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2Physical Principles of Dynamic 
Contrast-Enhanced and Dynamic 
Susceptibility Contrast MRI

Mark S. Shiroishi, Jerrold L. Boxerman, C. Chad Quarles, 
Daniel S. R. Stahl, Saulo Lacerda, Naira Muradyan, 
Timothy P. L. Roberts, and Meng Law

�Introduction

The use of dynamic contrast-agent-enhanced magnetic reso-
nance imaging (MRI) can provide insight into hemodynamic 
processes not detectable using conventional contrast-enhanced 
magnetic resonance (MR) techniques. This additional data may 
allow refinement of differential diagnoses based on microvas-
cular physiology. The dominant dynamic gadolinium-based 
contrast agent (GBCA) injection MRI techniques currently uti-
lized in brain imaging are: (1) T1-weighted dynamic contrast-
enhanced (DCE) MRI, and (2) T2/T2*-weighted dynamic 
susceptibility contrast (DSC) MRI.  Of these, DSC-MRI is 
much more commonly used for clinical perfusion imaging of 
the brain, especially for the evaluation of stroke and tumor. On 
the other hand, DCE-MRI is the dominant method of dynamic 
contrast-enhanced MRI outside of the brain [1]. In both DCE-
MRI and DSC-MRI, dynamic images are acquired before, dur-
ing, and after the administration of an exogenous GBCA. As 
opposed to other techniques, such as contrast-enhanced com-
puted tomography (CT), contrast-enhanced MRI is distinctive 
because it detects the changes induced in the local relaxation 
times of water rather than detecting the GBCA itself, where the 

passage of a GBCA through tissue decreases the intrinsic T1, 
T2, and T2* relaxation times [2]. This chapter will provide an 
overview of the general physical principles of these techniques. 
An overview of these two methods is provided in Table 2.1 [3].

Table 2.1  Overview of DCE-MRI and DSC-MRI

DCE-MRI DSC-MRI
Bolus handling Bolus passage Bolus tracking
Acquisition 
point

Accumulation of contrast 
agent

First-pass of contrast 
agent

Contrast media Intravenous bolus 
injection of a GBCA

Intravenous bolus 
injection of a GBCA

Tracer Flow or permeability-
limited diffusible tracer

Non-diffusible blood 
pool tracer

Relaxation 
mechanism

T1 relaxation T2/T2* relaxation

Effect T1 shortening effect Increased susceptibility 
effect

Signal 
behaviors

Increased signal Decreased signal

DCE-MRI dynamic contrast-enhanced magnetic resonance imaging, 
DSC-MRI dynamic susceptibility contrast magnetic resonance imaging, 
GBCA gadolinium-based contrast agent
Source: Adapted under terms of Creative Commons license from [3]

M. S. Shiroishi (*) 
Division of Neuroradiology, Department of Radiology, Keck 
School of Medicine of University of Southern California,  
Los Angeles, CA, USA
e-mail: Mark.Shiroishi@med.usc.edu 

J. L. Boxerman 
Diagnostic Imaging, Warren Alpert Medical School of Brown 
University, Providence, RI, USA 

Department of Diagnostic Imaging, Rhode Island Hospital, 
Providence, RI, USA
e-mail: jboxerman@lifespan.org;  
Jerrold_Boxerman_Mdph@brown.edu 

C. C. Quarles 
Division of Neuroimaging Research, Barrow Neurological 
Institute, St. Joseph’s Hospital and Medical Center,  
Phoenix, AZ, USA
e-mail: Chad.quarles@dignityhealth.org 

D. S. R. Stahl 
Rutgers New Jersey Medical School, Newark, NJ, USA 

S. Lacerda 
Radiologia - Neurorradiologia na Hospital da Bahia, Salvador, 
Bahia, Brazil 

N. Muradyan 
U.S. Food and Drug Administration, Center for Devices and 
Radiological Health, Silver Spring, MD, USA
e-mail: Naira.Muradyan@fda.hhs.gov 

