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Abstract

Background: Intraluminal thrombus (ILT) signal intensity on MRI has been studied as a 

potential marker of abdominal aortic aneurysm (AAA) progression.

Purpose: 1) To characterize the relationship between ILT signal intensity and AAA diameter; 2) 

to evaluate ILT change over time; and 3) to assess the relationship between ILT features and AAA 

growth.

Study Type: Prospective.

Subjects: Eighty AAA patients were imaged, and a subset (n = 41) were followed with repeated 

MRI for 16 ± 9 months.

Field Strength/Sequence: 3D black-blood fast-spin-echo sequence at 3 T.

Assessment: ILT was designated as “bright” if the signal was greater than 1.2 times that of 

adjacent psoas muscle. AAAs were divided into three groups based on ILT: Type 1: bright ILT; 

Type 2: isointense ILT; Type 3: no ILT. During follow-up, an active ILT change was defined as 

new ILT formation or an increase in ILT signal intensity to bright; stable ILT was defined as no 

change in ILT type or ILT became isointense from bright previously.

Statistical Tests: Shapiro-Wilk test; Mann-Whitney U-test; Fisher’s exact test; Kruskal-Wallis 

test; Spearman’s r; intraclass correlation coefficient (ICC), Cohen’s kappa.

*Address reprint requests to: C.Z., Department of Radiology and Biomedical Imaging, 4150 Clement St., San Francisco, CA 94121. 
chengcheng.zhu@ucsf.edu or J.L., Department of Radiology, Changhai Hospital, 168 Changhai Road, Shanghai, 200433, China. 
cjr.lujianping@vip.163.com. 
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Results: AAAs with Type 1 ILT were larger than those with Types 2 and 3 ILT (5.1 ± 1.1 cm, 4.4 

± 0.9 cm, 4.2 ± 0.8 cm, P = 0.008). The growth rate of AAAs with Type 1 ILT was significantly 

greater than that of AAAs with Types 2 and 3 ILT (2.6 ± 2.5, 0.6 ± 1.3, 1.5 ± 0.6 mm/year, P = 

0.01). During follow-up, AAAs with active ILT changes had a 3-fold increased growth rate 

compared with AAAs with stable ILT (3.6 ± 3.0 mm/year vs. 1.2 ± 1.5 mm/year, P = 0.008).

Data Conclusion: AAAs with bright ILT are larger in diameter and grow faster. Active ILT 

change is associated with faster AAA growth. Black-blood MRI can characterize ILT features and 

monitor their change over time, which may provide new insights into AAA risk assessment.

THE RUPTURE RISK of abdominal aortic aneurysms (AAAs) increases with aneurysm 

diameter.1 Patients with AAAs >5.5 cm typically undergo elective repair because this is the 

threshold when the risk of AAA rupture exceeds the risk of repair.1 While easy to 

understand and practical for clinical use, AAA risk stratification by maximum diameter is 

limited: a considerable number of smaller AAAs will rupture.1 Other aneurysm features 

including diameter expansion rate, biomechanical vessel wall stress, inflammation, and 

intraluminal thrombus (ILT) have been studied in an effort to improve risk stratification for 

progressive AAA disease.2–5

ILT is a common feature in AAAs and has been studied as a potential marker of progressive 

AAA disease. ILT size and wall coverage have been related to AAA growth.2 Thick ILT can 

induce localized hypoxia and inflammation and weaken the underlying arterial wall,6 and 

could play a role in the rupture of smaller aneurysms.7 Additionally, ILT growth has been 

associated with rupture.8 Magnetic resonance imaging (MRI) can show not only the size and 

location of ILT, but also its unique signal characteristics. AAAs with high signal intensity 

intraluminal thrombus on T1-weighted MRI have been reported to grow 3 times faster (in 

cross-sectional area) than those without high signal ILT.9

Despite these reports connecting ILT with AAA progression, little is known about the 

natural history of ILT and the distribution of different subtypes of ILT across AAA 

diameters. The goal of this study was to use high-resolution black-blood MRI: 1) to 

characterize the relationship between ILT signal intensity and AAA diameters; 2) to evaluate 

ILT changes over time; and 3) to assess the relationship between ILT features and AAA 

growth.

