through the first 

specified outlet of 
the vascular model 

per second

-0.007211 -0.000147 -0.0026 0.002 ---------------

Outlet 2 Mass 
Flow (O2MF)

[kg s-1] Mass of 
blood flowing out 
through the second 
specified outlet of 
the vascular model 

per second

-0.007428 -0.000267 -0.00188 0.001 ---------------

Max Velocity 
(MXVE)

[m/s] Maximum 
blood flow 

velocity within the 
aneurysmal region

0.6351 3.475 1.477 0.6066 ---------------

Mean Velocity 
(VEL)

[m/s] Average blood 
flow velocity within 

the aneurysmal 
region

0.1289 1.212 0.5049 0.180 ---------------

Mean Wall 
Pressure (WPR)

[Pa] Average 
pressure exerted on 
the aneurysm walls 

by the flowing 
blood 

0.4800 17709 13899 1590.923 ---------------

Mean Internal 
Pressure (IPR)

[Pa] Average 
internal pressure 
within the blood-
filled space of the 

aneurysm, not 
necessarily limited 

to wall regions

13344 18204 14100 832.9108 ---------------

Mean wall shear 
stress (WSS)

[Pa] Tangential 
force exerted by 

blood flow on the 
vessel wall 

4.020 56.05 16.10 8.187 ---------------

Mean Wall 
Pressure Gradient 
(WPG)

[kg m-2 s-2] Spatial 
rate of change of 

wall pressure 

15.92 569339 115331 89886.68 ---------------
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Mean Internal 
Pressure Gradient 
(IPG)

[kg m-2 s-2] Spatial 
rate of change of 
internal pressure 

within the 
aneurysmal volume 

6059 959217 126354 121537.7 ---------------

Mean WSS 
Gradient (WSG)

[kg m-2 s-2] Spatial 
rate of change of 

WSS over a given 
distance on the 

vessel wall

3650 59098 15822 8669.731 ---------------

Oscillatory Shear 
Index (OSI)

Dimensionless 
number that 

quantifies the 
change in direction 
of wall shear stress 

during a cardiac 
cycle 

2.053 17.01 5.481 2.161 ---------------

Max Pressure 
(MXPR)

[Pa] Peak pressure 
in the aneurysmal 

structure

13547 18914 14654 1092.214 ---------------

Max WSS 
(MXWS)

[Pa] Maximum 
wall shear stress 

in the aneurysmal 
structure

17.92 400.8 90.52 64.799 ---------------

Min WSS 
(MIWS)

[Pa] Lowest wall 
shear stress in 
the aneurysmal 

structure

0.003128 1.054 0.1251 0.1797 ---------------

Max Pressure 
Gradient (MXPG)

[kg m-2 s-2] Largest 
spatial pressure 

difference recorded 
in the aneurysmal 

region

87769 13265000 1377063 1597197 ---------------

Max WSS 
Gradient 
(MXWSG)

[kg m-2 s-2] 
Maximum change 

in WSS over 
aneurysmal space

9276 1674660 247866 263956.409 ---------------

Statistical Methods 
The current study considers mean wall shear stress (WSS) is the aimed response random variable that is to be modeled with the 
remaining 34 vascular morphology, hemodynamics, and many clinical factors. It is examined that the response WSS is non-normally 
and heteroscedastic distributed random variable. The variance of WSS values can’t be stabilized with the help of any suitable 
transformation, therefore it is modeled in the current article using joint generalized linear models (JGLMs) under both the gamma and 
log-normal distribution that is clearly described in [20-22]. A detailed discussion about JGLMs is given in the book by Lee, Nelder 
and Pawitan [20]. JGLMS for both the log-normal and gamma distribution are shortly reported herein.
 
Jglms for Log-Normal Distribution: For the positive response Yi (=WSS) with E(Yi=WSS) = µi (mean) and Var(Yi=WSS) =        µi2 
= say, where      ’s are dispersion parameters and V (.)reveals the variance function. Generally, log transformation Zi = log(Yi=WSS) 
is adopted to stabilize the variance Var(Zi) ≈    , but the variance may not always be stabilized [23]. For developing a WSS improved 
model, JGLMs for the mean and dispersion are considered. For the response WSS, assuming log-normal distribution, JGL mean and 
dispersion models (with Zi = log(Yi=WSS)) are as follows: 

E(Zi)= µzi and Var(Zi) = σzi
2,

µzi=xit β and log (σzi
2)= git γ, 

where xi
t and git are the explanatory factors/variables vectors of WSS associated with the mean regression coefficients β and dispersion 

regression coefficients γ, respectively. 
Jglms for Gamma Distribution: In the above stated Yi’s (=WSS), the variance has two portions such as        (based on the mean 
parameters µi’s) and      (free of µi’s). The variance function V (.) displays the GLM family distributions. For instance, if V(µ )= 
1, it is normal, Poisson if V(µ) = , and gamma if V(µ) =  etc. Gamma JGLMs mean and dispersion models of GLU are as follows:
 and dispersion models of GLU are as follows: 

                                                                    and                                       
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where  and  are the GLM link functions attached with the mean 
and dispersion linear predictors respectively, and   ,     are the 
explanatory factors/variables vectors of WSS attached with the 
mean and dispersion parameters respectively. Maximum likelihood 
(ML) method is used for estimating the mean parameters, while 
the restricted ML (REML) method is applied for estimating the 
dispersion parameters, which are explicitly stated in the book by 
Lee, Nelder and Pawitan [20].

