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Abstract 

Objective Isolated common iliac artery aneurysms (CIAA) are rare. Their prognosis 

and influence on aortoiliac blood flow and remodeling are unclear. We evaluated the 

hypotheses that morphology at and distal to the aortic bifurcation, together with the 

associated hemodynamic changes, influence both the natural history of CIAA and proximal 

aortic remodeling.  

Approach and Results 25 isolated CIAAs (15 intact, 10 ruptured), in 23 patients were 

reconstructed and analyzed with computational fluid dynamics: all showed abnormal flow. 

Then we studied a series of 24 hypothetical aortoiliac geometries in silico with varying 

abdominal aortic deflection and aortic bifurcation angles: key findings were assessed in an 

independent validation cohort of 162 patients. Wall shear stress in isolated unilateral CIAAs 

was lower than the contralateral CIA, 0.38±0.33 Pa versus 0.61±0.24 Pa, inversely associated 

with CIAA diameter (p<0.001) and morphology (high shear stress in variants distal to a sharp 

kink). Rupture usually occurred in regions of elevated low and oscillatory shear (LOS) with a 

wide aortic bifurcation angle. Abdominal aortas deflected towards the CIAA for most 

unilateral isolated CIAAs (14/21). In silico, wider bifurcation angles created high focal 

regions of LOS in the CIA. The associations of unilateral CIAA with aortic deflection and 

CIA diameter with bifurcation angle were confirmed in the validation cohort.  

Conclusions Decreasing wall shear stress is strongly associated with CIAA progression 

(larger aneurysms and rupture), whilst abnormal blood flow in the CIAA appears to promote 

proximal aortic remodeling, with adaptive lateral deflection of the abdominal aorta towards 

the aneurysmal side. 

Keywords: Vascular remodeling; Iliac Aneurysm; Hemodynamic; Arterial Morphology 
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Abbreviations 

AAA – Abdominal Aortic Aneurysm 

CFD – Computational Fluid Dynamics 

CIA – Common Iliac Artery 

CIAA – Common Iliac Artery Aneurysm 

ILT – Intraluminal Thrombus 

LCIA – Left Common Iliac Artery 

LOS – Low and Oscillatory Shear 

OSI – Oscillatory Shear Index 

RCIA – Right Common Iliac Artery 

TAWSS – Time-Averaged Wall Shear Stress 
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Introduction 

Common iliac artery aneurysms (CIAAs) are usually found in association with abdominal 

aortic aneurysms (AAAs). Isolated CIAAs, which occur in the absence of AAA, can be 

unilateral or bilateral, are relatively uncommon but their rupture can be just as catastrophic as 

a ruptured AAA.
1, 2

 The definition of a CIAA is debatable, but one study has suggested a 

diameter threshold of 16 mm and another 25 mm.
3, 4

 A more specific definition of CIAA 

could be based on either the distribution of normal common iliac artery (CIA) diameters or ≥ 

50% larger than the adjacent non-aneurysmal CIA diameter. Since the average diameter of 

the CIA in older men without AAA is about 13 mm,
5
 a diameter of ≥ 20 mm could be a more 

appropriate definition. There are limited data on the natural history of CIAAs although it has 

been reported that they grow slowly with diameter increasing by about 5% per annum.
6
 

Ultimately, there is no clear evidence supporting a diameter at which intervention should be 

offered with 40 mm often used, and both endovascular and open repair are effective, although 

recent guidelines recommend 35 mm.
7, 8

 

Experimental and computational data on CIAA is very scarce, the interplay between 

aortoiliac morphology, hemodynamics and diameter is not well understood with few reports 

on the relationship between these parameters. It is also unclear if and how the hemodynamics 

influence morphology in the region. Recent work has shown that wider aortic bifurcations are 

protective of rupture in AAA,
9
 which was explained by computational simulations of blood 

flow and stresses.
10

 However, in part due to the rarity of CIAA, we know little about the 

hemodynamics of CIAA besides single case studies,
11, 12

 despite the important benefit of a 

normal or near-normal CIA contralateral to the CIAA to act as a built-in control.  

Furthermore, we do not know if hemodynamics in the iliac arteries influences remodeling 

proximally in the aorta. It was previously reported that lower limb amputees were more likely 

to experience aortic remodeling where the abdominal aorta deflects towards the amputated 
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side.
13 

However, this has not been thoroughly investigated in relation to hemodynamic 

changes and the potential impact on the proximal arteries, including the aorta. Earlier 

investigations have shown that CIAAs disturb local blood flow, with a vortex forming at the 

proximal extent of the CIAA during systole and, then, travelling distally through the 

aneurysm.
11, 14

 Left ventricular remodeling in response to aortic stenosis is another well-

established example of a proximal effect due to disturbed aortic hemodynamics 

downstream.
15

 

We hypothesize that morphology at and distal to the aortic bifurcation, together with the 

associated hemodynamic changes, influence both the natural history of CIAA and proximal 

remodeling in the abdominal aorta. Accordingly, the aims of this study were to investigate the 

inter-relationships of aorto-iliac morphology, hemodynamics and CIAA progression in a 

clinical series of isolated CIAAs and then, use this cohort to create a hypothetical series and 

further explore the inter-relationships between morphology and hemodynamics.  

 

Methods 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. The research performed in this article complies with all local ethics 

committees and the Declaration of Helsinski, with anonymous image data used throughout 

the study, with approvals in the UK from South-Central Berkshire Research Ethics 

Committee 08/H0505/173 (England and Wales), Scotland A Research Ethics Committee 

08/MRE00/90 (Scotland) and Riverside Research Ethics Committee 2007 letter of favourable 

opinion, The Helsinki University Hospital Institutional Review Board in Finland and 

the Ethical Committee of the Serbian Clinical Centre. 
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Isolated CIAA Cohort 

We collected a cohort of 23 patients with 25 isolated CIAAs (2 patients had bilateral CIAAs) 

and without AAA (Figure I in the Supplemental Material). Patients were from the UK (n=6), 

Finland (n=6), Serbia (n=9) and the Osirix Dicom Image Library (Pixmeo SARL, 

Switzerland) (n=2). Cases had pre-operative contrast enhanced computed tomography (CTA) 

imaging as part of routine care before either elective repair of intact CIAA (n=15) or 

emergency repair of ruptured CIAA (n=10). All data were anonymized at the local institution 

before being included in this study, with local ethics approvals obtained for use of de-

identified imaging data.  