We hypothesize that AAAs with different ILT subtypes are different in size, and that certain 

ILT subtypes or changes are associated with AAA growth.

Materials and Methods

Study Population

Patient studies were conducted following human subject approval by the Institutional 

Review Board (IRB) of the University of California San Francisco or the Ethics Committee 

of Changhai Hospital in China. All subjects provided informed written consent for study 

participation. This was a prospective, cross-sectional study with a subset who had 

longitudinal assessments.
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From August 2014 to April 2018, patients with AAA disease (>3 cm in diameter as 

identified on either ultrasound or computed tomography [CT]) were recruited at two centers, 

one in the United States (University of California San Francisco), the other in China 

(Changhai Hospital, Shanghai). All patients underwent a baseline high-resolution MRI, and 

a subset were followed by MRI. The follow-up criteria followed the clinical guidelines for 

monitoring of patients with AAA.1 Patients with symptomatic or large (>5.5 cm) AAAs 

were selected for intervention and had no subsequent MRI follow-up. Patients with 

asymptomatic AAAs smaller than the intervention threshold (5.5 cm) were routinely 

followed with the higherresolution MRI protocol every 6–12 months.

Scanning Protocols

MRI scans were performed on Siemens (Erlangen, Germany) Skyra 3 T scanners. A 3D 

black-blood MRI sequence (blood-suppressed T1-weighted fast-spin-echo with variable flip 

angle train, DANTE-SPACE10,11) was used to image the 3D AAA geometry and the ILT 

composition. Images were acquired in the coronal plane with 56 slices and 1.3 mm slice 

thickness. Scanning parameters: repetition time / echo time (TR/TE): 800/20 msec, 32 × 32 

cm field of view, 256 × 256 matrix, 1.3 mm in-plane resolution, echo train length 60, scan 

time 7 minutes and 10 seconds. The DANTE module suppresses the signal of flowing blood, 

allowing good visualization of the ILT/wall. This technique has been validated against CTA.
11 Patients also had contrast-enhanced MR angiography (MRA) or CTA scans as references.

Image Analysis

Two radiologists (L.C. and Z.W. with 9 years’ and 11 years’ experience in evaluating AAAs) 

independently measured the maximal AAA diameter using multiplanar reconstruction. ILT 

was designated as bright if its signal intensity on black-blood MRI was greater than 1.2 

times that of adjacent psoas muscle,9 and ILT was designated as isointense when the ILT/

psoas signal intensity ratio was lower than 1.2. AAAs were divided into three groups based 

on ILT subtypes independently by the two radiologists: Type 1: presence of bright ILT; Type 

2: isointense ILT; Type 3: no ILT. Sample images of the three AAA types are shown in Fig. 

1.

Two radiologists independently classified the ILT for each imaging study, with any 

disagreements solved by discussion and consensus. At the location of maximum AAA 

diameter, the ILT thickness and area were recorded. The lumen and outer wall boundaries of 

AAA were automatically segmented using a previously developed level-set method (Fig. 

2a).12 Another experienced reviewer checked the segmentation results and manually 

corrected the contours when the automatic segmentation method had errors. The volume of 

ILT and of the entire AAA were recorded. The signal intensity of the entire ILT volume was 

recorded, and the ILT-to-psoas signal intensity ratio was calculated. The heterogeneity of 

ILT signal was calculated as the heterogeneity index = SD/mean of ILT signal (Fig. 2b).

Patient information including age, sex, smoking status, and comorbid hypertension, diabetes, 

and coronary artery disease was recorded, and the relationship between ILT type and AAA 

diameter/traditional risk factors was analyzed.
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Patients with greater than 6 months follow-up were included in the longitudinal analysis. 

The annual growth rate of an AAA was calculated as (the maximal diameter of the AAA - 

the baseline diameter) / follow-up duration (in years). During follow-up, active ILT change 

was defined as new ILT formation or ILT becoming bright (either ILT changed from totally 

isointense to bright, or bright ILT increased by more than 25% of the overall ILT area); 

stable ILT was defined as no change in ILT type or ILT became darker. The relationship 

between ILT features and AAA growth was evaluated.