T. P. L. Roberts 
Department of Radiology, Children’s Hospital of Philadelphia, 
Philadelphia, PA, USA
e-mail: robertstim@email.chop.edu 

M. Law 
Nuclear Medicine, Neuroscience, Electrical and Computer 
Systems Engineering, Monash University, Alfred Health 
Organization, Melbourne, VIC, Australia
e-mail: meng.law@monash.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
S. H. Faro, F. B. Mohamed (eds.), Functional Neuroradiology, https://doi.org/10.1007/978-3-031-10909-6_2

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-10909-6_2&domain=pdf
mailto:Mark.Shiroishi@med.usc.edu
mailto:jboxerman@lifespan.org
mailto:Jerrold_Boxerman_Mdph@brown.edu
mailto:Jerrold_Boxerman_Mdph@brown.edu
mailto:Chad.quarles@dignityhealth.org
mailto:Naira.Muradyan@fda.hhs.gov
mailto:robertstim@email.chop.edu
mailto:meng.law@monash.edu
https://doi.org/10.1007/978-3-031-10909-6_2#DOI


16

�T1-Weighted Dynamic 
Contrast-Enhanced MRI

When applied to the brain, DCE-MRI is primarily employed 
to characterize the functional integrity of the blood–brain 
barrier (BBB) via estimation of microvascular permeability 
to GBCAs. The evaluation of cancer is a major application of 
DCE-MRI where it has potential to provide prognostic, pre-
dictive, and physiological response imaging biomarkers. 
Conventional GBCAs used in clinical MRI are diffusible, 
low-molecular-weight extracellular agents (~500 to 1000 
Da) that remain intravascular when the BBB is intact. 
Disruption of the BBB secondary to a variety of pathological 
processes results in the transfer of GBCA moieties across the 
capillary endothelium from the intravascular space into the 
extravascular–extracellular space (EES). Leakage of GBCAs 
into the EES results in T1-shortening and contrast enhance-
ment on T1-weighted imaging.

�DCE-MRI Acquisition

There has historically been quite a variation of DCE-MRI 
acquisition protocols in the literature. DCE-MRI acquisition 
parameters are generally intended to emphasize R1 contrast 
and minimize competing T2* effects by employing short 
echo times (TEs) and repetition times (TRs) [2]. DCE-MRI 
most often utilizes a fast T1-weighted spoiled gradient-
recalled echo sequence with the temporal resolution contin-
gent on the volume coverage, contrast-to-noise ratio (CNR), 
and spatial resolution for a particular organ system [4, 5]. 
The temporal resolution demands for DCE-MRI are gener-
ally less than that for DSC-MRI unless an arterial input func-
tion (AIF) is needed [2]. DCE-MRI scan durations are 
generally much longer than for DSC-MRI and to estimate 
microvascular permeability with DCE-MRI, the temporal 
resolution generally ranges between 5 and 20 s [6–8]. Like 
with DSC-MRI, consistent technique including the use of a 
power injector for bolus injection (2–4 cc/s) of GBCA fol-
lowed by a 20–30 cc saline flush at the same rate into the 
right arm to decrease possible venous reflux should be per-
formed if possible in all cases.

Recent initiatives such as those by the Radiological Society 
of North America’s (RSNA’s) Quantitative Imaging Biomarkers 
Alliance (QIBA) have focused on standardizing acquisition 
and analysis of various imaging methods including DCE-
MRI. QIBA recommendations for DCE-MRI acquisition are 
included in Table 2.2 [5]. (Please see section “Standardization 
Efforts and Variability of DCE-MRI” below). In addition to 
conventional DCE-MRI acquisition methods, there have been 
several recent advances in pulse sequence acceleration meth-
ods to obtain high temporal and/or spatial resolution in DCE-
MRI. These include dynamic compressed sensing combined 

with parallel imaging (GRAPPA) along with two-dimensional 
(2D) or three-dimensional (3D) + simultaneous multislice 
imaging (SMS) encoding [9], radial k-space encoding with 
golden angle ordering (GRASP) method [10], high under-sam-
pling factors, [11] and time-resolved MR angiography methods 
with keyhole view-sharing [12].

