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Figure S1. The anatomical distribution of vascular lesions in the Krit1 CCM model. A-B, 
Alignment of a T2-SPACE MRI image plane with the corresponding brain section labeled with 
fluorescent isolectin GS-IB4 (green) and Neuro-Trace Nissl stain (red; n=1). C, In this mouse 
model, cavernous lesions frequently occur in dorsal striatum near lateral ventricles (white arrow). 
D, CCM lesions are also commonly found in the subcortical white matter of the corpus callosum, 
often adjacent to the dorsal hippocampus. (white arrow, arrow head). This Figure S1 is related to 
Figure 1.
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Figure S2. Number of small, intermediate, and large cerebral lesions at different age points 
in the Krit1 CCM model. A, Lesion sizes were binned into 4 size groups V1-V4 (V1<0.01 mm3; 
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0.01 mm3£V2<0.1 mm3; 0.1 mm3£V3<1 mm3; and V4³1 mm3). The number of lesions in each 
size group is plotted for each age point in the cohort (19 measurements in 9 mice). B, Total number 
of lesions in each size bin and imaging time point is plotted for every animal individually. Graph 
titles indicate unique mouse ID where L# denotes litter number and M# denotes arbitrary mouse 
number within litter. Sex of mice is indicated with the symbol ♀ for females (n=7) and ♂ for 
males (n=2). *, p£0.05; **, p£0.01; ***, p£0.001; ****, p£0.0001; mixed-effects model with 
repeated measures and Tukey's multiple comparisons test on datasets with n³3. This Figure S2 is 
related to Figure 2.
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Figure S3. Comparison of T2-SPACE and SWI sequence sensitivity before and after a 
sudden hemorrhagic episode. The Pdgfb-CreERT; Krit1 fl/null mouse (n=1) was imaged at Baseline 
and 12 h after acute mild neuroinflammation induced with LPS (0.25 mg/kg i.p.). Matching 
coronal planes of T2-SPACE and SWI are shown, demonstrating increased SWI sensitivity to 
CCM lesions. However, the exaggerated distortion of the lesion size is also apparent. Note the 
substantial increase in lesion volumes following neuroinflammation, accelerated due to fatal 
bleeding. Arrows identify the corresponding lesions between MRI sequences and inflammatory 
states.  
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Figure S4. Time course of T1 gadolinium-contrast enhancement within cavernomas in the 
L1-M7 animal (n=1). A-B, Line graphs displaying fold change in grayscale intensity of 74 
cavernomas at various times following gadolinium intravenous injection over pre-gadolinium T1-
weighted image. A, Average fold change in grayscale intensity value for the 74 cavernomas. B, 
Individual fold change in grayscale intensity values for the 74 cavernomas. T1 contrast 
enhancement significantly increased from the pre-gadolinium image to 4 minutes post injection 
and significantly decreased at 20 minutes post injection. No statistically significant differences 
were found between the measurements obtained at 4 mins, 8 mins, or 16 mins post injection. **, 
p£0.01; ****, p£0.0001; One-way repeated measures ANOVA with Tukey's multiple comparisons 
test. This Figure S4 is related to Figure 3. 
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Figure S5. Number of lesions with low, medium, and high permeability at different age points 
in the Krit1 CCM model. A, The lesions were binned by four gadolinium concentration levels 
G1-G4 (G1<103 pg/mm3; 103 pg/mm3£G2<104 pg/mm3; 104 pg/mm3£G3<105 pg/mm3; and 
G4³105 pg/mm3). The number of lesions in each permeability bin and each age-point is plotted for 
the whole cohort (11 measurements in 6 mice). B, Total number of lesions for each gadolinium 
concentration range and imaging time point is plotted for each animal individually. Graph titles 
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indicate unique mouse ID where L# denotes litter number and M# denotes arbitrary mouse number 
within litter. Sex of mice is indicated with the symbol ♀ for females (n=4) and ♂ for males (n=2). 