 

Patient-Specific Reconstructions and Geometry Analyses 

We reconstructed the CIAAs into three dimensions (3D) using Mimics (v18.0, Materialise, 

Belgium), with the methods reported in full elsewhere.
11

 Briefly, reconstructions began 

immediately distal to the renal arteries and continued downstream to the CIA bifurcation. We 

then used the computer-aided design tools in STAR-CCM+ (v11.06, Siemens, Berlin) to 

remove reconstruction artefacts, smooth the lumen wall and remove the minor branching 

arteries.
11

 

Calcification and intraluminal thrombus (ILT) were also reconstructed into 3D and volume 

was measured. To quantify overall geometry, as well as ILT and calcification reconstruction 

variability, a single case was reconstructed by three analysts. The results (Table I in the 

Supplemental Material) show that the reconstructed volumes vary at most by 2.5% from the 

mean. The same case was then reconstructed on three separate occasions by the primary 

analyst (L.P.) and we found a maximum of 3.3% deviation from the mean. This primary 

analyst performed all subsequent reconstructions for the study (Figure 1). For each case, we 
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measured the aortic deflection angle; the aortic bifurcation angle; the maximum diameter of 

the CIA and CIAA (perpendicular to the centerline); and artery tortuosity (Figure 2). The 

aortic deflection angle was measured using a custom-written script in MATLAB 

(MathWorks, Massachusetts, USA) that finds the greatest equally-spaced three-point 

angulation along the arterial centerline over any 40 mm section of the abdominal aorta. The 

aortic bifurcation angle was also a three-point measurement centered at the point of 

bifurcation and extending 10 mm into each CIA, along the centerline. The CIAA maximum 

diameter measurements were performed in Mimics and represent the largest diameter 

perpendicular to the arterial centerline. Tortuosity was measured along the arterial 

centerlines. In the abdominal aorta, tortuosity measurements were taken from immediately 

below the renal arteries to the point of aortic bifurcation. In the iliac arteries, these 

measurements were made from the point of aortic bifurcation to the first discontinuity in the 

CIA (bifurcation or loss of flow indicated by the absence of imaging contrast). Segments of 

the CIA surfaces were created to calculate surface-average values of hemodynamic measures. 

All segments were divided perpendicular to the centerline. The contralateral CIA surface 

measurements were taken from 20 mm distal to the aortic bifurcation and continued a further 

20 mm along the centerline to achieve a representative sample of CIA hemodynamics away 

from the effects of the aortic and iliac bifurcations. The CIAA surface was taken from 15 mm 

distal to the aortic bifurcation and continued to the first discontinuity in the CIA in order to 

capture the entire dilated portion of the artery. Measurement repeatability data are shown in 

Table I in the Supplemental Material.  

The site of CIAA rupture was identified in 6 cases by a senior vascular radiologist (RA). 
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Figure 1. Anterior view of isolated CIAA cohort reconstructions with intraluminal thrombus 

(ILT) and calcification indicated. There were 25 CIAAs in 23 patients. Vortices were 
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observed in cases with a particularly kinked CIA. The origin of the vortices is indicated in 

these cases. 

 
 

Figure 2. (A) Coronal view showing segmented aorta and aortic bifurcation (purple) and (B) 

the resulting reconstruction. (C) CIAA with the methods used to quantify aortic deflection, 

aortic bifurcation and external aortoiliac angles (measured for the validation cohort only) 

shown. (D) The centerline used for tortuosity measurements and arterial segments used for 

surface averages of hemodynamic metrics. (E) Tortuosity, τ, is defined as: τ = 1 - (linear 

distance / distance along the centerline). Additional information on these measurements is in 

the Supplemental Material. 

 



11 

 

 

 

Computational Fluid Dynamics Simulations 

All laminar flow simulations were performed in STAR-CCM+ and follow methods used in 

our previous work.
11

 Briefly, as patient-specific flow rate data was not available, we used 

existing data measured with MRI in the infrarenal aorta of 36 patients with AAA
16

 and 

applied this at the inlet to our models (inlet was extended by 100 mm; see Supplementary 

Material). The computational mesh was comprized of polyhedral cells refined around 

physical features such as bifurcation. The CIAA models each consisted of ~4M cells, with the 

accuracy verified by a mesh convergence study (Figure II, Table II-III in the Supplemental 

Material). More detail on the verification of our computational meshes are provided in the 

Supplementary Material. A sensitivity analysis showed that the inlet condition does not 

significantly alter the distributions of surface hemodynamic conditions but can change the 

magnitude of hemodynamic forces (Figure III in the Supplemental Material). We assumed 

that blood was a Newtonian fluid which is reasonable for large arteries.
17

 We investigated the 

influence of blood’s shear-thinning properties on our data and found negligible effects 

(Figure IV-V in the Supplemental Material). We also assumed that blood was an 

incompressible fluid with a dynamic viscosity of 0.0035 Pa.s and a density of 1050 kg/m
3
. 

We created outlet lengths 10 times the outlet diameter as this has been shown to be a 

sufficient length to remove the effects of an open boundary on the model.
18

 We also 

investigated the effects of downstream resistance modeled with Windkessels and a flow split 

based on outlet diameter and found negligible difference (Figure IV-V in the Supplemental 

Material). The walls of the artery were assigned no-slip, rigid wall properties as a compliant 

vessel wall does not significantly influence hemodynamics but does significantly increase 

computational time.
19-24

 We then simulated each case until velocities in the aneurysm were 
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periodic for three cardiac cycles. Simulations were performed on 512 cores of Magnus, a 

Cray XC40 Series Supercomputer (Pawsey Supercomputing Centre, Perth, Western 

Australia) and we extracted time average wall shear stress (TAWSS) and oscillatory shear 

index (OSI) over the final three cardiac cycles. We then calculated the ratio of 

OSI/TAWSS,
25

 which we refer to as low and oscillatory shear (LOS). This ratio, LOS, is a 

useful summary metric of hemodynamic conditions as it captures the unfavorable 

combination of low wall shear stress and high oscillation in the flow, with adverse 

hemodynamic conditions represented by high LOS.  

