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Abstract

Background: Aneurysm wall enhancement has been identified as a potential biomarker 

for aneurysm instability. Enhancement has been determined by different approaches on 2D 

multiplanar views. This study describes a new method to quantify enhancement through 3D 

heatmaps and histograms.

Methods: A custom algorithm was developed using orthogonal probes extending from the 

aneurysm lumen into the wall to create 3D heatmaps and histograms of wall enhancement on 7T-

MRI. Three quantitative metrics for general, specific, and focal wall enhancement were generated 

from the histograms.

Results: Thirty-two aneurysms were analyzed and classified based on 3D heatmaps and 

histograms. Larger aneurysms were more enhancing (Spearman’s r=0.472, p=0.006), and had 

more heterogeneous enhancement (Spearman’s r=0.557, p<0.001) than smaller aneurysms. 

Patterns of enhancement differed between saccular, fusiform, and thrombosed aneurysms. 

Fusiform aneurysms were larger (p=0.015) and had more heterogenous enhancement compared 

to saccular aneurysms. Fusiform aneurysms had more areas of focal enhancement (p<0.001) and 

right skewed histograms (p=0.003).
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Conclusions: The 3D analysis of aneurysm wall enhancement provides topographic data of 

the entire aneurysm wall. New metrics developed based on this method showed that large and 

fusiform aneurysms have heterogenous enhancement.

Graphical Abstract

INTRODUCTION:

Aneurysm wall enhancement (AWE) has been described as a potential biomarker for 

aneurysm growth and rupture.1,2 Aneurysms are complex vascular structures that undergo 

heterogeneous biological processes. Histological analysis of the aneurysm wall has revealed 

a multifaceted process of de-endothelization, thrombosis, proliferation, apoptosis and 

leukocyte infiltration.3,4 AWE after the administration of contrast gadolinium (Gd) may 

be used as a surrogate biomarker of some of these biological processes.5,6

High-resolution MRI (HR-MRI) can provide insights into the vessel wall not seen on 

conventional imaging and has been used to characterize AWE. However, there is a lack of 

consensus on which specific patterns of AWE predict aneurysm instability. Most methods 

for assessing enhancement rely on subjective analysis. This approach is sub-optimal 

as it not based on objective metrics and introduces bias. Some studies described the 

presence of circumferential AWE (CAWE) as a marker of unstable aneurysms, while 

others have described positive correlations between focal AWE (FAWE) and known 

predictors of instability.7,8 Other studies have determined that symptomatic aneurysms have 

increased AWE between pre and post-contrast imaging.9 The wide-range of definitions of 

enhancement limit the reproducibility of results and make comparisons challenging.

The comprehensive analysis of AWE would require the characterization of both regional 

and global changes within the aneurysm wall. So far, the study of AWE has been limited 

to 2D multiplanar views, diminishing the visualization of these complex 3D structures. In 
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this study, we propose a new qualitative and quantitative 3D method of assessing AWE. We 

used the high-resolution of 7T-MRI as a platform to develop high-fidelity 3D reconstructions 

and generate 3D-AWE maps of the entire wall. This innovative approach aims at providing a 

thorough assessment of the whole aneurysm using a new set of quantitative metrics.

METHODS:

Semi-Automatic Quantification of Enhancement and 3D-AWE Reconstruction:

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

upon reasonable request. After institutional review board approval, patients with unruptured 

intracranial aneurysms underwent HR-MRI on a GE 7T MRI (Discovery MR950) from 

August 2018 to December 2020. (Supplementary Table S1). Using a previously described 

method for 3D-AWE quantification, manual segmentations of the aneurysm sac were created 

from registered T1 and T1+Gd images.10 Spokes were extended outwards orthogonal to 

the surface to probe the aneurysm wall. The spoke length was determined by a distance 

equivalent to the average radiological wall thickness measured on T1+Gd imaging. The 

signal intensity (SI) value of each spoke was collected for analysis and normalized to the 

genu of the corpus callosum (CC):

CCratio = SImaxspoke/SImean CC

These values were subsequently mapped to the aneurysm surface to create 3D-AWE 

heatmaps.

Histograms of the AWE data were created over 100 bins for T1 and T1+Gd reconstructions. 