**, p£0.01; mixed-effects model with repeated measures and Tukey's multiple comparisons test 
on datasets with n³3. This Figure S5 is related to Figure 3.
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Figure S6. Lesion permeability is poorly correlated with lesion volume. Log-log graphs of 
gadolinium concentration as a function of lesion volume for individual lesions at each imaging 
time point. Data for all mice (n=5) at 2 months, 3 months, and 4 months is shown on the left. Data 
for individual mice and corresponding coefficients of determination values are disaggregated on 
the right. The coefficients of determination (R2) indicate poor correlation between gadolinium 
concentration and volume at all time points, suggesting highly heterogenous permeability of 
lesions across age in this CCM model. Sex of mice is indicated with the symbol ♀ for females 
(n=4) and ♂ for males (n=1). 
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Figure S7. Anatomical and cellular context of CCM lesions with low and high permeability	
in L9-M3 (n=1). On the left: Tiled confocal images of brain coronal sections harboring the lesions 
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with the lowest permeability (#32 in the subcortical corpus callosum and #34 in the thalamus, see 
Supplemental Table S3 for an overview of measurements) are shown on top. Two lesions with the 
highest permeability (#43 in the brainstem and #47 in the cerebellum, see Supplemental Table 1 
for detail) are shown at the bottom. The tiled coronal sections, scanned at a low resolution, show 
the overlay of nuclear stain DAPI (blue) and CD31 endothelial cell marker (white). The area 
marked with the yellow dashed box in each coronal section was imaged at a higher resolution, and 
the corresponding images of GFAP-positive astrocytes (green) and Iba1-positive 
microglia/macrophages (red), as well as the merged overlay, are shown on the right. The lesions 
with a high gadolinium content appear to have fewer glial cells in the immediate vicinity of the 
borders. Scale bars: tiled coronal section images, 1 mm; high-resolution IHC panels, 100 µm. This 
Figure S7 is related to Figure 5.  
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Figure S8. Correlations between MR signatures and IHC signatures	 in L9-M3 (n=1). 
Correlation plots for individual cell populations (astrocytes-GFAP, endothelial cells-CD31, cell 
nuclei-DAPI, and microglia-Iba1) and MR features (lesion volume and lesion permeability) at 
different locations around the lesion (inside lesion, 50μm border outside lesion, and 100μm border 
outside lesion). Dots indicate the 17 individual lesions. Linear regression fitted to each dataset. 
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Figure S9. Correlation Matrix Heatplot of 14 variables in 17 different CCM lesions in the 
L9-M3 animal (n=1). Two variables, Volume and Gad Concentration, were measured with MRI, 
the values of the remaining 12 variables were obtained with confocal image analysis of brain 
sections stained with IHC inside the lesions, as well as in 50- and 100-µm perimeters outside the 
lesions. Significant inverse correlations between MRI and IHC were found for gadolinium 
concentration and DAPI intensity for both 50-µm and 100-µm border perimeters (r = - 0.61, p = 
0.009; and r = - 0.51, p = 0.036; respectively). The plot was generated with OriginPro 2020. 
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Figure S10. Principal component analysis (PCA) of 10 variables in 17 different CCM lesions 
in the L9-M3 animal (n=1). The plot includes volume and gadolinium concentration (Gad_Conc), 
as well as the IHC values inside the lesions (DAPI, GFAP, Iba1, CD31). Only the 50-µm 
perimeters were included in this analysis for the sake of clarity. PCA analysis corroborates the 
inverse correlation of gadolinium concentration and DAPI intensity outside the lesions, and reveals 
trends towards inverse correlation between gadolinium concentration and Iba1 and GFAP 
fluorescence intensity outside the lesions. The plot was generated with OriginPro 2020. 
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Legends for Supplemental Videos 
 
