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1. Contrast fills the capillary

Vessel

Cells

EES ==

2. Contrast leaks into EES

3. Contrast washes out

Gd-base contrast agent (GBCA): < 1000 Da
Markers used for BBB: 180 — 70 kDa
(Kadry et al, Fluids Barriers CNS 2020)
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Dynamic Contrast-Enhanced MRI

DCE-MRI studies of BBB

BBB Kyans mapping

BBB Kyyane (X103 min-')

(Montagne et al, Neuron 2015)

(van der Haar et al, Radiology 2016)
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Ktrens (Volume transfer constant) in controls

Controls K7 (x10~3 min™1)

Groups Study
WM GM
(van de Haar et al.,2017)  /0.070£0.06 0.008+0.076(CGM)
(Zhang et al., 2017) 1.05£0.05  1.49+0.07(CGM), 1.11+0.06(DGM)
Backes
(van de Haar et al.,2016a) | 0.070+0.06 0.017+£0.08
(van de Haar et al., 2016b) 0.18+0.13
(Barnes et al., 2016) 2.25+0,25 3+]
Zlokovic
(Montagne et al., 2015) 2.19+0.18 0.81+0.17(Thalamus)
(Taheri et al., 2011a) 1.5+0.5
Rosenberg
(Taheri et al., 2011b) 1.840.15

WM, White Matter; GM, Gray Matter; CGM, Cortical Gray Matter; DGM, Deep Gray Matter

Raja et al, Neuropharmacology 2018; 134(Pt B):259-271
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Kans (Volume transfer constant) in patients

Patients K7 (x10~3 min™!)

Groups Study Disease
NAWM WM GM WMH
(van de Haar et al., 2017) early AD 0.075+0.046 0.104+0.124
(Zhang et al., 2017) cSVD 0.97+0.04 1.43+0.05(CGM) 1.06+0.04(DGM)  0.85+0.03
Backes (van de Haar et al., 2016a) early AD 0.065+0.043 | 0.066£0.04 0.089+0.11 0.106+0.11
(Wong et al., 2017) ¢SVD 1.3+03 2.2+07
(van de Haar et al., 2016b) early AD 0.2740.14
(Munoz Maniega et al.,2017)  Mild stroke  0.224+0.37 0.350+0.48
Wardlaw
(Heye et al., 2016) Mild stroke  0.296+0.01 0.391+0.012 (DGM) 0.396+0.013
MCI 230036 0.89+024 "
Zlokovic (Montagne et al., 2015)
MS 253+027  0.80+0.16"
SIVD 312
(Taheri et al., 2011a)
MVILAC 2.5+1
Rosenberg
vcl 24405
(Taheri et al., 2011b)
MS 2.3+05

#
, denotes thalamus regions

¢SVD, Cerebral Small Vessel Disease; AD, Alzheimer’s Disease; VCI, Vascular Cognitive Impairment; MCI, Mild Cognitive Impairment; MS, Multiple Sclerosis; WMH, White Matter Hyperintensities;
‘White Matter; SIVD, Subcortical Ischemic Vascular Disease; MI/LAC, Multiple and Lacunar infarcts

WM, White Matter; GM, Gray Matter; NAWM, Normal Appe

Raja et al, Neuropharmacology 2018; 134(Pt B):259-271
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K?ans of GBCA vs. other K estimates
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Hermanides et al, Brain 2021
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FDG K, k;
Brain

7

Assessment of BBB using DCE-MRI

* Long scan time: 20 — 30 min
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* Low level of leakiness, Ktrans of GBCA : 10 — 10 min!

Other sources of uncertainties in DCE-MRI

Tissue Parameters
proton density)

Gd concentration

Contrast Kinetic Model

Cellular/Vascular Parameters
Vol. frac. vascular space
Vol. frac. interstitial space

oV,
oV,
*V;: Vol frac. intracellular space

oF: Mean plasma flow

* PS: Capillary permeability-surf. area prod.
« Ktans: Vascular transfer constant (PS, F)

T Intracellular water lifetime

° Tyt Intravascular water lifetime

Water Ex.