Histogram shape was characterized using skewness, kurtosis, and standard deviation (σ).10

Classifications of AWE:

The circumferential SI (μ) was calculated by averaging the values from each spoke over 

the entire aneurysm surface. This would be equivalent to the 2D-CAWE described by other 

authors. Circumferential SI was used to generate T1 and T1+Gd 3D reconstructions.

Circumferential   SI :μ   = ∑CCratio/Nspokes

Specific aneurysm wall enhancement (SAWE) was used to describe the dynamic uptake 

of contrast between T1 and T1+Gd imaging. SAWE+ aneurysms were defined as having 

greater than two standard deviations (SDs) of circumferential SI on T1+Gd when compared 

to T1 (μpost ≥ μpre+2σ).

SAWE+:μpost ≥ μpre + 2σpre
SAWE−:μpost < μpre + 2σpre

General aneurysm wall enhancement (GAWE) was used to characterize enhancement 

relative to the entire cohort based only on T1+Gd imaging. Aneurysms with an enhancement 

ratio higher than the CC (μpost ≥1) were classified as GAWE+. Previous studies have 
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established different thresholds after normalization.11 In this analysis we used a μpost≥1 as a 

threshold for enhancement.

GAWE+:μpost ≥ 1
GAWE−:μpost < 1

Lastly, focal aneurysm wall enhancement (FAWE) was used as a measure of regional/focal 

enhancement when compared to the rest of the aneurysm. Spokes with a CCratio greater than 

2 SDs above the circumferential SI of the T1+Gd reconstruction were considered FAWE+ 

(CCratio≥ μpost+2σ). Areas of FAWE were determined by the density of spokes above this 

threshold.

FAWE+:CC   Ratio ≥ μpost + 2σpost
FAWE−:CC   Ratio < μpost + 2σpost

Measurements of Aneurysm Morphology:

Fusiform aneurysms were defined as an arterial dilation greater than 1.5 times normal 

without a clearly definable neck.12 Size ratio and aspect ratio were measured as defined by 

Dhar et al.13 Mural/intrasaccular thrombosis was identified as high T1 signal, or isointense 

signal to the normal vessel wall.14

Statistical Analysis:

All statistical analysis was conducted using SPSS Statistics 27 (IBM, New York, USA). 

Categorical variables are presented as frequency and percentage, and continuous variables 

as mean ± SD. All statistical tests used two-tail alternatives and assessed significance 

at α = 0.05. Paired categorical data was compared using McNemar’s Test. The Shapiro-

Wilk test for normality was used to identify normally distributed continuous variables. 

Normally distributed continuous data were compared using an independent Student’s t-

test, and non-normally distributed data were compared using a Mann-Whitney U-Test. 

Comparisons between multiple groups were conducted using a one-way ANOVA with a 

Tukey post hoc test. Pearson correlations were used to evaluate the linear relationship 

between normally distributed variables and Spearman correlations were used to evaluate 

relationships involving non-normally distributed variables.

RESULTS:

Enhancement Metrics:

A total of 32 aneurysms were included in the analysis: 24 saccular and 8 fusiform. Two 

fusiform (6.25%) aneurysms had mural/saccular thrombosis. Demographic and location 

data are available in Supplementary Table S2. Ten (31.25%) aneurysms were classified 

as GAWE+ and 14 (43.75%) as SAWE+. Eight (25%) aneurysms met both criteria for 

enhancement (GAWE+/SAWE+), while sixteen (50%) aneurysms did not meet any criteria 

for enhancement (GAWE−/SAWE−). GAWE+/SAWE+ saccular aneurysms were larger 

in size and had higher size and aspect ratios compared to GAWE−/SAWE− aneurysms. 
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(Table 1). Enhancing aneurysms were often found in locations associated with high risk 

of rupture (anterior communicating artery, posterior communicating artery, basilar artery, 

and posterior-inferior cerebellar artery): 67% GAWE+, 55% SAWE+ and 67% GAWE+/

SAWE+.

Histogram Shape Metrics in Large Aneurysms:

Larger aneurysms (> 7 mm, N=14) had significantly higher circumferential SI compared to 

smaller aneurysms (N=18) on both T1 and T1+Gd reconstructions (p<0.001 and p=0.034 

respectively). Larger aneurysms also had significantly higher SDs (histogram width) for T1 

and T1+Gd reconstructions (p<0.001 and p=0.022 respectively). Lastly, larger aneurysms 

had less negative (left) skew compared to smaller aneurysms on T1 (p=0.002) and T1+Gd 

histograms (p=0.068). Positively skewed histograms had larger areas of FAWE and wider 

histograms. Skewness was correlated with area of FAWE (Spearman r=0.871, p<0.001) and 

histogram SD (Pearson r=0.510, p=0.003).