 
 
Video S1  
 
Longitudinal T2-SPACE MR images demonstrate an increase in lesion load with age.  Movie of 
T2-SPACE images of mouse L1-M7 from timepoints of 3 months, 4 months, and 5 months of age. 
Lesions are denoted with manually drawn ROIs in each MR slice. Lesion burden is seen to increase 
with age. 
 
 
Video S2  
 
MR images of T2-SPACE and gadolinium concentration maps indicated variability of individual 
lesion permeability. Animations include T2-SPACE MR images, gadolinium concentration maps, 
and merged images of mouse L1-M7 at 5 months of age. 
 
 
Video S3  
 
Longitudinal MR images of merged T2-SPACE and gadolinium concentration maps indicate an 
increase in cumulative lesion permeability with age. Movies consist of merged T2-SPACE images 
and gadolinium concentration maps of mouse L1-M7 from timepoints of 4 months and 5 months 
of age. Overall lesion permeability is seen to increase with age. 
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Supplemental Tables 
 
Table S1. Random coefficient regression analysis of total lesion volumes in Figure 2B 
 
Table S1a. Summary statistics for Total Lesion Volume (mm3), stratified by mouse age.  
 

Month n Mean Standard 
Deviation 

Standard 
Error 

Geom. 
Mean 

Media
n 

Interquartile 
Range Minimum Maximum 

1 3 0.03 0.02 0.01 0.03 0.04 0.03 0.04 0.02 0.05 
2 7 0.62 1.35 0.51 0.11 0.04 0.03 0.28 0.02 3.68 
3 4 0.95 0.73 0.37 0.78 0.71 0.51 1.15 0.37 2.01 
4 5 28.56 30.04 13.43 19.78 18.49 15.45 21.52 6.07 81.29 
5 1 46.72   46.72 46.72 46.72 46.72 46.72 46.72 

 
Table S1b. Intercept and slope coefficients for the random coefficient regression of log10(Total Lesion  
                  Volume [mm3]) onto mouse age. 
 

Parameter Estimate Standard Error Lower 95% 
CL 

Upper 95% 
CL t-statistics P-value 

Intercept -2.790 0.335 -3.496 -2.084   

Slope 0.976 0.111 0.742 1.211 8.762 <0.001 
 
Logarithmic base 10 Scale - Marginal Random Coefficient Regression Equation: 
                                                                  E(log10(Total Lesion Volume [mm3])|Age) = -2.790 + 0.976 x age.  
Original Scale - Marginal Random Coefficient Regression Equation:  
                                                                  E(Total Lesion Volume [mm3]|Age) = 0.0016 x 10[0.976 x Age] 

 
Table S2. Random coefficient regression analysis of total gadolinium permeability in Figure 3B 
 
Table S2a.  Summary statistics for Total Lesion Gad Mass (pg), stratified by mouse age.  
 

Month  n Mean Standard 
Deviation 

Standard 
Error 

Geom. 
Mean 

Median Interquartile 
Range 

Minimum Maximum 

1 1 475654   475654 475654 475654 475654 475654 475654 
2 4 1323047 1938784 969392 479920 504084 135385 1691746 100068 4183952 
3 2 3084525 2698345 1908018 2423584 3084525 2130516 4038534 1176507 4992543 
4 3 7517977 6732847 3887211 5517069 5483267 3760215 10258380 2037163 15033500 
5 1 12500000   12500000 12500000 12500000 12500000 12500000 12500000 

 
Table S2b.  Intercept and slope coefficients for the random coefficient regression of log10(Total Lesion  
                   Gad Mass [pg]) onto mouse age. 
 

Parameter Estimate Standard Error Lower 95% 
CL 

Upper 95% 
CL 

t-statistics P-value 

Intercept 4.971 0.371 4.093 5.848 
  

Slope 0.398 0.089 0.180 0.617 4.488 0.004 
 
Logarithmic base 10 Scale - Marginal Random Coefficient Regression Equation:  
                                                                  E(log10(Total Lesion Volume [mm3])|Age) = 4.971 + 0.398 x age.  
Original Scale - Marginal Random Coefficient Regression Equation:   
                                                                  E(Total Lesion Gad Mass [pg]|Age) = 93510.57 x 10[0..398 x Age 
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Table S3. MRI and IHC data on 17 lesions obtained from animal L9-M3. 
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Major Resources Table 

Animals (in vivo studies) 
Species Vendor or Source Background Strain Sex Persistent ID / URL 

Mice  The Jackson Laboratory C57BL/6J both Strain #:000664 
RRID:IMSR_JAX:000664 

 
Genetically Modified Animals 

 Species Vendor or Source Background Strain Persistent ID / URL 
Pdgfb-iCreERT2-
IRES-EGFP 