 

Data Analysis and Statistics 

In the ruptured cases, we spatially compared hemodynamic data with rupture location using a 

clock-face system for axial position and the centerline length from the point of aortic 

bifurcation for longitudinal position. Rupture locations were blinded to the computational 

analyst (L.P.). A Shapiro-Wilks test (α = 0.05) was used to determine if variables were 

normally distributed. For normal distributions the ruptured/intact comparison was made using 

a t-test and linear regression when accounting for maximum diameter of the CIAA. In all 

other cases a Mann-Whitney U test was used. To account for the effect of diameter, adjusted 

values were calculated after curve-fitting the relationship between maximum diameter and 

the variable. These relationships were either exponential, least-squares or 2
nd

 order 

polynomial. Comparisons between CIAA and contralateral CIA hemodynamics were made 

using a Wilcoxon signed-rank test. All statistics were performed using the software 

MATLAB (MathWorks, Massachusetts, USA) and Excel (Microsoft, Washington, USA). 

 

In Silico Hypothetical Series 

Simulation of Hemodynamics with Changing Aortoiliac Morphology 
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Using the range of angular dimensions measured in the isolated CIAA cohort (Table 1), we 

created 24 hypothetical aortoiliac geometries with varying aortic deflection (45°-180°) and 

aortic bifurcation angle (45°-270°) using computer-aided design (Figure 3). In cases with a 

bifurcation angle ≥180°, the LCIA is angled cranially. A kink has been introduced to re-direct 

the artery distally as seen in such cases in the isolated CIAA cohort. In these cases a kink has 

been introduced which causes the artery to eventually travel distally again, representative of 

such cases in the isolated CIAA cohort. With increasing aortic deflection leftwards the 

bifurcation itself was rotated to maintain a straight abdominal aorta on approach, as observed 

in the isolated CIAA cohort. The center of the aortic deflection was made 50 mm along the 

centerline upstream from the aortic bifurcation (mean of 52 mm in the isolated CIAA cohort). 

We then simulated the hemodynamics using the same CFD parameters as earlier and 

analyzed TAWSS, OSI and LOS in 40 mm segments of the infrarenal aorta, left and right 

CIAs.  
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Figure 3. The in silico hypothetical series is a group of idealized geometries created for CFD 

simulation to observe the inter-relationship between aortic deflection angle, aortic bifurcation 

angle and aortoiliac hemodynamics. The angle of aortic deflection ranges from 45° - 180°, 

and aortic bifurcation angle from 45° - 270°. These ranges were directly observed in the 

isolated CIAA cohort. 
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Validation Cohort 

Assessment of the Relationship between Aortic and Common Iliac Artery Remodeling 

To assess whether the main findings concerning aortic deflection and bifurcation angle from 

the in vivo and in silico hemodynamic studies of isolated CIAAs could be observed in a larger 

clinical population where most of the CIAAs occurred in the presence of AAA, we accessed 

data from an unpublished study comparing duplex ultrasonography and CTA in the 

evaluation of iliac artery suitability for a range of elective endovascular interventions in 

consecutive patients at Charing Cross Hospital, London, UK (see cohort diagram in 

supplement, Figure VI). The 162 patient cohort included 36 patients with CIAA and a large 

AAA as the index condition (26 unilateral and 10 bilateral) and 9 patients with CIAA as the 

index condition (4 isolated CIAA and 5 with small AAA <4.0 cm diameter). Morphological 

parameters were measured from CTA using semi-automated image analysis and the results 

entered on a standard clinical reporting form. For the present study, the data from the 

reporting forms were extracted retrospectively by two independent observers, who reviewed 

the images to categorize morphology, with any differences resolved by agreement. The 

morphological parameters assessed included abdominal aortic deflection, maximum aortic 

diameter, maximum CIA diameters, whether the CIA was tortuous or straight and external 

aortoiliac angle. In the original study, aortic bifurcation angle was not measured. However, a 

bifurcation angle grade could be derived from the external aortoiliac angles, which were 

assessed (see Figure 2C for this measurement and Tables V-VI). 

 

Results 

Flow disturbance, morphology and CIAA progression in isolated CIAAs 

The morphological characteristics of the isolated CIAA cohort are shown in Table 1. 

Although thrombus volume increased with CIAA diameter (R=0.81, p<0.001), there was no 
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consistent relationship with calcification. Calcification showed no significant difference 

between ruptured and intact cases and calcium burden was not significantly higher in the 

aneurysmal CIA when compared with the corresponding contralateral artery (917 ± 977 mm² 

vs. 803 ± 1111 mm², p=0.47). 

In the isolated CIAA cohort, we observed disturbed flow in the aneurysmal CIA. Average 

aneurysmal CIA TAWSS (±SD) was 0.38 Pa (±0.33) compared with 0.61 Pa (±0.24) in the 

contralateral artery (p=0.001, n=21, bilateral cases excluded). OSI was similar in the CIAA, 

0.20 (±0.08) vs. 0.19 (±0.04) in the contralateral CIA (p=0.66). Unilateral CIAA LOS was 

then markedly higher with an average of 1.30 Pa¯¹ (±1.50) vs. 0.42 Pa¯¹ (±0.34) in the 

contralateral artery (p<0.001). CIAA diameter was inversely correlated with TAWSS, 

p<0.001 (Figure 4). The morphology in the aorto-iliac region also varied with CIAA size. 

The largest CIAAs were saccular (Figure 1, Cases 1, 3, 4, 5, 6, 7, 8, 9 and 21), whilst smaller 

CIAAs were fusiform in either a tortuous or non-tortuous CIA (Figure 1, Cases 2, 10-R, 12-

L, 12-R, 14, 16, 17 and 18). CIAAs in a distal to a sharp kink in a tortuous CIA (Figure 1, 

Cases 10-L, 11, 13, 15, 19, 20, 22 and 23), were smallest and predominantly on the left and 

none had ruptured. In cases with a sharply kinked CIA proximal to the aneurysm, the 

principal flow disturbance was a vortex which formed during systole and translated distally. 