Patterns of Enhancement in Fusiform and Thrombosed Aneurysms:

Saccular and fusiform aneurysms displayed different patterns of enhancement. (Table 2). 

Four (50%) out of the eight fusiform aneurysms were GAWE+ and three (37.5%) were 

SAWE+. Two (25%) aneurysms were GAWE+/SAWE+, and three (37.5%) were GAWE−/

SAWE−. The threshold to define SAWE was higher (p=0.006) in fusiform (μ=1.09) than 

saccular aneurysms (μ=0.82). All fusiform and 19 saccular aneurysms (79.2%) displayed 

areas of focal enhancement. Fusiform aneurysms were larger in size, had thicker walls 

and had more heterogeneous surface enhancement when compared to saccular aneurysms 

(Figure 1B and 2B). Two fusiform (25%) had mural/saccular thrombosis. Some aneurysms 

with extensive thrombosis had more avid luminal wall enhancement on T1 than T1+Gd 

imaging and were SAWE− (Figure 3). Both thrombosed aneurysms showed subsequent 

changes in size/luminal area on follow-up and were therefore considered unstable.

DISCUSSION:

The quantitative data obtained from 3D AWE mapping provides a comprehensive 

analysis of aneurysm enhancement. Histogram shape metrics, such as skewness and 

SD provide information about regional enhancement within each aneurysm. 3D-AWE 

mapping encompasses the entire wall in all dimensions and allows identification of subtle 

enhancement differences that may reflect different biological processes of the aneurysm 

wall.

Histogram Shape Metrics in Large Aneurysms:

The histogram width represents the distribution of enhancement along the entire aneurysm. 

A larger aneurysm may have more dispersion of enhancement as the wall may undergo 

different biological process in different compartments. The skewness of the distribution 

can be used to represent the increased concentration of wall enhancement towards low or 

high SI. Large areas of focal enhancement located in the right tail of the histogram create 

a right and positive skew. Aneurysms that exhibited common features of instability (size 

>7 mm, aspect ratio >1.3 and size ratio >3) had different histogram shapes compared 
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to stable aneurysms.15–18 Larger aneurysms (> 7 mm) had broader and right-positive 

skewed histograms, compared to smaller aneurysms. The identification of this pattern of 

enhancement in smaller aneurysms in a larger sample size may allow the identification 

of small unstable aneurysms. This is a common paradigm in anterior communicating 

aneurysms which tend to be smaller at the time of rupture.19

Histogram Shape Metrics in Fusiform Aneurysms:

The quantification of different enhancement patterns through the analysis of histogram shape 

metrics established clear differences between saccular and fusiform aneurysms (Table 2). 

Fusiform aneurysms had higher circumferential SI on T1+Gd imaging and larger areas of 

focal enhancement, leading to wider, and positively skewed histograms compared to saccular 

aneurysms (Figure 2). 3D-AWE maps demonstrated a more heterogenous distribution of 

enhancement in fusiform aneurysms compared to saccular aneurysms. Fusiform aneurysms 

also exhibited regional enhancement along the aneurysm body. Thicker walls, larger size 

and more areas of focal enhancement (an average of 3 versus 1 in saccular aneurysms) 

highly suggest that fusiform aneurysms form and grow due to unique biological processes, 

as opposed to saccular aneurysms.20–22

General Aneurysm Wall Enhancement (GAWE):

A normalized metric for AWE is necessary to compare enhancement between different 

aneurysms. We previously established an AWE cutoff normalized to the pituitary stalk 

(CRstalk=0.60) in identifying aneurysms > 7 mm.23 However, this approach was also 

bounded to manual ROIs determined on 2D imaging. The pituitary stalk avidly enhances 

on T1+Gd imaging and introduces artifact into the quantification of AWE.10 Therefore, in 

the current analysis we used the CC for normalization. The quantification of the degree of 

enhancement relative to the CC on T1+Gd imaging, is equivalent to the AWE cutoff of 0.60 

determined in previous studies. In the current analysis, any aneurysm that enhanced more 

than the CC (μpost≥ 1) was classified as GAWE+. Ten out of 32 aneurysms in our cohort 

met this criterion. These aneurysms were larger in size and had higher aspect and size ratios. 