�DCE-MRI Data Analysis

In DCE-MRI, the concentration of GBCA must be deter-
mined in order to perform pharmacokinetic (PK) modeling. 
This is accomplished by measuring changes in T1-weighted 
signal intensity and assuming that these changes are propor-
tional to GBCA concentration. This is a commonly used 
assumption given its simplicity; however, at high tracer con-
centrations, the relationship between signal intensity and 
GBCA concentration is non-linear and this can result in sys-
tematic error of DCE-MRI parameters.

Some studies have utilized predetermined T1 values, 
usually from the literature. However, this too can result in 
bias for several reasons: these are often performed in healthy 
subjects and there is then no consideration of the effects of 
aging or pathological conditions nor does it consider indi-
vidual variability or tissue heterogeneity [1, 13–18]. 
Therefore, direct measurement of T1 in a given individual is 
more desirable because of potential T1 variability, particu-
larly from pathological states. The gold standard method of 

Table 2.2  QIBA DCE-MRI acquisition parameters for brain imaging

Parameter DCE-MRI
Field strength 1.5/3T
Acquisition sequence 3D SPGR
Receive coil type ≥8 channel head array coil
Lipid suppression On
Slice thickness ≤5 mm
Gap thickness 0–1 mm
FOV 220–240 mm
Acquisition matrix 256 × 128–160
Plane orientation Axial
Phase/frequency encode direction AP/RL
Receiver bandwidth 250 Hz/pixel

Pre-contrast Post-contrast
# Phases ≥5 40–80
# Averages ≥1 1
Flip angles 2–30a 25–30
TR (ms) 3–8 msb 3–8
TE ≤3 msb ≤3 ms
Temporal resolution <10 (ideal 5) s
Total acquisition time 5–10 min

3D three dimensional; DCE-MRI dynamic contrast-enhanced magnetic 
resonance imaging, FA flip angle, FOV field of view, SPGR spoiled gra-
dient recalled aqcquisition; TE echo time, TR repetition time
Source: Adapted with permission from [5]
a Variable FAs for T10 measurement
b Ensure that TR/TE stays constant for all FAs

M. S. Shiroishi et al.
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T1 mapping uses inversion recovery (IR) sequences; how-
ever, their long acquisition times preclude routine use [19]. 
The most commonly employed form of clinical T1 mapping 
is the variable flip angle (VFA) method using flip angles 
(FAs) of 2–30° with a gradient echo sequence (Table 2.2) 
[5]. The accuracy of T1 mapping relies on FA accuracy, 
which can be compromised due to several factors including 
the presence of standing waves from dielectric resonance in 
a subject [20], less uniform FA from smaller transmit coils, 
and poor slice profiles from 2D multi-slice imaging [21]. B1 
mapping can be particularly helpful to correct FA inaccura-
cies, particularly at 3T and over large anatomic coverage [5, 
22]. In addition to the IR and VFA methods, the Look-
Locker (LL) method is another technique for T1 mapping. 
Like the VFA method, LL methods are faster than IR; how-
ever, they may also result in errors with studies suggesting 
that VFA may result in overestimation while LL may under-
estimate T1 values due to inaccurate B1 mapping and 
incomplete spoiling [19].

The determination of the arterial input function (AIF) to 
obtain more accurate measurement of the concentration of 
GBCA in blood plasma (Cp(t)) can be another source of error 
in DCE-MRI. Partial-volume average artifacts due to limita-
tions in spatial resolution can result from the sampling of a 
small cerebral artery. Sampling from a large vein such as the 
superior sagittal sinus as a venous outflow function (VOF) 
can be used to correct partial-volume average artifacts by 
rescaling the area under the AIF curve [23–25]. The use of 
three-dimensional (3D) image acquisition, ensuring that the 
artery of interest is well visualized in the excitation slab, or 
using non-selective saturation pre-pulse can help alleviate 
inflow artifacts where the arterial blood appears bright on 
pre-contrast images [26]. If measurement of an individual 
AIF is not practical, other alternatives that have been used 
include population-based AIFs that do not incorporate indi-
vidual differences. There are also reference tissue models 
that attempt to estimate the vascular tracer concentration 
from one or more normal-appearing surrounding tissues 
[27]. Hematocrit values should theoretically be incorporated 
into the AIF measurement because the GBCA remains in the 
blood plasma component and does not pass into red blood 
cells. However, in practice, a standard, rather than a directly 
measured, hematocrit value is used and this too can result in 
errors [4].