In these cases, unilateral CIAA and contralateral TAWSS was high, 0.75 Pa (±0.30) and 0.70 

Pa (±0.19) respectively (p=0.58). OSI was equal in the CIAA, 0.17 (±0.02) vs. 0.17 (±0.03) 

in the contralateral CIA (p=0.47). CIAA LOS was similar (p=0.93) in the CIAA, 0.31 Pa 

(±0.19) vs. 0.28 Pa (±0.15) in the contralateral CIA.  
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Figure 4. Surface average TAWSS conditions plotted against maximum CIAA diameter. 

After log transformation R= 0.78, p<0.001. 

 

The spatial comparison between location of rupture (identifiable on CT in six cases) and key 

hemodynamic metrics is shown in Figure 5A. Five CIAAs (Cases 1, 2, 3, 4 and 8) ruptured in 

areas of low TAWSS and one case (Case 5) ruptured at high TAWSS. OSI contours reveal 

that rupture occurs in regions of relatively high OSI gradient, and LOS discriminates the 

rupture location well, with 5/6 cases rupturing where LOS is high (Figure 5A). Case 5 

displayed distinct flow patterns and did not follow the trends observed in the other five 

ruptured cases. There is a stenosis proximal to the iliac aneurysm and during systole we 

observed a pulse of high velocity blood entering the saccular region. As shown in Figure 5B, 

this flow impinges on the left posterior wall of the aneurysm, correlating well with the 

rupture location. 
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Figure 5. A. Surface plots showing the TAWSS, OSI and LOS for the cases where rupture 

location is known, with corresponding case numbers. × indicates the rupture location. For 

cases 2 and 3 the posterior is shown whilst all others are in an anterior view. B. Case 5: a 

pulse of high velocity blood traversing the aneurysm sac towards the site of rupture. The 

point in the cardiac cycle is indicated on the infrarenal mass flow waveform shown along the 

bottom. 
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Aortic Deflection and Aortoiliac Hemodynamics in vivo and in silico 

An obvious deflection of the abdominal aorta was observed in all 21 patients with unilateral 

CIAA, with 67% of cases (14/21) deflected towards the CIAA.  

In the in silico hypothetical series, we note the increased LOS in the CIA compared to the 

aorta. There was no consistent association between magnitude of aortic deflection and LOS in 

either CIA (Figure 6A/B). The magnitude of aortic deflection was associated with altered 

aortic LOS. Mean aortic LOS remained at a similar level in cases with acute aortic deflection 

angles before a dramatic increase after 135° in the straight aorta (Figure 6C). Maximum LOS 

was lowest in the straight aortas and elevated to a variable extent with aortic deflection 

(Figure 6D). Although the overall trends in mean and maximum aortic LOS were divergent, 

the maximum values for moderately deflected aortas were similar to the previously reported 

physiological value of 0.56 Pa¯¹ in the infrarenal aorta.
25

 

In the validation cohort, 83% of unilateral CIAA cases (29/35) showed deflection of the aorta 

towards the aneurysmal side, with 25 of these cases being in the presence of an AAA.  
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Figure 6. Results of the in silico hypothetical series. Both mean (A) and maximum (B) LCIA 

(and RCIA shown in Supplemental material) LOS were relatively unchanged by aortic 

deflection. Example geometries with 90 aortic bifurcation angle are shown for visualization. 

In the aorta, mean LOS decreases when deflection is introduced (C) whereas maximum aortic 

LOS displays a non-linear relationship (D), being lowest in the straight aorta and second 

lowest in the most deflected case. Example geometries with 90 aortic bifurcation angle are 

shown for visualization. In general, we found mean LOS in the LCIA to reduce (E) and 

maximum LOS to increase (F) with aortic bifurcation angle. Example geometries with 90 

aortic deflection are shown for visualization.  
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Aortic Bifurcation Morphology and CIAA Diameter 

To adapt to an enlarging CIAA, changes may occur in morphology at the aortic bifurcation. 

Aortic bifurcation angle varied greatly in the isolated CIAA cohort (46-124
o
), with the largest 

aneurysms having the widest bifurcation angle (Table 1). When we compared morphology 

and hemodynamic metrics of ruptured and intact isolated CIAAs, we found significant 

univariate differences in bifurcation angle (p<0.01), ILT volume (p<0.001), aortic tortuosity 

(p=0.01), LOS (p=0.04), TAWSS (p<0.01) and maximum diameter (p<0.001) (Table 2). 

However, as ruptured cases are likely to be larger than intact cases, when we adjusted data for 

maximum luminal CIAA diameter, no variables (other than CIAA diameter) showed a 

significant difference although the magnitude of differences in bifurcation angle and LOS 

remained large.  

The effect of bifurcation angle on LOS was then investigated in silico with the hypothetical 

series. The mean LOS in the left CIA (averaged over a 40 mm segment) decreased steadily 

with a widening bifurcation angle, independent of aortic deflection, when the bifurcation 

angle exceeded 90 (Figure 6E). Conversely, as the bifurcation angle increased, the 

maximum LOS in left CIA was attenuated by aortic deflection, increasing by an average of 

90% across the range of geometries with varying aortic deflection. Conditions in the right 

CIA followed this same trend (Figure VII in the Supplemental Material). LOS peaks were 

limited to the shoulder regions of the tortuous CIAs (Figure IX in the Supplemental 

Material). Therefore, increasing the bifurcation angle has the favorable hemodynamic effect 

of reducing mean LOS in the CIA but the potentially adverse effect of increasing peak LOS.  

In the validation cohort (Table IV in the Supplemental Material), the group with the widest 

aortic bifurcation angle (Table VI in the Supplemental Material, Grade 1) had an average 

maximum CIA diameter of more than twice that of the most acute bifurcation angle group 
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(Table VI, Grade 5), with a very strong inverse correlation (R
2
=0.98, p=0.004) between CIA 

diameter and category of bifurcation angle (Figure VIII in the Supplemental Material).  