(Table 1). It is yet to be determined in a larger cohort whether a better threshold would be 

more accurate in detecting unstable aneurysms.

Specific Aneurysm Wall Enhancement (SAWE):

Comparing changes in circumferential SI before and after contrast administration allows for 

the quantification of aneurysmal Gd uptake. SAWE is an aneurysm specific metric used 

to quantify contrast uptake by comparing T1 and T1+Gd reconstructions. Omodaka et al 

defined wall enhancement index as the change in enhancement between T1 and T1+Gd 

images.24 This index predicted aneurysm rupture with a sensitivity of 100% and specificity 

of 69%.25 We classified SAWE+ aneurysms as the ones that had substantial increase 

(2SDs) in circumferential SI after contrast administration (μpost ≥ μpre+2σpre). In our cohort, 

saccular aneurysms with uniform AWE distributions were classified as SAWE+, even 

though they appeared subjectively non-enhancing on T1+Gd imaging (Figure 1). Fusiform 

aneurysms with heterogeneous AWE distribution could also be classified as SAWE+ after 

substantial contrast uptake (Figure 2). The method described in this study allows to gauge in 

detail the amount of enhancement exhibited by each aneurysm and by a particular segment 
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of the aneurysm. In a saccular aneurysm, about 82% of spokes enhanced above the SAWE 

threshold, while only 2.5% showed focal enhancement. (Figure 1D). Conversely, a fusiform 

aneurysm showed a similar broad uptake of contrast with 71% of spokes enhancing above 

the SAWE cutoff in addition to a larger (4%) area of focal enhancement. (Figure 2D). SAWE 

has the potential of translating different phenomena among different types of aneurysms. 

Saccular aneurysms are more likely to show uniform patterns of enhancement, whereas 

fusiform aneurysms are more likely to show focal heterogenous patterns of enhancement. 

Aneurysms with significant heterogeneity on pre-contrast imaging, suggestive of complex 

vascular processes such as the presence of mural thrombosis, may not be classified as 

SAWE+ due to inherent enhancement on T1 imaging. (Figure 3)

Focal Aneurysm Wall Enhancement (FAWE):

Areas of focal enhancement (FAWE) have been correlated with areas of instability, bleb 

formation and higher risk of rupture. Our previous comparison of the enhancement patterns 

in aneurysms with blebs showed that 53% of the aneurysms with blebs had increased 

enhancement in the bleb (8%) as compared to the sac.10 Larsen et al reported colocalization 

of such areas with hemodynamic parameters predictive of aneurysm rupture.7 Khan et al 

also co-localized AWE to areas of low wall shear stress (WSS).26 It is challenging to 

determine the presence of FAWE on 2D multiplanar images. In our study, we visualized 

FAWE on 3D-AWE maps and determined the density of FAWE on T1+Gd reconstructions. 

By comparing the CCratio of individual spokes relative to the aneurysm body, the area 

of focal enhancement could be objectively identified. Spokes that substantially enhanced 

(>2SDs) compared to the circumferential SI on T1+Gd were considered FAWE+ (CCratio 

≥ μpost+2σpost). By identifying the density of spokes in the heatmap that met this criterion, 

we identified if there were multiple areas of focal enhancement in the same aneurysm 

(Figure 2D). Cebral et al reported regional aneurysm wall changes associated with rupture 

points and instability.27 Similarly, Ashkezari et al demonstrated that spatial variations in 

hemodynamic parameters such as WSS may have a relationship with bleb location and 

rupture points.28 FAWE could potentially identify such areas that may be susceptible to 

rupture.29 FAWE can be identified both qualitatively in 3D heatmaps and quantitatively 

using T1+Gd histograms. FAWE also represents the heterogeneous patterns of enhancement 

that may be present in different biological processes such as atherosclerosis, proliferation of 

vasa vasorum and/or slow flow conditions. Fusiform aneurysms had more areas of FAWE 

than saccular aneurysms.