Statistical Analysis

Continuous data were summarized using the mean ± standard deviation or median 

(interquartile range). Categorical data were expressed as counts or percentages. As the 

subgroups often had a sample size around 20 or smaller, nonparametric statistical analysis 

was used. Continuous data were compared using a Mann-Whitney U-test. Categorical 

variables were analyzed using Fisher’s exact test. Growth rates of multiple groups were 

compared using Kruskal-Wallis test. Spearman’s r was used to describe the correlation 

between measured parameters and AAA growth rate. The reproducibility of measurements 

was evaluated by the intraclass correlation coefficient (ICC) and the agreement of ILT type 

classification was evaluated by Cohen’s kappa. P < 0.05 was considered statistically 

significant. All P-values were two-sided. Post-hoc sample size was calculated using 0.8 

power and 0.05 significance as descried in a previous publication.13 GraphPad prism 7 

(GraphPad Software, San Diego, CA) and R Statistics (v. 3.1.3, www.r-project.org) were 

used for data analysis.

Results

A total of 85 patients met the inclusion criteria, and five patients were excluded due to 

insufficient image quality (exclusion rate of 6%). Images from two patients showed severe 

motion artifacts and images from three patients had low signal-to-noise ratio (SNR). The 

low SNR was attributed to large patient size and resultant B1+ inhomogeneity. Fast-spin-

echo sequences used 90° excitation and 180° refocusing pulses, and nonperfect flip angles 

deep in the abdomen result in signal loss. In total, 80 patients (five female, age 72 ± 7 years) 

were included in this study. In all, 59 patients were recruited at University of California San 

Francisco and 21 patients were recruited at Changhai Hospital, Shanghai. The average AAA 

diameter was 4.6 ± 0.9 cm at baseline. Demographic data are listed in Table 1.

ILT Types, AAA Diameter, and Traditional Risk Factors

The diameters of AAAs with different ILT types were different (Type 1: 5.1 ± 1.1 cm, Type 

2: 4.4 ± 0.9 cm, Type 3: 4.2 ± 0.8 cm, P = 0.008), as shown in Fig. 3. AAAs with Type 1 ILT 

were larger than AAAs with ILT Types 2 and 3 (P = 0.04 and 0.003). No significant 

difference was found between AAAs with Type 2 and Type 3 ILT (P = 0.49). There was a 

significantly larger percentage of bright ILT presentation in larger AAAs (diameter > 5.5 

cm) than in smaller AAAs (diameter < 5.5 cm) (11/13 = 84.6% vs. 28/67 = 41.8%, P = 

0.005).

As shown in Table 1, ILT types were not associated with traditional risk factors (P > 0.05).
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Longitudinal Analysis

Patients recruited at the center in China (n = 21) had no follow-up data available because 

they were either outpatients or underwent intervention shortly after imaging. Of the 

remaining 59 patients who were recruited at the US center, 18 patients were excluded from 

the longitudinal analysis because: 1) their AAAs were symptomatic or large (>5.5 cm) at 

baseline imaging and they were offered intervention without further MRI follow-up (n = 8); 

2) they were lost to follow-up (n = 2); 3) image quality was insufficient (n = 3); 4) the 

follow-up interval was too short, <6 months (n = 3); or 5) they were recently recruited to the 

study and had not yet met the time interval criterion for follow-up imaging (n = 2).

Forty-one patients were ultimately included for longitudinal analysis with an average follow-

up duration of 16 ± 9 months. Twenty-seven patients received one follow-up study, and 14 

patients received two or more follow-up studies. There was no significant difference in 

patient demographic data between the whole group and the subset follow-up group 

(Supplemental Table 1). The size of AAA in the whole group was larger than the size in the 

subset (4.6 ± 0.9 cm vs. 4.2 ± 0.8 cm, P = 0.02), as patients with AAAs larger than 5.5 cm 

were immediately offered treatment.

During follow-up, AAAs grew from 4.2 ± 0.8 cm to 4.4 ± 0.9 cm, with an annual growth 

rate of 1.6 ± 1.9 mm/year (range −0.8 mm/year to 10.1 mm/year). At baseline, the numbers 

of AAAs with different ILT types were: n = 13 for Type 1, n = 9 for Type 2, n = 19 for Type 

3. As shown in Fig. 4, AAA growth rate was significantly different among these three 

groups by Kruskal-Wallis test (Type 1: 2.6 ± 2.5, Type 2: 0.6 ± 1.3, Type 3: 1.5 ± 1.6 mm/

year, P = 0.01). P values for each pair were also significant (1 vs. 2: 0.009, 1 vs. 3: 0.04, 2 

vs. 3: 0.05). In this subgroup of patients with follow-up, the baseline diameters of AAAs 

with the three different ILT types were not significantly different (4.5 ± 0.8,4.1 ± 0.8,4.1 ± 

0.8 cm, P = 0.31).