Statistical analysis & Results
Statistical Analysis
The report aims to derive the associations of WSS on the remaining 
34 vascular morphology, hemodynamics, and many clinical 
variables/factors Probabilistic model of WSS levels has been 
derived on the remaining 34 explanatory variables (Table 1). Final 
WSS values model has been accepted based on the lowest Akaike 
information criterion (AIC) value (within each class) that reduces 
both the squared error loss and predicted additive errors [24, p. 
203--204]. Based on the AIC rule, JGLMs Gamma fit (AIC= 

-18.575) is identical with the Log-normal fit (AIC=-18.4), as the 
AIC difference is less than 1 (one). Both the models give similar 
outcomes. Table 2 displays the summarized JGLMs results of the 
WSS values analysis of both the mean & variance models under 
both the Log-normal and Gamma distribution.

Here both the models are identical, so the results of the Gamma 
model are examined and illustrated. In the mean model of 
WSS, only two marginal insignificant factors such as alcohol 
consumption (ACH) (P=0.956) and minimum WSS (MIWS) 
(P=0.741) are included in the mean model as their joint interaction 
effect MIWS*ACH (P<0.001) is significant. They are included 
in the mean model following the marginality rule of Nelder [25], 
which states that if any higher order interaction effect is significant, 
then all its lower order interaction effects and marginal effects 
should be included in the model. In the dispersion model, only 
one partial significant effect outer 2 mass flow (O2MF) (P=0.232) 
is included for better fitting.

t
ix t

iw

                                                  Figure 1 (a)					                   Figure 1 (b)

Figure 1: For the joint Gamma fitted models of Wall Shear Stress (Table 2), the (a) absolute residuals plot with the fitted 
values, and (b) the normal probability plot for mean model

The derived Gamma fitted WSS values probabilistic JGLM (Table 2) is a data derived model that is to be tested by model checking 
tools. Note that the valid conclusions about WSS values are obtained from the data derived Gamma fitted WSS values probabilistic 
model (Table 2) that should be taken based on appropriate graphical diagnostic tools, which is shown in Figure 1. Figure 1(a) presents 
the absolute residuals plot for the Gamma fitted WSS values model (Table 2) with respect to the fitted values, which is almost flat 
linear except the right tail, indicating that variance is constant with the running means. Note that the right tail is little decreasing as a 
smaller absolute residual value is located at the right boundary. Figure 1(b) reveals the normal probability plot for the Gamma fitted 
WSS values mean model (Table 2) that does not reflect any lack of fit. So, both the figures 1(a) and (1b) do not show any discrepancy 
in the Gamma fitted WSS values model (Table 2). The above Figure 1(a) and Figure 1(b) confirm that the Gamma fitted WSS values 
model is an approximate form of the unknown true WSS values model. In addition, Figure 2 presents the Histogram of residuals, 
which indicates no lack of fit. 
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Figure 2: Histogram plot of the joint Gamma fitted residuals of 
mean Wall Shear Stress (WSS) (Table 2).

Results
The summarized results of WSS values analysis from the both Log-
normal and Gamma fitted models are shown in Table 2. According 
to AIC rules, both the models are almost similar. It is not always 
true that both the models are similar [26, 27]. The outcomes of the 
Gamma fitted model (Table 2) are illustrated as follows. 

It is derived herein that mean wall shear stress (WSS) is marginally 
positively associated with the subject’s diabetes history (DBH) 
(P<0.001), family history (FMH) (P<0.001), ELAPSS (P<0.001), 
and it is negatively associated with heart rate (HTR) (P<0.001) 
& PHASE (P<0.001). 
 
Mean WSS is negatively associated with the joint interaction 
effect (JIE) of age and mean velocity (VEL) i.e., AGE*VEL 
(P<0.001), while both the marginal effects AGE (P=0.006) and 
VEL (P<0.001) are positively associated with the mean WSS. 
Mean WSS is negatively associated with the JIE of maximum 
WSS (MXWS) and subject’s hypertension history (HPH) i.e., 
MXWS*HPH (P<0.001), while it is positively associated with 
MXWS (P<0.001) and negatively associated with HPH (P<0.001). 
Mean WSS is negatively associated with the JIE of MXWS and 
subject’s anatomical aneurysm’s location (LOC) i.e., MXWS*LOC 
(P<0.001), while it is positively associated with both the marginal 
effects MXWS (P<0.001) and LOC (P<0.001). Mean WSS is 
negatively associated with the JIE of oscillatory shear index (OSI) 
and maximum pressure (MXPR) i.e., OSI*MXPR (P<0.001), 
while it is positively associated with the marginal effect MXPR 
(P<0.001), but it is indifferent of OSI (P=0. 557). Mean WSS is 
negatively associated with the JIE of mean WSS gradient (WSG) 
and mean velocity (VEL) i.e., WSG*VEL (P<0.001), while it 
is positively associated with both the marginal effects WSG 
(P<0.001) and VEL (P<0.001). Mean WSS is negatively associated 
with the JIE of mean WSS gradient (WSG) and maximum velocity 
(MXVE) i.e., WSG*MXVE (P<0.001), while it is positively 
associated with WSG (P<0.001) and negatively associated with 
MXVL (P=0.021). Mean WSS is negatively associated with the JIE 
of maximum velocity (MXVE) and mean internal pressure (IPR) 
i.e., MXVE*IPR (P<0.001), while it is positively associated with 
IPR (P<0.001) and negatively associated with MXVL (P=0.021). 
Mean WSS is negatively associated with the JIE of maximum 

velocity (MXVE) and mean velocity (VEL) i.e., MXVE*VEL 
(P<0.001), while it is positively associated with VEL (P<0.001) 
and negatively associated with MXVL (P=0.021). Mean WSS is 
negatively associated with the JIE of mean wall pressure (WPR) 
and maximum pressure gradient (MXPG) i.e., WPR*MXPG 
(P<0.001), while it is it is negatively associated with WPR 
(P<0.001) and positively associated with MXPG (P=0.001). 
Mean WSS is negatively associated with the JIE of oscillatory 
shear index (OSI) and mean wall pressure gradient (WPG) i.e., 
OSI*WPG (P<0.0001), while it is negatively associated with 
WPG (P<0.001) and indifferent of OSI (P=0.557). Mean WSS is 
negatively associated with the JIE of WSS gradient (WSG) and 
alcohol consumption (ACH) i.e., WSG*ACH (P<0.001), while it 
is positively associated with WSG (P<0.001), and it is indifferent 
of ACH (P=0.956). 