Patterns of AWE in Thrombosed Aneurysms:

Thrombosed aneurysms exhibited specific patterns of enhancement that suggest different 

patterns of Gd penetration in the aneurysm structures. In the thrombosed vertebrobasilar 

aneurysm, AWE was very heterogenous in the outer and thrombosed wall, while the inner 

wall closest to the patent lumen exhibited uniform enhancement (Figure 3A–B). Contrast 

dynamics in these complex structures translated into changes in areas of FAWE between T1 

and T1+Gd imaging (Figure 3C). We hypothesize that the intramural thrombus limits the 

uptake of Gd by the outer thrombosed wall and prevents the detection of SAWE. Matsushige 

et al paired histological aneurysm analysis with focal enhancement and suggested that the 

organization of fresh intraluminal thrombus into a loose matrix allowed for thrombus to 
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retain contrast media.30 This may explain why these aneurysms are SAWE− and GAWE+. 

Sato et al characterized the double-rim wall enhancement visible on 7T-MRI of thrombosed 

aneurysms as neovascularization of the inner wall layer adjacent to thrombus and vasa 

vasorum in the outer wall layer.31 This pattern is consistent with our results showing 

that focal enhancement may be associated with areas of thrombosis that create complex 

patterns of enhancement on both T1 and T1+Gd imaging (Figure 3A–B). Quantitative 

metrics derived from 3D AWE maps and histogram analysis of the outer wall allow 

identification of these aneurysms. Increases in skewness or changes in histogram SD after 

contrast administration most likely reflect the complex pattern of contrast retention in these 

thrombosed regions.

Limitations:

This study is limited by the small sample size and by the heterogeneity of aneurysms 

selected for analysis. While we identified trends in AWE metrics compared to known 

predictors for instability, the small sample size limited the generalizability and statistical 

power of the analysis. The study was performed with a 7T MRI platform, which does not 

have clinical use. However, by developing this method with high resolution 7T-MRI, we 

optimized a framework for larger 3T MRI analyses. 7T-MRI allows for clear identification 

of the aneurysm wall, but wall thickness was measured radiologically, which may have 

included artifact from “leaky” Gd. Additionally, this method allowed automated generation 

of 3D heat maps. However, manual labeling was required for aneurysm segmentation and 

quality checks. Further work is needed to create a fully automated tool for clinical use.

CONCLUSIONS:

3D-AWE mapping paired with histogram analysis provides numerous new qualitative and 

quantitative metrics for aneurysm analysis.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

HR-MRI High Resolution MRI

SI Signal Intensity

Gd Gadolinium

T1+Gd T1 Weighted Post Gadolinium Contrast MRI

CC Corpus Callosum
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AWE Aneurysm Wall Enhancement

CAWE Circumferential Aneurysm Wall Enhancement

FAWE Focal Aneurysm Wall Enhancement

GAWE General Aneurysm Wall Enhancement

SAWE Specific Aneurysm Wall Enhancement
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Clinical Perspective:

• A novel semi-automated method developed with high-resolution 7T MRI, 

allows a detailed topographic analysis of aneurysm wall enhancement after 

the administration of gadolinium.

• Fusiform and large saccular aneurysms have a very heterogenous pattern of 

enhancement suggestive of complex biological processes within the aneurysm 

wall.
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Figure 1. 
A saccular GAWE−/SAWE+ ACOM aneurysm with significant Gd uptake demonstrated 

on T1 (Panel A) and T1+ Gd (Panel B) heatmap reconstructions. Planar 7T-MRI views 

show minor changes in enhancement, which are not very apparent in 2D views. Based on 

histogram analysis (Panel C), the aneurysm is GAWE− (μpost <1) and SAWE+ (μpost ≥ 

μpre+2σ). The survival plot (Panel D) shows that ~82% of spokes enhanced above the SAWE 

cutoff, and ~2.5% of spokes enhanced above the FAWE cutoff. The circumferential SI of this 

aneurysm is μpost=0.70. SAWE analysis determined that this aneurysm enhances, therefore 

is at higher risk of rupture (ACOM location, presence of multiple blebs, aspect ratio = 

1.68). *GAWE = General Aneurysm Wall Enhancement, SAWE = Specific Aneurysm Wall 
Enhancement, FAWE = Focal Aneurysm Wall Enhancement
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Figure 2. 
A GAWE−/SAWE+ fusiform left ICA terminus aneurysm shows no enhancement on T1 

(Panel A) and heterogenous enhancement on T1+Gd (Panel B, arrowhead) reconstructions. 