During follow-up, the majority of ILT were stable (34/41 = 82.9%, no change in 31, darker 

in 3). Seven (17.1%) AAAs had active ILT changes: new ILT formation (n = 3) or an 

existing ILT became bright (n = 4). As shown in Fig. 5, AAAs with active ILT changes had a 

3-fold increased growth rate compared with the AAAs with stable ILT (3.6 ± 3.0 mm/year 

vs. 1.2 ± 1.3 mm/year, P = 0.008), while their baseline diameters were comparable (4.6 ± 0.9 

cm vs. 4.1 ± 0.8 cm, P = 0.35).

In the stable ILT group (n = 34), there were 10 stable bright ILTs, and five stable isointense 

ILTs. The growth rate of stable bright ILT was comparable to that of stable isointense ILT 

(0.7 ± 1.2 mm/year vs. 1.0 ± 1.4 mm/year, P = 0.53). Actively changing ILT tended to have a 

larger growth rate than bright stable ILT (3.6 ± 3.0 mm/year vs. 0.7 ± 1.2, P = 0.07).

AAA growth rate was moderately associated with baseline diameter (Spearman’s r = 0.44, P 
= 0.004). ILT area change was not associated with AAA growth (r = 0.42, P = 0.06). In 

patients with ILT (n = 22), the AAA growth rate was moderately associated with ILT 

thickness change (r = 0.53, P = 0.02) and baseline ILT volume (r = 0.43, P = 0.05). ILT 

volume changed during follow-up from 28.3 ± 27.8 ml to 31.8 ± 29.9 ml, while the entire 

AAA volume changed from 46.5 ± 49.9 ml to 51.4 ± 41.9 ml. ILT volume change was not 
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associated with overall AAA growth (r = 0.09, P = 0.70). Baseline ILT to psoas signal 

intensity ratio was not associated with growth (r = −0.06, P = 0.78), but the change in signal 

intensity ratio over time tended to moderately correlate with growth, with borderline 

significance (r = 0.41, P = 0.06, Fig. 6). The ILT heterogeneity index changed from 0.31 ± 

0.07 to 0.32 ± 0.07, and neither the baseline index nor its change over time were associated 

with AAA growth (r = 0.27, P = 0.24; r = 0.005, P = 0.98).

Example cases are shown in Figs. 7 and 8.

Measurement Reproducibility

There was good agreement for ILT type classifications between two radiologists, with a 

Cohen’s kappa of 0.85. There were four disagreements between the two reviewers. Three 

were disagreements between bright and isointense ILT, due to a borderline ILT-to-muscle 

signal intensity ratio. Consensus was made after several more measurements by the two 

reviewers together. One disagreement was between isointense ILT and no ILT, due to a very 

thin ILT that one reviewer thought could be vessel wall. The final consensus was ILT, as its 

thickness was >5 mm.

The interobserver reproducibility was excellent for measurements of maximal diameter (ICC 

= 0.986), ILT thickness (ICC = 0.942), and ILT area (ICC = 0.965).

Post-Hoc Power Analysis for Sample Size

The measurement error (SD of the difference of two reviewer’s measurement) of AAA 

diameter was 1.2 mm, while the average AAA growth was 2.1 mm, so coherence of variance 

(CV) was 1.2/2.1 = 57%. The differences of growth rate among AAA with different ILT 

types were 0.9 mm/year, 1.1 mm/year, and 2 mm/year. The growth rate difference between 

AAAs with active vs. stable ILT was 2.4 mm. The overall average AAA growth rate was 1.6 

mm/year. The calculated sample size to detect 0.9 mm change (0.9/1.6 = 56% change) was 

33, and 1.1 mm change (1.1/1.6 = 69% change) was 22, and 2.0 mm change (2.0/1.6 = 

125%) was 7 and 2.4 mm change (2.4/1.6 = 150% change) was 5.

