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Dynamic Contrast-Enhanced MRI
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(Bae et al, MRM 2018)

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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DCE-MRI studies of BBB

(Montagne et al, Neuron 2015)

(van der Haar et al, Radiology 2016)

(Ha et al, KJR 2020)
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Ktrans (Volume transfer constant) in controls

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

Raja et al, Neuropharmacology 2018; 134(Pt B):259-271
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Ktrans of GBCA vs. other K estimates
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Dickie et al, PNMRS 2020
Hermanides et al, Brain 2021
Grkovski et al, JNM  2017
Raja et al, Neuropharmacology 2018

FMISO k3
Cancer
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Assessment of BBB using DCE-MRI

• Low level of leakiness, Ktrans of GBCA : 10-3 – 10-5 min-1
• Long scan time: 20 – 30 min

Other sources of uncertainties in DCE-MRI

Challenges in accurate 
measurement of GBCA Ktrans

AIF

Water Ex.
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Patlak Model in DCE-MRI of BBB
Kt
ra
ns Ki

van der Haar et al, Radiology 2016; 281(2):527-535

Patlak Model
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[Gd] in Capillaries

(Sangren and 
Sheppard, 1953)

(Johnson and 
Wilson, 1966)(Sourbron and Buckley, 2012)
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Vascular 
model

Extended vascular model (EVM)
(Nejad-Davarani et al, 2017)
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Quantitative Transport 
Mapping 
(Zhou et al, 2021)
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Quantitative Transport 
Mapping 
(Zhou et al, 2021)
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PM vs EPM: Simulation Study

Patlak Model
(PM)

Extended Patlak Model
(EPM)

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

Patlak Model
(PM)

Extended Patlak Model
(EPM)

(Bae et al, MRM 2018)
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Capillary Input Function (CIF) Model

𝒀 = 𝑮 $ 𝑲 $ 𝑿 + 𝜼

𝒀 = 𝒀!, 𝒀" , … , 𝒀𝑴

𝑿 = 𝑿!, 𝑿" , … , 𝑿𝑴

𝑿! = 𝑿" = ⋯ = 𝑿𝑴

𝑪𝒕 𝒕 = 𝒗𝒑𝜹 𝒕 + 𝒗𝒆𝑹 𝒕 ∗ 𝑪𝒑 𝒕

𝑹 𝒕 = ⁄𝑷𝑺 𝒗𝒆 𝒆𝒙𝒑 ⁄−𝒕 5 𝑷𝑺 𝒗𝒆

Y i

X i

Y :  Signal Enhancement Ratio Data in a local area 

X :  CIF of voxels in a local area 

K :  Contrast Kinetic Model Operator

G :  Operator to convert [Gd] to signal enhancement ratio
𝜼:  additive noise

(Bae et al, MRM 2022)
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Deep Neural Network for CIF

𝒀 = 𝒀!, 𝒀" , … , 𝒀𝑴

𝑿 = 𝑿!, 𝑿" , … , 𝑿𝑴

𝑿! = 𝑿" = ⋯ = 𝑿𝑴
(Bae et al, MRM 2022)
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AIF vs CIF: Diagnostic Performance in Breast MRI

AIF (Ca) based analysis CIF (Cp) based analysis

(Bae et al, MRM 2022)

N=53
Malignant cases: n=25 
Benign cases: n=28

DL-CIF trained with
an independent cohort 
of data (n=31)
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Network for CIF in the Brain

(Bae et al, ISNVD 2022)
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CIF vs AIF in Kinetic Parameters

(Bae et al, ISNVD 2022)

vp

PS

AIF 
(30min)

AIF 
(10min)

CIF 
(10min)
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GBCA
BBB
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min-1 min-1
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Indirect measurement of [Gd] in DCE-MRI

Ktrans

Kep
ve

Contrast Kinetic Model

Ct(t)Cp(t)

Water Exchange Model
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DCE-MRI Signal with Water Exchange

vp=0.05 ve=0.2 vi=0.75
Kw=0 Kw=0

KGd=0 KGd=0
Fp=0.5
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DCE-MRI Signal with Water Exchange

vp=0.05 ve=0.2 vi=0.75
Kw=150 Kw=0

KGd=0 KGd=0
Fp=0.5

Can this difference be 
used to measure Kw?

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

vp=0.05 ve=0.2 vi=0.75
Kw=150 Kw=0

KGd=0.0001 KGd=0
Fp=0.5
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DCE-MRI Signal with Water Exchange

vp=0.05 ve=0.2 vi=0.75
Kw=150 Kw=150

KGd=0.0001 KGd=0
Fp=0.5
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DCE-MRI Signal with Water Exchange

vp=0.05 ve=0.2 vi=0.75
Kw=150 Kw=150

KGd=0.0001 KGd=0
Fp=0.5

CSF?
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Early Enhancement of CSF
Female (33) Male (69)

CSF CSF
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What we discussed…

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 Kw

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

Low permeability of GBCA
Long scan time
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