Challenges in accurate
measurement of GBCA Ktans
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Patlak Model in DCE-MRI of BBB

Patlak Model

—=— Venous Blood
- Gray Matter
- White Matter

0.2
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Time (min)
Figure 1:  Graph shows example curves of contrast agent concentration in venous blood used as vascular input function and

entire normal-appearing WM and the total gray matter (GM) (deep and cortex) of a single subject (75-year-old man). Time axis is on
logarithmic scale to emphasize rapid changes during contrast agent arrival and initial recirculation (moment of injection = 1 minute
and 45 seconds). Below time axis is a bar depicting when fast and slow temporal resolution parts of the sequence were performed.

van der Haar et al, Radiology 2016; 281(2):527-535
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[Gd] in Capillaries

- Extended vascular model (EVM
Vascul Two-compartment (Nejad-Davarani et al, 201;) )
ascuiar, exchange model (TCM) "
model

(A

Quantitative Transport

Mapping
(Zhou et al, 2021)

Instantly mixed

2-Compartment

model Exchange
(F, vy PS,v)
HOS Distributed (Sangren and
Parameter
) Sheppard, 1953)
PS‘ F, Generalized M - PS|
v ;4
Vp, Ci(t) S 1 2¢ 3 a1 on (F, v,, PS, v, D) C'm_’—.
Tissue
) (Johnson and Extended Patlak Model
Patlak Model (Sourbron and Buckley, 2012) Homepme' | wilson 1966)
(PM) (Fy ¥y PS.v) ' (EPM)

Extended Tofts Model
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[Gd] in Capillaries

(Bae et al, MRM 2018)
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PM vs EPM: Simulation Study
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(Bae et al, MRM 2018)

0.02 | ——tr—tr—S—d—
e L
= i
> 0.015
* EPM
-» PM
-o-Truth
0.01
07—
ekt ® & B & B A
c
£0.4
0.3 i
0.2 [~ EPM ||
|=-Truth
0.1
35><10'3 =
+ EPM
3 - PM
—~2.5 -o-Truth
<
£ 2
Eis
'd i
A
Patlak Model 7h Begi e
0.5 I

(PM) o b oo

: -
) ‘j(ﬂ?_,vﬁ :
L w
@
e
LS :
.

Extended Patlak Mod¢1

) Ny
! @ (EPM)

300 600 900 1800
Scan Time (s)

300 600 900 1800
Scan Time (s)

13

(Bae et al, MRM 2018)
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[Gd] in Capillaries

xtended Patlak Modg
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Capillary Input Function (CIF) Model

Y=G-K-X+7
Y : Signal Enhancement Ratio Data in a local area
Y=y, Y% .. Y™

Yi

X : CIF of voxels in a local area
X = [X4 X2, .., XM]
X1:Xz:_,.zxM

K : Contrast Kinetic Model Operator
Ce(t) = (vp8(t) + VR(E)) * C(t)
R(t) = (PS/ve)exp(—t-PS/v,)

G : Operator to convert [Gd] to signal enhancement ratio

7: additive noise

(Bae et al, MRM 2022)

16



7/23/22

Deep Neural Network for CIF

= Y=[YLY? . YM

v
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(Bae et al, MRM 2022)
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AIF vs CIF: Diagnostic Performance in Breast MRI
AIF (C,) based analysis CIF (C,) based analysis
Ca Analysis Cp Analysis
1 1
N=53 _ P — .
Malignant cases: n=25 0.8 0.8
Benign cases: n=28 g g
0.6 0.6
2 2
DL-CIF trained with §04 §04
. o U o U
an independent cohort 2 2 r
of data (n=31) 0.2 —— Modell (TCM) _ AUC=0.87 0.2
—— Model2 (EVM)  AUC=0.78 = Model4 (AIC-Sel (Ca)) AUC=0.76
—— Model3 (eTofts)) AUC=0.78 ~——Model5 (CXM (Cp-TCM))  AUC=0.81
. = Model4 (AIC-Sel) AUC=0.76 5 | Model6 (CXM (Cp-EVM))  AUC=0.79
0 02 04 06 08 1 0 02 04 06 08 1
False positive rate False positive rate

(Bae et al, MRM 2022)
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Network for CIF in the Brain

°
=

°
=

cFfor £
center voxel g,,,
Time #1
DCE Images
(First 10min)
Vox #1 #2
3x3x129

(Bae et al, ISNVD 2022)
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CIF vs AIF in Kinetic Parameters
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Indirect measurement of [Gd] in DCE-MRI
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DCE-MRI Signal with Water Exchange
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Enhancement ratio
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DCE-MRI Signal with Water Exchange

Enhancement ratio
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Signal
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Can this difference be
used to measure K,,?

Active Contrast
Encoding MRI

Zhang and Kim, MRM 2014
Zhang et al, NMR Biomed 2017
Zhang and Kim, NMR Biomed 2019
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DCE-MRI Signal with Water Exchange
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DCE-MRI Signal with Water Exchange
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DCE-MRI Signal with Water Exchange
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Early Enhancement of CSF
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What we discussed...

Low permeability of GBCA
Long scan time

k

1. DCE-MRI for Assessment of BBB

2. Arterial Input Function

3. Water Exchange

Challenge: Influence of WX on

DCE-MRI signal

Opportunity: Measurement

of K,

Challenge: Difficulty in
measurement of CIF
Opportunity: Al-based
estimation of CIF
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