On the other hand, mean WSS is positively associated with the 
JIE of mean wall pressure gradient (WPG) and systolic blood 
pressure (SBP) i.e., WPG*SBP (P<0.001), while it is negatively 
associated with both the marginal effects WPG (P<0.001) and SBP 
(P=0.004). Mean WSS is positively associated with the JIE of wall 
pressure gradient (WPG) and subject’s smoking history (SMH) 
i.e., WPG*SMH (P<0.001), while it is negatively associated with 
both the marginal effects WPG (P<0.001) and SMH (P<0.001). 
Mean WSS is positively associated with the JIE of oscillatory 
shear index (OSI) and subject’s smoking history (SMH) i.e., 
OSI*SMH (P<0.001), while it is negatively associated with 
SMH (P<0.001) and indifferent of OSI (P=0.557). Mean WSS is 
positively associated with the JIE of maximum pressure (MXPR) 
and the subject’s hypertension history (HPH) i.e., MXPR*HPH 
(P<0.001), while it is negatively associated with HPH (P<0.001) 
and positively associated with MXPR (P<0.001). Mean WSS is 
positively associated with the JIE of minimum WSS (MIWS) and 
subject’s alcohol consumption history (ACH) i.e., MIWS*ACH 
(P<0.001), while it is indifferent of both the marginal effects 
MIWS (P=0.741) and ACH (P=0.956). Mean WSS is positively 
associated with the JIE of maximum pressure gradient (MXPG) and 
location (LOC) i.e., MXPG*LOC (P<0.001), while it is positively 
associated with both of the marginal effects MXPG (P=0.001) and 
LOC (P<0.001). Mean WSS is positively associated with the JIE 
of maximum pressure gradient (MXPG) and maximum pressure 
(MXPR) i.e., MXPG*MXPR (P<0.001), while it is positively 
associated with both of the marginal effects MXPG (P=0.001) and 
MXPR (P<0.001). Mean WSS is positively associated with the JIE 
of maximum pressure gradient (MXPG) and oscillatory shear index 
(OSI) i.e., MXPG*OSI (P<0.001), while it is positively associated 
with the marginal effect MXPG (P=0.001) and indifferent of OSI 
(P=0.557). Mean WSS is positively associated with the JIE of mean 
WSS gradient (WSG) and shape (SHP) i.e., WSG*SHP (P<0.001), 
while it is positively associated with both of the marginal effects 
WSG (P<0.001) and SHP (P=0.012). Mean WSS is positively 
associated with the JIE of mean WSS gradient (WSG) and gender 
(GEN) i.e., WSG*GEN (P<0.001), while it is positively associated 
with the marginal effect WSG (P<0.001) and negatively associated 
with GEN (P=0.035). Mean WSS is positively associated with 
the JIE of oscillatory shear index (OSI) and mean wall pressure 
(WPR) i.e., OSI*WPR (P<0.001), while it is negatively associated 
with the marginal effect WPR (P<0.001) and indifferent of OSI 
(P=0.557). Mean WSS is positively associated with the JIE of 
maximum WSS gradient (MXWSG) and mean velocity (VEL) 
i.e. MXWSG*VEL (P<0.001), while it is positively associated 
with the marginal effect VEL (P<0.001) and negatively associated 
with MXWSG (P<0.001). Mean WSS is positively associated with 
the JIE of mean wall pressure gradient (WPG) and mean velocity 
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(VEL) i.e. WPG*VEL (P=0.001), while it is positively associated 
with the marginal effect VEL (P<0.001) and negatively associated 
with WPG (P<0.001). Mean WSS is positively associated with the 
JIE of mean wall pressure gradient (WPG) and maximum velocity 
(MXVE) i.e., WPG*MXVE (P<0.001), while it is negatively 
associated with both of the marginal effects WPG (P<0.001) 
and MXVE (P=0.021). Mean WSS is positively associated with 
the JIE of mean wall pressure (WPR) and maximum velocity 
(MXVE) i.e., WPR*MXVE (P<0.001), while it is negatively 
associated with both of the marginal effects WPR (P<0.001) and 
MXVE (P=0.021).

The variance model of WSS is very simple. Variance of WSS is 
positively associated with shape (SAP) (P=0.002), location (LOC) 
(P<0.001), outlet 1 mass flow (O1MF) (P<0.001), mean velocity 
(VEL (P=0.052), while it is partially negatively associated with 
outlet 2 mass flow (O2MF) (P=0.232).

From Table 2, Gamma fitted WSS values mean (     ) model is
      = exp (4.501 + 0.033 Diabetes History - 0.001 Max WSS 
Gradient + 0.123 Family History + 0.001 Max Pressure Gradient 
+0.122 Location + 0.001 Max Pressure Gradient*Location – 
0.005 Min WSS – 0.002 Alcohol Consumption + 6.320 Min 
WSS*Alcohol Consumption + 0.022 Max WSS – 0.004 
Max WSS*Location – 2.117 Hypertension History – 0.001 
Max WSS*Hypertension History + 0.001 Max Pressure + 
0.001 Max Pressure Gradient*Max Pressure + 0.001 Max 