Discussion 

This is the first sizeable study of the hemodynamics of isolated CIAAs which describes and 

quantifies the flow disturbance within the aneurysm. This flow disturbance appears to be 

important for two reasons. First, the combined in vivo and in silico data suggest that this flow 

disturbance usually leads to proximal aortic remodeling, with deflection of the abdominal 

aorta towards a unilateral CIAA. Second, the interplay between morphology and 

hemodynamic changes in the aorto-iliac segment are associated with the clinical progression 

of CIAAs, including the inverse association of wall shear stress with CIAA diameter and the 

association of the highest low and oscillatory shear with the site of CIAA rupture. Arterial 

calcification was not associated with either hemodynamics or clinical progression.  

 

Flow Disturbance in the Common Iliac Artery Leads to Aortic Deflection 

Flow disturbance was clear in the aneurysmal CIA. Flow separation, where blood moves 

away from the arterial wall towards the center of the artery, creates the low WSS conditions 

observed, particularly in the larger CIAAs. OSI was higher in the aneurysmal CIA but the 

difference less marked given the influence of the nearby aortic bifurcation. In cases where 

small CIAAs were distal to a sharp kink in the CIA, a vortex was observed to form proximal 

to the kink and translate distally through the CIAA throughout the cardiac cycle. These 

vortices force flow to circulate the close to the arterial wall, retaining high TAWSS 

throughout. 

A prior study of above-knee amputees noted an increased occurrence of AAAs when 

compared with non-amputees (5.8% vs. 1.1%).
13

 In the amputees, a deflection in the 

abdominal aorta towards the amputated side (with flow direction favoring the patent run-off) 
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was observed in 84% (16/19) of cases and the authors proposed that a disruption to the distal 

iliac artery run-off changed abdominal aortic morphology. In our study, we observed 

deflection (and hence elongation) of the abdominal aorta towards the side of the aneurysmal 

CIA in the majority of both the isolated CIAA cohort and even in the presence of an AAA in 

the validation cohort. This indicates an inter-relationship between disturbance to CIA flow 

(by either distal amputation or aneurysm) and abdominal aortic deflection, with the resulting 

flow direction favoring the CIA with less disturbed flow. However, when we studied our in 

silico hypothetical series without CIAA, we found deflection in the abdominal aorta to have 

little effect on the hemodynamics in the CIA (Figure 6A/B). Therefore, these data suggest 

that CIAAs are causing abdominal aortic remodeling, rather than a pre-existing aortic 

deflection leading to the development of CIAA. To confirm such causality, future 

longitudinal studies that record the progression of both aortic deflection and the CIAA are 

needed. 

Although there have been no reports of a direct association between CIA flow disturbances 

and the presence of AAA, these disturbances have been linked with unfavorable outcomes in 

AAA. Of 61 ruptured AAA cases, 15 ruptured at diameters below 60 mm and these small 

ruptured cases were more likely to have aortic outflow occlusion.
26

 Furthermore, they showed 

that the peak biomechanical wall stress is substantially increased in both small and large 

AAAs with aortic outflow occlusion. In a murine model, researchers impaired aortic outflow 

by stenosing one iliac artery and showed increased AAA diameter.
27

 Interestingly, in their 

murine model they observed aneurysms to bulge towards the contralateral side instead of the 

disturbed side, as found in lower limb amputees and our cases with iliac artery aneurysms.
13

  

 

Impact of Aortic Bifurcation Angle on Hemodynamics and Aneurysmal Disease 
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The widest aortic bifurcation angles were found in the large ruptured CIAAs (Table 2). Cases 

with a bifurcation angle greater than 80° had an average maximum CIAA diameter of 78 mm 

(±31) compared with 44 mm (±18) for cases with a more acute bifurcation, which raises the 

question of whether a wide bifurcation angle creates hemodynamic conditions that drive 

CIAA progression? Regions of high LOS lack the mechanical stimuli to form the overlapping 

endothelial cells which align with the direction of flow.
28, 29

 The cells become round in shape, 

increasing intra-cellular space and making the wall more permeable to macromolecules and 

in turn make these areas susceptible to aneurysm initiation and progression.
30-34

 In the LCIA 

(where 81% of unilateral aneurysms occurred despite no appreciable morphological 

differences, Table 1) of the in silico hypothetical series, mean LOS decreased as bifurcation 

angle widened. The peak LOS, however, increased significantly and may be why wider 

bifurcation angles correlate with higher rupture rates in the isolated CIAA cohort. However, 

we cannot exclude the possibility that bifurcation angle widens as a response to 

accommodating the enlarging CIAA.  

Importantly, elevated LOS for narrow aortic bifurcations is distributed over a larger surface 

area of the CIA whereas when the bifurcation angle increases, regions of elevated LOS are 

more focal and reach a higher maximum (Figure IX in the Supplemental Material). Such data 

suggest that local hemodynamics are central to aneurysm development and progression. 

Experimental data has shown perturbed stress distributions in early stage in silico AAAs 

which are absent in healthy models.
35

 The observation that maximum LOS in the CIA 

increased with bifurcation angle to above the proposed threshold for biologically active 

thrombosis
25

 (Figure 6F), implies that the greatest biomechanical insult to the CIA wall is in 

the hypothetical geometries with the widest bifurcation. It follows that these cases are then at 

the greatest risk of dilation. This is supported by data from the validation cohort where we 

measured a strong correlation between increasing CIA diameter and increasing bifurcation 
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angle (Supplemental Material, Figure VIII). Analysis of rupture sites in the isolated CIAA 

cohort confirms that unfavourable hemodynamic conditions, ie. low shear and high LOS that 

have previously been proposed for AAA
20, 22

 apply to CIAA. 

Interestingly, the IMPROVE Trial recently observed the opposite pattern in AAA, where 

aortic bifurcation angles were lower in ruptured versus intact AAAs, after diameter matching, 

implying that wider aortic bifurcation angle was protective of AAA rupture.
9
 Subsequently, 

this finding was further investigated in silico using computational modeling in a hypothetical 

series of AAAs with varying aortic bifurcation angle.
10

 The key finding from that study was 

that maximum LOS in the AAA decreases with increasing aortic bifurcation angle, creating 

more favorable hemodynamic conditions that are likely to reduce AAA expansion. Therefore, 

we propose that aortic bifurcation morphology has important and contrasting influences on 

hemodynamics, both proximally and distally, on the aneurysmal susceptibility of both the 

abdominal aorta and CIAs. 