Mice Dr. Kevin Whitehead lab, 
University of Utah 

C57BL/6J; 129/Sv DOI: 10.1002/dvg.20367 
 

Krit1 flox/null Mice Dr. Kevin Whitehead lab, 
University of Utah 

C57BL/6J; 129/Sv DOI: 10.1002/dvg.20367 

 
Antibodies 

Target antigen Vendor or Source Catalog # Working conc. Persistent ID / URL 
Chicken anti-GFAP Aves Labs GFAP (1:200) RRID: AB_2313547 
Rabbit anti-Iba1 Wako Chemicals USA 016-20001 (1:500) RRID:AB_839506 
Goat anti-CD31 R&D Systems AF3628 (1:20) RRID:AB_2161028 
Donkey anti-chicken Alexa 488 Jackson ImmunoRes. Labs 703-546-155 (1:500) RRID:AB_2340376 
Donkey anti-rabbit Alexa 568 Invitrogen A10042 (1:500) RRID:AB_2534017 
Donkey anti-goat Alexa 647 Invitrogen A21447 (1:500) RRID:AB_2535864 

 
Data & Code Availability 

Description Source / Repository Persistent ID / URL 
MRI DICOM files UVA Libra https://www.library.virginia.edu/libra 

 
Other 

Description Source / Repository Persistent ID / URL 
NeuroTrace™ 530/615 Red Fluorescent Nissl Stain Invitrogen N21482; 

RRID: AB_2620170 
Isolectin GS-IB4 From Griffonia simplicifolia, Alexa 
Fluor™ 488 Conjugate 

Invitrogen I21411; 
RRID: AB_2314662 

Fluoromount-G SouthernBiotech 0100-01 
Fluoromount-G™ Mounting Medium, with DAPI Invitrogen Cat# 00-4959-52 

Lot No. E141818 
DAPI ThermoFisher D1306 
PBS (Phosphate-Buffered Saline) Sigma-Aldrich P4417-100 TAB 
Sucrose Sigma Millipore S1888-500G 
32% Paraformaldehyde aqueous solution EMS 50-980-495 
Triton X-100 Sigma-Aldrich T8787-100 ml 
Bovine serum albumin (BSA) Jackson ImmunoResearch Labs 001-000-161; 

RRID: AB_2336945 
Normal donkey serum (NDS) Jackson ImmunoResearch Labs 017-000-121 

RRID: AB_2337258 
Tissue-Tek O.C.T. Compound Andwin Scientific 4583 
Secure Seal Spacers EMS 70327-20S 
Microscope slides FisherScientific 12-5550-15 
Fisherbrand Microscope Cover Glass FisherScientific 12544E 
Corn oil Sigma-Aldrich C8267-500 mL 
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Tamoxifen Sigma-Aldrich T5648-5G 
lipo-polysaccharides (LPS) Sigma-Aldrich L4391 
Isoflurane Dechra 17033-094-25 
MultiHance (gadobenate dimeglumine) Bracco 0270-5164-15; 20mL vials 

 

ARRIVE GUIDELINES 

The ARRIVE guidelines (https://arriveguidelines.org/) are a checklist of recommendations to improve the reporting of 
research involving animals. Key elements of the study design should be included below to better enable readers to 
scrutinize the research adequately, evaluate its methodological rigor, and reproduce the methods or findings. 

Study Design 

Groups Sex Age Number (prior to 
experiment) 

Number (after 
termination) 

Littermates 
(Yes/No) 

Other description 

Pdgfb-CreERT2; 
Krit1 flox/null 

M & F 1-5 m 35 9 (2M & 7F) yes MRI, histology 

Pdgfb-CreERT2; 
Krit1 flox/wt 

M & F 1-5 m 4 4 (2M & 2F) yes neg. control 

Krit1 flox/null M & F 1-5 m 4 4 (2M & 2F) yes neg. control 
 

Sample Size: The study was designed as an exploratory study and formal sample size calculation was not performed. 

Inclusion Criteria: Pdgfb-CreERT2; Krit1 flox/null genotype, two or more MRI scans spaced by 1 month available  

Exclusion Criteria: Stunted growth, lethargic behavior, hunched posture and visible skin wounds, unusually low body 
weight. 

Randomization: Not applicable; mice were assigned to groups according to their genotype, sex and age 

Blinding: Yes 
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