Pressure*Hypertension History -0.061 Oscillatory Shear Index – 
0.465 Smoking History + 0.055 Oscillatory Shear Index*Smoking 
History – 0.001 Max Pressure*Oscillatory Shear Index + 0.001 
Max Pressure Gradient*Oscillatory Shear Index + 0.001 Mean 
WSS Gradient + 0.051 Shape + 0.001 Mean WSS Gradient*Shape 
– 0.001 Mean WSS Gradient*Alcohol Consumption – 0.050 
Gender + 0.001 Mean WSS Gradient*Gender – 0.001 Mean Wall 
Pressure Gradient – 0.001 Oscillatory Shear Index*Mean Wall 
Pressure Gradient + 0.001 Mean Wall Pressure Gradient*Smoking 
History – 0.003 Mean Wall Pressure – 0.001 Max Pressure 
Gradient*Mean Wall Pressure + 0.001 Oscillatory Shear 
Index*Mean Wall Pressure + 2.293 Mean Velocity + 0.001 Max 
WSS Gradient*Mean Velocity – 0.001 Mean WSS Gradient*Mean 
Velocity + 0.001 Mean Wall Pressure Gradient*Mean Velocity – 
1.619 Max Velocity – 0.001 Mean WSS Gradient*Max Velocity 
+ 0.001 Mean Wall Pressure Gradient*Max Velocity + 0.002 
Mean Internal Pressure – 0.001 Max Velocity*Mean Internal 
Pressure + 0.002 Mean Wall Pressure*Max Velocity – 1.123 
Mean Velocity*Max Velocity + 0.099 ELAPSS – 0.119 PHASE 
– 0.002 Heart Rate – 0.001 Systolic + 0.001 Mean Wall Pressure 
Gradient*Systolic + 0.004 Age – 0.010 Mean Velocity*Age)

and from Table 2, the Gamma fitted WSS values variance 
model is

      = exp (-10.2 + 1.3 Shape + 2.0 Location + 633.2 Outlet 1 
Mass Flow – 217.0 Outlet 2 Mass Flow + 2.9 Mean Velocity) .

µ̂
µ̂

2σ̂

2σ̂

Table 1: Results for Mean and Dispersion Models for Mean Wall Shear Stress (Wss) from Log-Normal & Gamma Fit.
Model Covariates Gamma fit Log-

normal fit
Estimate Standard 

error
t-value P-value Estimate Standard 

error
t-value P-value

Mean Constant 4.501 1.174 3.83 <0.001 4.556 1.175 3.87 <0.001
Diabetes 
History 

0.033 0.009 3.69 <0.001 0.033 0.009 3.72 <0.001

Max WSS 
gradient

-0.001 0.001 -4.97 <0.001 -0.001 0.001 -5.00 <0.001

Family 
History 

0.123 0.018 6.63 <0.001 0.124 0.018 6.64 <0.001

Max Pressure 
Gradient

0.001 0.001 3.40 0.001 0.001 0.001 3.42 0.001

Location 0.122 0.015 7.66 <0.001 0.122 0.015 7.65 <0.001
Max Pressure 
Gradient 
*Location 

0.001 0.001 7.93 <0.001 0.001 0.001 7.94 <0.001

Min WSS -0.005 0.016 -0.33 0.741 -0.005 0.016 -0.32 0.750
Alcohol 
Consumption 

-0.002 0.035 -0.06 0.956 -0.002 0.035 -0.05 0.955

Min WSS 
* Alcohol 
Consumption 

6.320 0.672 9.40 <0.001 6.350 0.672 9.44 <0.001

Max WSS 0.022 0.001 22.83 <0.001 0.022 0.001 22.90 <0.001
Max WSS * 
Location 

-0.004 0.001 -8.84 <0.001 -0.005 0.001 -8.86 <0.001

Hypertension 
History 

-2.117 0.271 -7.80 <0.001 -2.12 0.271 -7.83 <0.001

Max WSS * 
Hypertension 
History 

-0.001 0.001 -4.89 <0.001 -0.001 0.001 -4.91 <0.001

Max Pressure 0.001 0.001 8.07 <0.001 0.001 0.001 8.10 <0.001
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Max Pressure 
Gradient * 
Max Pressure

0.001 0.001 9.75 <0.001 0.001 0.001 9.77 <0.001

Max 
Pressure * 
Hypertension 
History 

0.001 0.001 8.01 <0.001 0.001 0.002 8.04 <0.001

Oscillatory 
Shear Index

-0.061 0.102 -0.59 0.557 -0.059 0.102 -0.58 0.565

Smoking 
History 

-0.465 0.073 -6.32 <0.001 -0.464 0.074 -6.29 <0.001

Oscillatory 
Shear Index 
* Smoking 
History 

0.055 0.010 5.29 <0.001 0.055 0.010 5.31 <0.001

Max Pressure 
* Oscillatory 
Shear Index

-0.001 0.001 -12.4 <0.001 -0.001 0.001 -12.5 <0.001

Max Pressure 
Gradient * 
Oscillatory 
Shear Index

0.001 0.001 5.51 <0.001 0.001 0.001 5.55 <0.001

Mean WSS 
Gradient

0.001 0.001 12.17 <0.001 0.001 0.001 12.22 <0.001

Shape 0.051 0.019 2.60 0.012 0.051 0.020 2.61 0.012
Mean WSS 
Gradient * 
Shape

0.001 0.001 4.77 <0.001 0.001 0.001 4.78 <0.001

Mean WSS 
Gradient 
* Alcohol 
Consumption 

-0.001 0.001 -10.9 <0.001 -0.001 0.001 -10.9 <0.001

Gender -0.050 0.023 -2.17 0.035 -0.051 0.023 -2.22 0.031
Mean WSS 
Gradient * 
Gender 