 

Flow disturbance in the CIAA and CIAA progression 

In all the clinically relevant cases of unilateral CIAA, TAWSS was much lower and LOS 

much higher than the contralateral CIA, the changes in TAWSS being strongly associated 

with aneurysm size. However, in the smallest CIAAs, distal to a sharp kink in the CIA, 

TAWSS remained high and the main flow disturbance was an inlet vortex during systole: this 

opens the possibility that such CIAAs are relatively benign, with limited progression. The 

largest CIAAs assumed a saccular, rather than fusiform shape and rupture usually occurred at 

the point of highest low and oscillatory shear. These initial observations of the role of flow 

disturbance in CIAA progression suggest the hypothesis that reducing TAWSS facilitates 

CIAA progression. This hypothesis could be further substantiated in a longitudinal study 
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using arterial ligation in animal models to observe the effect of controlled TAWSS in the iliac 

arteries. 

 

Study Strengths and Limitations  

This study has several strengths. Firstly, this is the largest computational fluid dynamics 

study of isolated CIAAs to date, with most of these having a relatively normal contralateral 

CIA for an “in-built” control. We explored our findings in isolated CIAA cases through a 

hypothetical series, and then cross-validated our findings in a separate clinical cohort where 

most of the CIAAs occurred with a more proximal aneurysm (AAA). However, the rarity of 

isolated CIAAs is a limitation of our study and both the single snapshot data and sample size 

were insufficient to elucidate which metrics, other than aneurysm diameter, might be 

significantly associated with clinical progression. Also, as this was a retrospective study, we 

did not have patient-specific blood flow and pressure data for all cases; instead we used a 

generalized waveform derived from 36 patients with AAA at the inlet to the model and a flow 

split at the outlets. However, we did investigate the sensitivity of our methods to these 

clinical data and show little impact on findings (Figures III-V in the Supplemental Material) 

and are therefore confident that our data is robust to further refinement of the computational 

modeling process. In our in silico models where we vary bifurcation angle, we consider 

deviations in the coronal plane alone. Whilst there is sometimes significant tortuosity in the 

sagittal plane (e.g. Case 11, Figure 1), the majority of cases are dominated by tortuosity in the 

coronal plane and so this remained our focus of our study. Finally, we used immediately post-

ruptured CTA data to reconstruct geometries in the ruptured isolated CIAA cohort cases, 

whereas pre-rupture images would be desirable (but were not available). It is possible that the 

shape of the CIAA changed upon rupture, however in our experience changes in AAA 

morphology post-rupture have been minimal.
36
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Conclusions and Future Directions 

The presence of unilateral CIAA appears to cause adaptive remodeling to improve blood flow 

and hemodynamics both proximally in the abdominal aorta as well as locally in the aorto-iliac 

bifurcation region. In clinically relevant CIAAs, the hemodynamic disturbance (especially 

reducing TAWSS) increases with aneurysm size and in the largest CIAAs, high LOS 

conditions usually predict the site of rupture. This raises the possibility that these 

hemodynamic disturbances cause CIAA progression. Future work will focus on applying the 

same fluid modeling techniques to serial CTA data to validate the effect of morphology-

driven hemodynamic conditions on CIAA growth rates and rupture in prospective 

longitudinal clinical and in designing experimental studies with intervention to increase 

TAWSS . The association between disturbed iliac flow and aortic remodeling will be further 

investigated within the context of unilateral iliac stenosis. 

 

Acknowledgements 

None. 

 

Sources of Funding 

This work was funded by the National Health and Medical Research Council (grants 

APP1063986 and APP1083572), the Australia and New Zealand Society for Vascular 

Surgery Research Foundation, and the William and Marlene Schrader Trust. This work also 

was supported by resources provided by the Pawsey Supercomputing Centre with funding 

from the Australian Government and the Government of Western Australia and the UK 

National Institute for Health Research (NIHR) Health Technology Assessment (HTA) 

program (project number 07/37/64).  



28 

 

 

Disclosures 

None. 

 

 

 

 

 

 

References 

1. McCready RA, Pairolero PC, Gilmore JC, Kazmier FJ, Cherry KJ, Jr., Hollier LH. 

Isolated iliac artery aneurysms. Surgery. 1983;93:688-693 

2. Brunkwall J, Hauksson H, Bengtsson H, Bergqvist D, Takolander R, Bergentz SE. 

Solitary aneurysms of the iliac arterial system: An estimate of their frequency of 

occurrence. J Vasc Surg. 1989;10:381-384 

3. Khosa F, Krinsky G, Macari M, Yucel EK, Berland LL. Managing incidental findings 

on abdominal and pelvic ct and mri, part 2: White paper of the acr incidental findings 

committee ii on vascular findings. J Am Coll Radiol. 2013;10:789-794 

4. Richards T, Dharmadasa A, Davies R, Murphy M, Perera R, Walton J. Natural history 

of the common iliac artery in the presence of an abdominal aortic aneurysm. J Vasc 

Surg. 2009;49:881-885 

5. Singh K, Jacobsen BK, Solberg S, Kumar S, Arnesen E. The difference between 

ultrasound and computed tomography (ct) measurements of aortic diameter increases 

with aortic diameter: Analysis of axial images of abdominal aortic and common iliac 

artery diameter in normal and aneurysmal aortas. The tromso study, 1994-1995. Eur J 

Vasc Endovasc Surg. 2004;28:158-167 



29 

 

6. Williams SK, Campbell WB, Earnshaw JJ. Survey of management of common iliac 

artery aneurysms by members of the vascular society of great britain and ireland. Ann 

R Coll Surg Engl. 2014;96:116-120 

7. Huang Y, Gloviczki P, Duncan AA, Kalra M, Hoskin TL, Oderich GS, McKusick 

MA, Bower TC. Common iliac artery aneurysm: Expansion rate and results of open 

surgical and endovascular repair. J Vasc Surg. 2008;47:1203-1210;1210-1211 

8. Wanhainen A, Verzini F, Van Herzeele I, et al. European society for vascular surgery 

(esvs) 2019 clinical practice guidelines on the management of abdominal aorto-iliac 

artery aneurysms. Eur J Vasc Endovasc Surg. 2018:8-93 

9. Ulug P, Hinchliffe R, Sweeting M, Gomes M, Thompson M, Thompson S. Strategy of 

endovascular versus open repair for patients with clinical diagnosis of ruptured 

abdominal aortic aneurysm: The improve rct. Health Technology Assessment. 