Discussion

In this study we evaluated the maximal aneurysm diameter among AAAs with different ILT 

types. We found AAAs with bright ILT are larger and grow faster than AAAs without bright 

ILT. This is also the first study to use high-resolution black-blood MRI to report ILT signal 

intensity change over time. We found that active ILT change was associated with a 3-fold 

faster AAA growth when compared with cases where ILT was stable. Noncontrast black-

blood MRI had advantages over previous contrast-enhanced gradient-echo sequences, as it 

did not require gadolinium (Gd) contrast and provided higher resolution and a shorter scan 

time. Aneurysm growth rate was correlated with baseline aneurysm diameter in our study, 

reinforcing what has been shown previously.14,15

Our results demonstrate that bright ILT is identified with increasing frequency in larger 

aneurysms, possibly representing less-organized degraded thrombus, hemorrhagic material, 

or more recently layered thrombus, depending on position between the lumen and vessel 
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wall. As AAAs increase in size, continued deposition of fresh thrombus, intrathrombus 

fibrinolysis and red cell lysis, and limited penetration of circulating erythrocytes lead to 

blood products of varying age and differences in fibrin content and structure throughout the 

ILT thickness.16 AAAs without ILT were smaller in size, which agreed with previous studies 

that correlated ILT volume with aneurysm diameter.17,18 We did not observe a relationship 

between ILT composition and traditional AAA progression risk factors.

We found that the bright ILT was associated with relatively more rapid AAA growth, which 

agrees with a previous study.9 Our study provides additional evidence that ILT composition 

may be a potential marker for AAA expansion, with several advantages over the previous 

study. First, our study achieved longer follow-up duration (~16 months in our study vs. ~6 

months in that study). Second, we used aneurysm diameter change, while the prior study 

used maximal cross-sectional area change. Currently, aneurysm expansion is clinically 

assessed by an interval change in maximum diameter, while the utility of area change has 

not been validated in clinical studies. Third, we used a 3D high-resolution noncontrast 

black-blood MRI technique at 3 T, while the prior study used traditional 2D gradient 

recalled echo (GRE) sequence at 1.5 T with contrast. Our noncontrast technique is feasible 

for patients with renal insufficiency, avoids the concern of Gd deposition in the brain, and 

has a shorter scan time (7 min vs. 9.5 min plus contrast injection) and higher resolution than 

the previous GRE method.

There was little change in ILT subtype during short-term follow-up (<2 years). However, 

when new ILT was deposited or existing ILT became brighter, the growth rate increased by 

3-fold. This suggests that increasing ILT signal intensity may be related to more rapid 

aneurysm expansion, and that a common pathway may guide the evolution of both the 

presence and signal characteristics of ILT and the morphology of the aneurysmal vessel 

wall. A large body of work reveals the interconnectedness of biochemomechanical factors 

that mediate platelet activation, aggregation, and adherence in thrombus deposition,19,20 

vessel wall remodeling, and mechanical stability,16 and the complex biologic and 

mechanical interactions at the thrombus/wall interface.6,16,21,22 One of the major aims of 

this study was to understand the morphology and composition changes of ILT during AAA 

progression. However, it is still premature to evaluate the prognostic value of monitoring ILT 

changes over time for predicting future AAA growth. Our study is limited by a small sample 

size and many of the patients did not have more than one follow-up study. Our initial data 

highlights the importance of performing a larger cohort study with longer follow-up duration 

to evaluate the true prognostic value of monitoring ILT composition changes.

In our cohort, AAA expansion was related to baseline ILT type, but is not specifically related 

to the ILT-to-muscle signal intensity ratio. The measurement of the ILT/muscle signal 

intensity ratio was an average over the whole ILT volume, which may not fully represent the 

composition of the ILT. For example, focally bright ILT can be present without increasing 

the overall ratio significantly. The ILT-to-muscle signal intensity ratio increase tended to 

correlate with faster AAA growth, with borderline significance, which agreed with the 

qualitative analysis that active ILT promoted faster growth. We did not observe any 

relationship between the heterogeneity of ILT signal or its change over time and AAA 

growth. The heterogeneity index changed very little over time, reflected in most ILTs 
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qualifying as “stable.” Previous studies suggest ILT thickness and area are associated with 

AAA growth rate.2,23 We found no association between ILT area change and AAA growth, 

but a moderate correlation between ILT thickness change and growth. As measurements 

were made at the cross-section of the maximum AAA diameter, ILT area is more 

representative of ILT mass and correlation between AAA growth and ILT thickness change 

could represent a redistribution of thrombus. As only a subset of AAAs in our longitudinal 

analysis had ILT (22 of 41 patients), a larger cohort is needed to confirm our findings.