0.001 0.001 4.64 <0.001 0.001 0.001 4.69 <0.001

Mean Wall 
Pressure 
Gradient

-0.001 0.001 -6.06 <0.001 -0.001 0.001 -6.09 <0.001

Oscillatory 
Shear Index 
* Mean Wall 
Pressure 
Gradient 

-0.001 0.001 -9.44 <0.001 -0.001 0.001 -9.45 <0.001

Mean Wall 
Pressure 
Gradient * 
Smoking 
History 

0.001 0.001 4.01 <0.001 0.001 0.001 4.01 <0.001

Mean Wall 
Pressure

-0.003 0.004 -8.02 <0.001 -0.003 0.001 -8.07 <0.001

Max Pressure 
Gradient * 
Mean Wall 
Pressure

-0.001 0.001 -7.83 <0.001 -0.001 0.001 -7.86 <0.001
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Oscillatory 
Shear Index 
* Mean Wall 
Pressure

0.001 0.002 10.30 <0.001 0.001 0.001 10.34 <0.001

Mean Velocity 2.293 0.215 10.63 <0.001 2.29 0.216 10.62 <0.001
Max WSS 
Gradient * 
Mean Velocity

0.001 0.001 5.10 <0.001 0.001 0.001 5.12 <0.001

Mean WSS 
Gradient * 
Mean Velocity

-0.001 0.001 -5.26 <0.001 -0.001 0.001 -5.29 <0.001

Mean Wall 
Pressure 
Gradient * 
Mean Velocity

0.001 0.001 3.41 0.001 0.001 0.001 3.45 0.001

Max Velocity -1.619 0.677 -2.39 0.021 -1.65 0.677 -2.44 0.018
Mean WSS 
Gradient * 
Max Velocity

-0.001 0.001 -11.8 <0.001 -0.001 0.001 -11.94 <0.001

Mean Wall 
Pressure 
Gradient * 
Max Velocity

0.001 0.001 7.53 <0.001 0.001 0.001 7.55 <0.001

Mean Internal 
Pressure

0.002 0.003 7.85 <0.001 0.002 0.003 7.90 <0.001

Max Velocity 
* Mean 
Internal 
Pressure

-0.001 0.001 -7.32 <0.001 -0.001 0.001 -7.37 <0.001

Mean Wall 
Pressure * 
Max Velocity

0.002 0.002 6.76 <0.001 0.002 0.002 6.81 <0.001

Mean Velocity 
* Max 
Velocity

-1.123 0.091 -12.2 <0.001 -1.124 0.092 -12.2 <0.001

ELAPSS 0.099 0.015 6.71 <0.001 0.099 0.015 6.72 <0.001
PHASE -0.119 0.015 -7.52 <0.001 -0.120 0.016 -7.53 <0.001
Heart Rate -0.002 0.002 -7.19 <0.001 -0.002 0.002 -7.23 <0.001
Systolic -0.001 0.001 -3.05 0.004 -0.001 0.002 -3.04 0.004
Mean Wall 
Pressure 
Gradient * 
Systolic

0.001 0.001 4.08 <0.001 0.001 0.001 4.10 <0.001

Age 0.004 0.001 2.90 0.006 0.003 0.001 2.92 0.005
Mean Velocity 
* Age

-0.010 0.002 -3.55 <0.001 -0.009 0.002 -3.59 <0.001

Dispersion Constant -10.2 0.74 -13.7 <0.001 -10.2 0.74 -13.7 <0.001
Shape 1.3 0.40 3.22 0.002 1.3 0.40 3.178 0.003
Location 2.0 0.41 5.03 <0.001 2.1 0.41 5.05 <0.001
Outlet 1 Mass 
Flow 

633.2 168.04 3.76 <0.001 626.2 168.06 3.72 <0.001

Outlet 2 Mass 
Flow

-217.0 179.10 -1.21 0.232 -222.5 178.81 -1.24 0.220

Mean Velocity 2.9 1.46 1.992 0.052 2.9 1.46 1.97 0.054
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Discussions
The summarized mean WSS values analysis outcomes are 
presented in Table 2. From Table 2, the most appropriate WSS 
values Gamma fitted mean and variance models are displayed in 
the above results section. It is noted in the result section that a 
few effects are only marginally associated with WSS, while most 
of the effects are jointly associated with WSS. Marginal effects 
can be easily explained, while the joint effects indicate their joint 
functional role on the response variable. This paragraph shows the 
association of the marginal effects of some explanatory variables 
of WSS. It is derived herein that mean wall shear stress (WSS) 
is marginally positively associated with the subject’s diabetes 
history (DBH) (0= No; 1= Yes) (P<0.001), implying that the 
aneurysm subjects with diabetes history have higher WSS pressure 
than normal. Mean WSS is marginally positively associated with 
the subject’s family history (0= No; 1=Yes) (FMH) (P<0.001), 
indicating that WSS pressure is higher for the subjects with 
family aneurysm history than normal. Mean WSS is marginally 
positively associated with ELAPSS (P<0.001), concluding that 
WSS pressure increases as ELAPSS increases. Mean WSS is 
marginally negatively associated with heart rate (HTR) (P<0.001), 
interpreting that WSS pressure increases as the subject’s heart rate 
decreases. Mean WSS is marginally negatively associated with 
PHASE (P<0.001) values, implying that WSS pressure increases 
as the subject’s PHASE values decrease. 

It is important to note that if the joint effect is significant, then 
the marginal effects are not so important. Therefore, for the joint 
effects, only the functional role of the joint effects will be reported 
herein. Mean WSS is negatively associated with the JIE of age and 
mean velocity (VEL) i.e., AGE*VEL (P<0.001), while both the 
marginal effects AGE (P=0.006) and VEL (P<0.001) are positively 
associated with the mean WSS. This indicates that WSS pressure 
increases as the joint effect of AGE*VEL decreases. From the 
marginal effects, it is noted that at older age and higher mean 
velocity, WSS pressure should be higher, but it may not be higher 
as their joint effect AGE*VEL is negatively associated with WSS. 