2018;22:1-122 

10. Drewe CJ, Parker LP, Kelsey LJ, Norman PE, Powell JT, Doyle BJ. Haemodynamics 

and stresses in abdominal aortic aneurysms: A fluid-structure interaction study into 

the effect of proximal neck and iliac bifurcation angle. J Biomech. 2017;60:150-156 

11. Kelsey LJ, Powell JT, Norman PE, Miller K, Doyle BJ. A comparison of 

hemodynamic metrics and intraluminal thrombus burden in a common iliac artery 

aneurysm. Int J Numer Method Biomed Eng. 2016;Epub ahead of print:1-14 

12. Kelsey LJ, Miller K, Norman PE, Powell JT, Doyle BJ. The influence of downstream 

branching arteries on upstream haemodynamics. J Biomech. 2016;49:3090-3096 

13. Vollmar JF, Paes E, Pauschinger P, Henze E, Friesch A. Aortic aneurysms as late 

sequelae of above-knee amputation. Lancet. 1989;2:834-835 

14. Battaglia S, Danesino GM, Danesino V, Castellani S. Color doppler ultrasonography 

of the abdominal aorta. Journal of ultrasound. 2010;13:107-117 



30 

 

15. von Knobelsdorff-Brenkenhoff F, Karunaharamoorthy A, Trauzeddel RF, Barker AJ, 

Blaszczyk E, Markl M, Schulz-Menger J. Evaluation of aortic blood flow and wall 

shear stress in aortic stenosis and its association with left ventricular remodeling. Circ 

Cardiovasc Imaging. 2016;9:e004038 

16. Les AS, Yeung JJ, Schultz GM, Herfkens RJ, Dalman RL, Taylor CA. Supraceliac 

and infrarenal aortic flow in patients with abdominal aortic aneurysms: Mean flows, 

waveforms, and allometric scaling relationships. Cardiovasc Eng Technol. 2010;1:1-

22 

17. Arzani A. Accounting for residence-time in blood rheology models: Do we really 

need non-newtonian blood flow modelling in large arteries? J R Soc Interface. 

2018;15:1-10 

18. Hardman D, Doyle BJ, Semple SI, Richards JM, Newby DE, Easson WJ, Hoskins PR. 

On the prediction of monocyte deposition in abdominal aortic aneurysms using 

computational fluid dynamics. Proc Inst Mech Eng H. 2013;227:1114-1124 

19. Les AS, Shadden SC, Figueroa CA, Park JM, Tedesco MM, Herfkens RJ, Dalman 

RL, Taylor CA. Quantification of hemodynamics in abdominal aortic aneurysms 

during rest and exercise using magnetic resonance imaging and computational fluid 

dynamics. Ann Biomed Eng. 2010;38:1288-1313 

20. Doyle B, McGloughlin T, Kavanagh E. From detection to rupture: A serial 

computational fluid dynamics case study of a rapidly expanding, patient‐specific, 

ruptured abdominal aortic aneurysm. Computational Biomechanics for Medicine. 

2014;9:53–68 

21. Steinman DA, Hoi Y, Fahy P, et al. Variability of computational fluid dynamics 

solutions for pressure and flow in a giant aneurysm: The asme 2012 summer 

bioengineering conference cfd challenge. J Biomech Eng. 2013;135:021016 



31 

 

22. Boyd AJ, Kuhn DC, Lozowy RJ, Kulbisky GP. Low wall shear stress predominates at 

sites of abdominal aortic aneurysm rupture. J Vasc Surg. 2016;63:1613-1619 

23. Poelma C, Watton PN, Ventikos Y. Transitional flow in aneurysms and the 

computation of haemodynamic parameters. J R Soc Interface. 2015;12:1-14 

24. Wolters BJ, Rutten MC, Schurink GW, Kose U, de Hart J, van de Vosse FN. A 

patient-specific computational model of fluid-structure interaction in abdominal aortic 

aneurysms. Med Eng Phys. 2005;27:871-883 

25. Di Achille P, Tellides G, Figueroa CA, Humphrey JD. A haemodynamic predictor of 

intraluminal thrombus formation in abdominal aortic aneurysms. Proc. R. Soc. 

2014;470:1-22 

26. Crawford JD, Chivukula VK, Haller S, Vatankhah N, Bohannan CJ, Moneta GL, 

Rugonyi S, Azarbal AF. Aortic outflow occlusion predicts rupture of abdominal aortic 

aneurysm. J Vasc Surg. 2016;64:1623-1628 

27. Busch A, Chernogubova E, Jin H, Meurer F, Eckstein HH, Kim M, Maegdefessel L. 

Four surgical modifications to the classic elastase perfusion aneurysm model enable 

haemodynamic alterations and extended elastase perfusion. Eur J Vasc Endovasc 

Surg. 2018;56:102-109 

28. Nerem RM, Levesque MJ, Cornhill JF. Vascular endothelial morphology as an 

indicator of the pattern of blood flow. J Biomech Eng. 1981;103:172-176 

29. Clark JM, Glagov S. Luminal surface of distended arteries by scanning electron 

microscopy: Eliminating configurational and technical artefacts. British journal of 

experimental pathology. 1976;57:129-135 

30. Dewey CF, Jr., Bussolari SR, Gimbrone MA, Jr., Davies PF. The dynamic response 

of vascular endothelial cells to fluid shear stress. J Biomech Eng. 1981;103:177-185 



32 

 

31. Ku DN, Giddens DP, Zarins CK, Glagov S. Pulsatile flow and atherosclerosis in the 

human carotid bifurcation. Positive correlation between plaque location and low 

oscillating shear stress. Arteriosclerosis. 1985;5:293-302 

32. Salsac AV, Sparks SR, Chomaz JM, Lasheras JC. Evolution of the wall shear stresses 

during the progressive enlargement of symmetric abdominal aortic aneurysms. 