Despite apparent subjective enhancement from 7T-MRI, this aneurysm is considered 

GAWE−, because only 13% of spokes enhance more than the CC (Panel D). Approximately 

~71% of spokes (Panel D) enhance above the SAWE cutoff (CCratio ≥0.8); therefore 

this aneurysm is SAWE+. Areas of focal enhancement can be visualized on both the 

3D reconstruction (arrow) and 7T-MRI (arrowhead) and are represented in the right tail 

of the histogram (Panel C). The survival plot (Panel D) shows that the area of focal 

enhancement comprises only ~3% of the spokes in the aneurysm. This fusiform aneurysm 

uptakes Gd (SAWE+) but is not highly enhancing when compared with other aneurysms 

(GAWE−). Subjective analysis would have classified this aneurysm as enhancing (Panel B, 

inlet). *GAWE = General Aneurysm Wall Enhancement, SAWE = Specific Aneurysm Wall 
Enhancement, CC = Corpus Callosum
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Figure 3. 
A thrombosed GAWE+/SAWE− vertebrobasilar aneurysm visualized on T1 (Panel A) 

and T1+Gd (Panel B) imaging. 7T-MRI shows that the inner wall has avid enhancement 

compared to the outer layers of the aneurysm sac that encompass the mural thrombus. 

Areas of focal enhancement on T1 reconstructions (Panel A) are not visualized on T1+Gd 

reconstructions (Panel B), where new areas of focal enhancement can be visualized. 

The irregular pattern of enhancement between T1 and T1+Gd is better visualized in the 

change of histogram shape (Panel C). The survival plot (Panel D) shows that both the T1 

and T1+Gd spokes localize above the GAWE threshold (~59% and ~64% respectively). 

Interestingly, there is more focal enhancement T1 compared to T1+Gd reconstructions, as 

shown in the survival plot. This case illustrates the complex dynamics of Gd uptake in 

aneurysms with mural thrombosis. *GAWE = General Aneurysm Wall Enhancement, SAWE 
= Specific Aneurysm Wall Enhancement
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Table 1.

Morphological characteristics of saccular aneurysms with different enhancement patterns.

Size (mm) Aspect Ratio Size Ratio

General Enhancement
(N=24)

GAWE+ (N=6) 10.15±6.11 3.73±2.76 3.64±2.57

GAWE− (N=18) 5.61±2.05 1.91±1.02 1.51±0.62

p 0.137 0.199 0.104

Specific Enhancement
(N=24)

SAWE+ (N=11) 7.96±5.16 2.79±2.36 2.64±2.17

SAWE− (N=13) 5.71±2.12 2.01±0.96 1.52±0.68

p 0.424 0.776 0.277

Combined Enhancement
(N=24)

GAWE+/SAWE+ (N=6) 10.15±6.11 3.73±2.76 3.64±2.57

GAWE−/SAWE− (N=13) 5.71±2.12 2.01±0.96 1.53±0.67

p 0.179 0.244 0.106

*
GAWE = General Aneurysm Wall Enhancement, SAWE = Specific Aneurysm Wall Enhancement
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Table 2.

AWE of saccular and fusiform aneurysms.

Saccular (N=24) Fusiform (N=8) p

Size (mm) 
ⴕ 6.75 ± 3.91 15.3 ± 10.3 0.015

Wall Thickness (mm) 0.527 ± 0.093 0.603 ± 0.083 0.049

Circumferential SI (μpost) 0.846± 0.246 1.005 ± 0.1937 0.108

% Increase in Circumferential SI 
ⴕ * 61.89 ± 41.13 57.47± 35.95 0.931

Number of Focal Areas of Enhancement 
ⴕ 1.083±0.829 3.378±2.386 <0.001

Area of FAWE (%) 
ⴕ 1.82 ± 1.65 4.09 ± 1.07 0.003

Coefficient of Variation (%) 
ⴕ 19.5 ± 7.38 24.8 ± 7.26 0.045

Skewness 
ⴕ −0.337 ± 0.881 0.591 ± 0.4225 0.003

Kurtosis 
ⴕ 4.39 ± 2.86 3.879 ± 1.207 0.695

SAWE Cutoff 0.8204 ± 0.181 1.0974 ± 0.3448 0.006

ⴕ
Mann-Whitney U significance reported

*
% Increase measured from T1 to T1+Gd
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