Mean WSS is negatively associated with the JIE of maximum 
WSS (MXWS) and subject’s hypertension history (HPH) i.e., 
MXWS*HPH (P<0.001), while it is positively associated with 
MXWS (P<0.001) and negatively associated with HPH (P<0.001). 
This implies that WSS pressure increases as the joint effect of 
MXWS*HPH decreases. Aneurysm subjects with higher MXWS 
pressure and lower hypertension should have higher WSS pressure, 
but it may not be higher as their joint effect MXWS*HPH is 
negatively associated with WSS. Mean WSS is negatively 
associated with the JIE of MXWS and subject’s anatomical 
aneurysm’s location (LOC) i.e., MXWS*LOC (P<0.001), while 
it is positively associated with both the marginal effects MXWS 
(P<0.001) and LOC (1 = M1; 2 = M2) (P<0.001). This shows 
that WSS pressure increases as the joint effect of MXWS*HPH 
decreases. 

 Mean WSS is negatively associated with the JIE of oscillatory shear 
index (OSI) and maximum pressure (MXPR) i.e., OSI*MXPR 
(P<0.001), while it is positively associated with the marginal 
effect MXPR (P<0.001), but it is indifferent of OSI (P=0.557). 
This implies that WSS pressure increases as the joint effect of 
OSI*MXPR decreases. From the marginal effects, it is noted that 
if MXPR is higher, but WSS pressure may not be higher as the 
joint effect OSI*MXPR is negatively associated with WSS. Mean 
WSS is negatively associated with the JIE of mean WSS gradient 
(WSG) and mean velocity (VEL) i.e., WSG*VEL (P<0.001), while 

it is positively associated with both the marginal effects WSG 
(P<0.001) and VEL (P<0.001). This shows that WSS pressure 
increases as the joint effect of WSG*VEL decreases. From the 
marginal effects, it is noted that if both the marginal effects WSG 
and VEL are at higher levels, WSS pressure should be higher, but 
it may not be higher as their joint effect WSG*VEL is negatively 
associated with WSS.

Mean WSS is negatively associated with the JIE of mean 
WSS gradient (WSG) and maximum velocity (MXVE) i.e., 
WSG*MXVE (P<0.001), while it is positively associated with 
WSG (P<0.001) and negatively associated with MXVL (P=0.021). 
This implies that WSS pressure increases as the joint effect of 
WSG*MXVE decreases. Note that both the marginal effects are 
oppositely associated with WSS. So, if WSG is higher, but WSS 
pressure may not be higher, as their joint effect WSG*MXVE 
is negatively associated with WSS. Mean WSS is negatively 
associated with the JIE of maximum velocity (MXVE) and mean 
internal pressure (IPR) i.e., MXVE*IPR (P<0.001), while it is 
positively associated with IPR (P<0.001) and negatively associated 
with MXVL (P=0.021). This indicates that WSS pressure increases 
as the joint effect of MXVE*IPR decreases. Note that both the 
marginal effects are oppositely associated with WSS. So, if IPR is 
higher, but WSS pressure may not be higher, as their joint effect 
MXVE*IPR is negatively associated with WSS. 

 Mean WSS is negatively associated with the JIE of maximum 
velocity (MXVE) and mean velocity (VEL) i.e., MXVE*VEL 
(P<0.001), while it is positively associated with VEL (P<0.001) 
and negatively associated with MXVL (P=0.021). This indicates 
that WSS pressure increases as the joint effect of MXVE*VEL 
decreases. Here both the marginal effects MXVE and VEL are 
oppositely associated with WSS. So, if VEL is higher, but WSS 
pressure may not be higher, as their joint effect MXVE*VEL 
is negatively associated with WSS. Mean WSS is negatively 
associated with the JIE of mean wall pressure (WPR) and maximum 
pressure gradient (MXPG) i.e., WPR*MXPG (P<0.001), while it 
is it is negatively associated with WPR (P<0.001) and positively 
associated with MXPG (P=0.001). This implies that WSS pressure 
increases as the joint effect of WPR*MXPG decreases. Here both 
the marginal effects WPR and MXPG are oppositely associated 
with WSS. Therefore, for higher MXPG values, WSS pressure 
may not be higher, as their joint effect WPR*MXPG is negatively 
associated with WSS.

Mean WSS is negatively associated with the JIE of oscillatory 
shear index (OSI) and mean wall pressure gradient (WPG) i.e., 
OSI*WPG (P<0.0001), while it is negatively associated with WPG 
(P<0.001) and indifferent of OSI (P=0.557). This implies that WSS 
pressure increases as the joint effect of OSI*WPG decreases. Here 
the marginal effect WPG and the joint effect OSI*WPG both are 
negatively associated with WSS, so the joint effect OSI*WPG will 
be lower, implying WSS pressure will be increasing. Mean WSS 
is negatively associated with the JIE of WSS gradient (WSG) and 
alcohol consumption (ACH) i.e., WSG*ACH (P<0.001), while it is 
positively associated with WSG (P<0.001), and it is indifferent of 
ACH (P=0.956). This implies that WSS pressure increases as the 
joint effect of WSG*ACH decreases. Note that the marginal effect 
WSG and the joint effect WSG*ACH are oppositely associated 
with WSS, so WSG*ACH will not be lower, consequently, WSS 
pressure will not be increasing. 