Journal of Fluid Mechanics. 2006;560:19-51 

33. Sho E, Sho M, Hoshina K, Kimura H, Nakahashi TK, Dalman RL. Hemodynamic 

forces regulate mural macrophage infiltration in experimental aortic aneurysms. Exp 

Mol Pathol. 2004;76:108-116 

34. Sho E, Sho M, Nanjo H, Kawamura K, Masuda H, Dalman RL. Hemodynamic 

regulation of cd34+ cell localization and differentiation in experimental aneurysms. 

Arterioscler Thromb Vasc Biol. 2004;24:1916-1921 

35. Salsac AV, Sparks SR, Lasheras JC. Hemodynamic changes occurring during the 

progressive enlargement of abdominal aortic aneurysms. Ann Vasc Surg. 2004;18:14-

21 

36. Doyle BJ, McGloughlin TM, Miller K, Powell JT, Norman PE. Regions of high wall 

stress can predict the future location of rupture of abdominal aortic aneurysm. 

Cardiovascular and interventional radiology. 2014;37:815-818 

 

 

 

 

 

 

 



33 

 

 

 

 

Highlights 

 Wall shear stress decreases with common iliac aneurysm (CIAA) diameter and 

depends on aorto-iliac morphology, whereas calcification does not.  

 Wall shear stress and low and oscillatory shear appear to be associated with CIAA 

progression and rupture, respectively. 

 Aortoiliac morphology plays a strong role in CIA hemodynamics. 

 The presence of CIAA creates highly disturbed iliac flow, which appears to cause 

adaptive remodeling of the proximal abdominal aorta to shift towards the CIAA side. 

 A wider bifurcation angle appears to create the hemodynamic conditions necessary 

for CIAA progression and eventual rupture. 
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Tables 

Table 1. Isolated CIAA cohort characteristics.  

Case Sex Status 

L/

R 

Bifurcation 

Angle (°) 

Aortic Deflection 

(°, direction) 

CIAA 

Diam.* 

(mm) 

CIAA Diam. 

(excl. ILT) 

(mm) 

ILT Vol. 

(mm³) 

Calc. Vol. 

(mm³) 

1 M Ruptured L 89.7 91.9, R 85.8 51.4 339,032 2,818 

2 M Ruptured L 84.3 131.5, L  92.1 50.4 215,198 94 

3 M Ruptured L 108.9 136.4, R 85.1 79.2 106,942 1,480 

4 M Ruptured L 93.0 125.8, L 113.7 78.1 330,316 2,579 

5 F Ruptured L 71.1 152.7, R 79.0† 79.0† 49,970 0 

6 M Ruptured R 124.0 127.2, R 138.0 108.0 209,108 265 

7 F Ruptured L 71.7 145.3, L 71.0† 71.0† 38,874 0 

8 M Ruptured L 84.7 148.5, R 87.1 77.4 116,354 147 

9 M Ruptured L 93.8 143.1, L 88.0 72.3 71,972 2,550 

10 M Ruptured R 84.1 159.5, L 55.5 32.0 50,430 948 

  Intact L 84.1 159.5, L 35.5 29.6 5,709 1,254 

11 F Intact L 50.0 160.4, R 24.5 24.5 0 30 

12 M Intact R 84.1 162.3, R 36.6 33.0 8,754 1,199 

  Intact L 84.1 162.3, R 27.7† 27.7† 292 722 

13 M Intact L 59.9 152.2, L 31.6 26.0 4,949 872 

14 M Intact L 80.9 156.2, R 39.1 22.0 26,259 1,903 

15 F Intact L 72.8 134.0, L 28.9 28.9 0 39 

16 M Intact R 70.4 167.6, R 52.3 29.0 67,647 2,008 

17 M Intact R 69.7 171.5, R 41.3 36.7 26,459 492 

18 M Intact R 68.3 153.3, L 42.2 38.1 11,479 1,173 

19 M Intact L 60.6 162.9, L 26.6 26.6 0 5 

20 F Intact L 49.3 144.4, L 25.6 25.6 0 0 

21 M Intact L 46.1 134.7, L 64.8 59.1 75,336 941 

22 M Intact L 91.6 149.0, L 36.9 36.9 0 
1,843 

23 F Intact L 68.9 149.2, L 43.7 43.7 0 8 

 

Note: Cases 10 and 12 had aneurysm in left and right iliac arteries.  
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*inner-to-inner diameter.  

† No ILT at the location of maximum diameter. 

 

Table 2. Comparison of morphology and hemodynamic metrics in intact and ruptured 

isolated CIAAs.  

Parameter 

 

Intact (SD) 

n=15 

Ruptured (SD) 

n=10 

Mean difference; 

p-value* 

Adjusted mean 

difference; p-value* 

Bifurcation angle (°)  69.4 (13.6) 90.5 (15.2) 21.1; <0.01 12.1; 0.23 

ILT volume (mm³) 15,126 (23,770) 152,820 (108,284) 137,694; <0.001 41,730; 0.89  

Calcium volume (mm³) 833 (705) 1,088 (1,116) 255; 0.76 163; 0.98 

TAWSS (Pa) 0.53 (0.32) 0.16 (0.11) -0.37; <0.01 -0.08; 0.50 

OSI 0.21 (0.05) 0.19 (0.09) -0.03; 0.41 0.003; 0.95 

LOS (Pa¯¹) 0.74 (0.79) 1.91 (1.78) 1.17; 0.04 0.38; 0.81 

Aortic tortuosity 0.07 (0.05) 0.14 (0.09) 0.07; 0.01 0.01; 0.81 

CIAA tortuosity  0.21 (0.16) 0.15 (0.08) -0.06; 0.53 0.03; 0.34 

Maximum diameter (mm) 48.4 (10.6) 88.8 (19.5) 40.4; <0.001 NA 

* All p-values calculated using either a t-test or Mann-Whitney U test. 

 

 

 