Although the relatively long period of follow-up in our study gives weight to growth data, 

there are several limitations. First, only half of our study population had sufficient follow-up 

and no follow-up data were available at the Chinese center. The sample size in this study 

was either more than sufficient or close to sufficient to offer major conclusions (bright ILT 

grew faster than isointense ILT, and active ILT grew faster than stable ILT). Future larger-

scale studies and multivariable analysis should be performed to confirm whether ILT 

composition is an independent predictor of AAA growth, and ultimately rupture risk. Such a 

larger-scale study can also address which ILT feature is most important (bright ILT, active 

ILT, or ILT heterogeneity). Second, no gross or histologic validation of ILT macrostructure 

and biochemical composition was performed in this cohort; such validation could strengthen 

our hypotheses regarding the etiology of signal changes, and shed light on the underlying 

biochemomechanics that govern the complex and related evolution of aortic aneurysms and 

intraluminal thrombus. Third, although we provided both qualitative and quantitative 

descriptions of ILT signal and thrombus burden, future work including quantification of 3D 

morphology and texture could improve the characterization of ILT from the rich 3D datasets.
12,24 Future work may also incorporate more advanced imaging methods including MRI and 

PET/CT markers of inflammation, providing a more comprehensive evaluation of both ILT 

and the underlying vessel wall.25–28 Additionally, different ILT signal intensity may 

correlate with different mechanical characteristics,9,29 which could better inform 

computational modeling of AAA mechanics.

In conclusion, bright ILT is more common in large AAAs and predicts faster AAA growth. 

Active ILT change is also associated with faster AAA growth. High-resolution black-blood 

MRI can characterize ILT composition and monitor its change over time, which may provide 

new insights into AAA risk assessment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1: 
Different ILT types shown on black-blood MRI. Red arrows show the ILT. Yellow arrows 

show the psoas muscle.
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FIGURE 2: 
Automatic segmentation of ILT and signal intensity histogram. (a) Examples of automatic 

segmentation of lumen and outer wall boundaries (one slice of every four slices is shown). 

(b) ILT signal intensity histogram. Red dash line shows the 1.2 times of muscle signal. This 

AAA has mostly bright ILT.
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FIGURE 3: 
Diameters of three AAA types. AAAs with bright ILT are larger than AAAs with isointense 

ILT or no ILT (5.1 ± 1.1 cm, 4.4 ± 0.9 cm, 4.2 ± 0.8 cm, P = 0.008). No significant 

difference was found between isointense ILT and no ILT groups (P = 0.49).
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FIGURE 4: 
Growth rate of three types of AAAs. The growth rate of AAA with bright ILT is 

significantly higher than AAAs with isointense ILT or no ILT (2.6 ± 2.5, 0.6 ± 1.3, 1.5 ± 1.6 

mm/year, P = 0.01). *P < 0.05; **P < 0.01.
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FIGURE 5: 
AAAs with active ILT change has a significantly higher growth rate than AAAs with stable 

ILT (3.6 ± 3.0 mm/year vs. 1.2 ± 1.3 mm/year, P = 0.008). *P < 0.05; **P < 0.01.
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FIGURE 6: 
Relationship between baseline ILT-to-muscle signal ratio/change overtime with AAA 

growth.
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FIGURE 7: 
Bright ILT predicts AAA fast growing (2.7 mm/year). ILT became brighter in 2 years’ time. 

ILT also grew towards the lumen, and slightly changed the lumen shape. Red arrows show 

the ILT.

Zhu et al. Page 17

J Magn Reson Imaging. Author manuscript; available in PMC 2020 August 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 8: 
An AAA with new ILT formation during follow-up (growth rate 3.5 mm/year). There was no 

ILT at baseline. After 8 months, a new, thin, bright ILT appeared in the anterior part of the 

aneurysm.
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