In addition, mean WSS is positively associated with the JIE of 
mean wall pressure gradient (WPG) and systolic blood pressure 
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(SBP) i.e., WPG*SBP (P<0.001), while it is negatively associated 
with both the marginal effects WPG (P<0.001) and SBP (P=0.004). 
This indicates that WSS pressure increases as the joint effect 
WPG*SBP increases. Both the marginal effects (WPG & SBP) 
and WPG*SBP are oppositely associated with WSS, so the joint 
effect WPG*SBP will not be too high, consequently, WSS pressure 
will not be increasing due to the joint effect WPG*SBP. Mean 
WSS is positively associated with the JIE of wall pressure gradient 
(WPG) and subject’s smoking history (SMH) i.e., WPG*SMH 
(P<0.001), while it is negatively associated with both the marginal 
effects WPG (P<0.001) and SMH (P<0.001). This implies that 
WSS pressure increases as the joint effect WPG*SMH increases. 
Both the marginal effects (WPG & SMH) and WPG*SMH are 
oppositely associated with WSS, so the joint effect WPG*SMH 
will not be too high, consequently, WSS pressure will not be 
increasing due to the joint effect WPG*SMH. Mean WSS is 
positively associated with the JIE of oscillatory shear index (OSI) 
and subject’s smoking history (SMH) i.e., OSI*SMH (P<0.001), 
while it is negatively associated with SMH (P<0.001) and 
indifferent of OSI (P=0.557). This implies that WSS pressure 
increases as the joint effect OSI*SMH increases. Note that the 
marginal SMH and the joint effect OSI*SMH are oppositely 
associated with WSS, so the joint effect OSI*SMH will not be 
too high, consequently, WSS pressure will not be increasing due 
to the joint effect OSI*SMH. 

Mean WSS is positively associated with the JIE of maximum 
pressure (MXPR) and the subject’s hypertension history (HPH) 
i.e., MXPR*HPH (P<0.001), while it is negatively associated with 
HPH (P<0.001) and positively associated with MXPR (P<0.001). 
This shows that WSS pressure increases as the joint effect 
MXPR*HPH increases. It is observed herein that (MXPR*HPH 
& MXPR) and HPH are oppositely associated with WSS, so the 
joint effect MXPR*HPH will be higher, if the HPH level is lower. 
Mean WSS is positively associated with the JIE of minimum WSS 
(MIWS) and subject’s alcohol consumption history (ACH) i.e., 
MIWS*ACH (P<0.001), while it is indifferent of both the marginal 
effects MIWS (P=0.741) and ACH (P=0.956). This reveals that 
WSS pressure increases as the joint effect MXPR*HPH increases. 
Note that both the marginal effects MIWS and ACH are inactive 
with WSS. 

Mean WSS is positively associated with the JIE of maximum 
pressure gradient (MXPG) and location (LOC) i.e., MXPG*LOC 
(P<0.001), while it is positively associated with both of the marginal 
effects MXPG (P=0.001) and LOC (P<0.001). This indicates that 
WSS pressure increases as the joint effect MXPR*LOC increases. 
Note that both the marginal effects MXPG and LOC are positively 
associated with WSS. Therefore, these two marginal effects and 
the joint effect are positively associated with WSS, so for the 
higher joint effect MXPG*LOC, WSS pressure will be higher. 
Mean WSS is positively associated with the JIE of maximum 
pressure gradient (MXPG) and maximum pressure (MXPR) 
i.e., MXPG*MXPR (P<0.001), while it is positively associated 
with both of the marginal effects MXPG (P=0.001) and MXPR 
(P<0.001). This indicates that WSS pressure increases as the 
joint effect MXPG*MXPR increases. Note that both the marginal 
effects MXPG and MXPR are positively associated with WSS. 
Therefore, these two marginal effects and the joint effect are 
positively associated with WSS, so for the higher joint effect 
MXPG*MXPR, WSS pressure will be higher. Mean WSS is 
positively associated with the JIE of maximum pressure gradient 
(MXPG) and oscillatory shear index (OSI) i.e., MXPG*OSI 
(P<0.001), while it is positively associated with the marginal 

effect MXPG (P=0.001) and indifferent of OSI (P=0.557). This 
implies that WSS pressure increases as the joint effect MXPG*OSI 
increases. Note that the marginal effect MXPG and the joint 
effect MXPG*OSI are positively associated with WSS. So, for 
the higher joint effect MXPG*OSI, WSS pressure will be higher. 
Mean WSS is positively associated with the JIE of mean WSS 
gradient (WSG) and shape (SHP) i.e., WSG*SHP (P<0.001), while 
it is positively associated with both of the marginal effects WSG 
(P<0.001) and SHP (P=0.012). This implies that WSS pressure 
increases as the joint effect WSG*SHP increases. Note that both 
the marginal effects WSG and SHP are positively associated with 
WSS. Therefore, these two marginal effects and the joint effect 
are positively associated with WSS, so for the higher joint effect 
WSG*SHP, WSS pressure will be higher.

Mean WSS is positively associated with the JIE of mean WSS 
gradient (WSG) and gender (GEN) i.e., WSG*GEN (P<0.001), 
while it is positively associated with the marginal effect WSG 
(P<0.001) and negatively associated with GEN (1=male, 2=female) 
(P=0.035). This indicates that WSS pressure increases as the joint 
effect WSG*GEN increases. It shows that WSS pressure is higher 
for male than females. Mean WSS is positively associated with 
the JIE of oscillatory shear index (OSI) and mean wall pressure 
(WPR) i.e., OSI*WPR (P<0.001), while it is negatively associated 
with the marginal effect WPR (P<0.001) and indifferent of OSI 
(P=0.557). This indicates that WSS pressure increases as the joint 
effect OSI*WPR increases. Moreover, OSI*WPR and WPR are 
oppositely associated with WSS, so WSS pressure will not be too 
high due to the effect OSI*WPR. 

Mean WSS is positively associated with the JIE of maximum WSS 
gradient (MXWSG) and mean velocity (VEL) i.e. MXWSG*VEL 
(P<0.001), while it is positively associated with the marginal 
effect VEL (P<0.001) and negatively associated with MXWSG 
(P<0.001). This indicates that WSS pressure increases as the joint 
effect MXWSG*VEL increases. In addition, (MXWSG*VEL & 
VEL) and MXWSG are oppositely associated with WSS, so WSS 
pressure will not be too high due to the effect MXWSG*VEL. 
Mean WSS is positively associated with the JIE of mean wall 
pressure gradient (WPG) and mean velocity (VEL) i.e. WPG*VEL 
(P=0.001), while it is positively associated with the marginal effect 
VEL (P<0.001) and negatively associated with WPG (P<0.001). 
This shows that WSS pressure increases as the joint effect 
WPG*VEL increases. In addition, (WPG*VEL & VEL) and WPG 
are oppositely associated with WSS, so WSS pressure will not be 
too high due to the effect WPG*VEL. Mean WSS is positively 
associated with the JIE of mean wall pressure gradient (WPG) 
and maximum velocity (MXVE) i.e., WPG*MXVE (P<0.001), 
while it is negatively associated with both of the marginal effects 
WPG (P<0.001) and MXVE (P=0.021). This shows that WSS 
pressure increases as the joint effect WPG*MXVE increases. 
Note that both the marginal effects (WPG & MXVE) and the 
interaction effect WPG*MXVE are oppositely associated with 
WSS, so WSS pressure will not be too high due to the effect 
WPG*MXVE. Mean WSS is positively associated with the JIE 
of mean wall pressure (WPR) and maximum velocity (MXVE) 
i.e., WPR*MXVE (P<0.001), while it is negatively associated 
with both of the marginal effects WPR (P<0.001) and MXVE 
(P=0.021). This shows that WSS pressure increases as the joint 
effect WPR*MXVE increases. Note that both the marginal effects 
(WPR & MXVE) and the interaction effect WPG*MXVE are 
oppositely associated with WSS, so WSS pressure will not be 
too high due to the effect WPR*MXVE.
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The association of variance of WSS is very simple. Variance 
of WSS is positively associated with shape (SAP) (P=0.002), 
location (LOC) (P<0.001), outlet 1 mass flow (O1MF) (P<0.001), 
mean velocity (VEL (P=0.052), these implies that WSS values 
are highly scattered of the aneurysm subjects with higher values 
of shape, aneurysm at location M2, with higher values of outlet 
1 mass flow and mean velocity. 

The associations of WSS with vascular morphology, 
hemodynamics, and many clinical factors/ variables have been 
derived herein. It is observed that WSS has a very complicated 
relationship with these factors. WSS is significantly associated 
with many marginal and joint interaction effects. Marginal 
associations are easily understandable, while the joint interaction 
effects are not so simple. Note that the joint interaction effects 
on WSS can be identified using only statistical modeling. Best of 
our knowledge, no earlier article identifies any joint interaction 
association of WSS. It is derived herein that some marginal effects 
such as subject’s diabetes history, family history, higher ELAPSS 
values, low heart rate, and low PHASE values etc. are responsible 
for the higher WSS pressure, while some joint interaction effects 
such as OSI*WPG, MXPG*LOC, MXPG*MXPR, MXPG*OSI, 
WSG*SHP etc. are always responsible for higher WSS pressure. 
Many joint interaction effects are also responsible for higher WSS 
pressure under some situations. 

Conclusions
The present article has developed the associations of WSS pressure 
with vascular morphology, hemodynamics, and many clinical 
factors/ variables. The fitted WSS values probabilistic model has 
been accepted herein based on the smallest AIC rule, graphical 
diagnostic checking plots (Figure 1 & Figure 2), standard error 
of the estimates, and on comparison of joint Log-normal and 
Gamma models. Both the fitted models (Log-normal & Gamma) 
have similar interpretations (Table 2). Marginal effects on WSS 
are easily understandable, which reflects the real situations, while 
the joint effects are very difficult, which are very little pointed in 
the earlier research articles. Functional activity of different factors 
on the human body can only be identified by a proper statistical 
modelling. There is no single instrument in the world which 
can identify the joint effect of two or more factors together on 
the human body. The current report has derived an approximate 
model (Table 2) of WSS, and the derived associations of WSS with 
vascular morphology, hemodynamics, and many clinical factors 
or variables though not completely eventual but are expressive. 
Advanced medical scientific research methods should have 
complete faith on these derived associations of WSS as the fitted 
models have been tested with graphical diagnostic checking and 
comparison of two different models. 
 
For any similar data sets of WSS values with vascular morphology, 
hemodynamics, and many clinical factors, the findings will be 
almost similar to the present findings, which are not verified herein 
as similar data sets are not available. The present associations 
of WSS reveal many real facts, which are rarely reported in the 
earlier articles. Most of the associations of WSS in the report 
are completely new in the hemodynamics study literature. In 
addition, the report may help all the people, heart patients, medical 
practitioners and researchers. It is concluded that WSS values have 
very complex associations (Table 2) with vascular morphology, 
hemodynamics, and many clinical factors that should be known 
to the practitioners for appropriate treatment processes. 
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Abbreviations
ACH Alcohol Consumption 
AIC Akaike information criterion
GEN Gender 
DBH Diabetes History 
DBP Diastolic blood pressure;
FMH Family History 
HPH Hypertension history 
HTR Heart rate
IMF Inlet Mass Flow 
IPR Mean Internal Pressure
IPG Mean Internal Pressure Gradient 
JGLMs Joint generalized linear models
JIE Joint interaction effect 
LOC Location
MIWS Min WSS 
MXPG Max Pressure Gradient
MXPR Max Pressure
MXVE Max Velocity 
MXWS Max WSS
MXWSG Max WSS Gradient
O1MF Outlet 1 Mass Flow
O2MF Outlet 2 Mass Flow
OSI Oscillatory Shear Index 
RER Respiratory Rate
RUP Rupture 
SBP Systolic blood pressure
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SHP Shape 
SAH Subarachnoid hemorrhage 
SMH Smoking History
WPG Mean Wall Pressure Gradient
WSG Mean WSS Gradient 
WPR Mean Wall Pressure
WSS Mean wall shear stress
VEL Mean Velocity
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