There are a variety of methods to analyze DCE-MRI data. 
At its most basic, non-PK modeling methods use subjective 
assessment of the signal intensity-time curve. These are sim-
ple to perform and interpret, yet will not provide in-depth 
understanding of the underlying pathophysiology [28]. Other 
methods involve semi-quantitative analysis of data with met-
rics such as the initial area under the enhancement curve 
(IAUC) and other methods of signal intensity-time curve 
analysis that provide more detailed characterization of the 

kinetics of GBCA tissue accumulation [28, 29]. While easier 
to perform than PK modeling of DCE-MRI data, these semi-
quantitative methods cannot distinguish between physiologic 
factors and physical properties of image acquisition includ-
ing, but not limited to, scanner parameters, method of GBCA 
administration, and native T1 of the interrogated tissue 
[30–32].

�DCE Pharmacokinetic Modeling

Through more sophisticated PK modeling of DCE-MRI 
data, various quantitative parameters can be determined: the 
volume transfer constant between blood plasma and the EES 
(Ktrans), the volume of EES per unit volume of tissue (ve), the 
rate constant between EES and blood plasma (kep, where kep 
= Ktrans/ve), capillary wall permeability surface area product 
per unit volume of tissue (PSρ), and capillary blood flow 
(perfusion) per unit volume of tissue (Fρ) [6]. Most DCE-
MRI tracer kinetic models divide the tissue of interest into 
several compartments (Fig.  2.1). These include the blood 
plasma volume per unit volume of tissue (vp) and the volume 
of extravascular–extracellular space per unit volume of tis-
sue (ve).

Of the various PK models that have been used to analyze 
DCE-MRI data, the most popular model is commonly 
referred to as the Tofts model [6, 33] and provides measures 
of Ktrans and ve. Ktrans was originally described by the follow-
ing equation:

	
v

dC t
dt

K C t C te
e trans

p e
( )

= ( ) − ( )( ) 	

where Cp and Ce are the blood plasma and EES contrast agent 
concentrations, respectively (Fig. 2.1). Ktrans is the most fre-
quently utilized metric in DCE-MRI and describes the rate of 
contrast agent flux into the EES. Its physiological meaning 

Fig. 2.1  Schematic of two-compartment model in DCE-MRI. Keys: vp 
= blood plasma volume per unit volume of tissue; ve = volume of extra-
vascular extracellular space per unit volume of tissue; Ktrans = volume 
transfer constant between blood plasma and EES; Cp = tracer concen-
tration in arterial blood plasma; Ce = tracer concentration in EES; and 
blue circles = intracellular space where contrast agent is excluded

2  Physical Principles of Dynamic Contrast-Enhanced and Dynamic Susceptibility Contrast MRI
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can be complex as it is dependent on vascular permeability, 
capillary surface area, and the type of contrast agent utilized 
[34]. When there is very high permeability of the endothe-
lium with respect to blood flow, (F << PS), Ktrans primarily 
reflects blood flow—(Ktrans = F(1 − Hct)—as this is the main 
limiting factor of the contrast agent flux; in this case, DCE-
MRI could be seen as “perfusion imaging.” When there is 
very low permeability as compared to blood flow (F >> PS), 
Ktrans mainly reflects permeability (Ktrans = PS), and in these 
situations DCE-MRI could be referred to as “permeability 
imaging” [6, 34, 35].

In the original Tofts model, neglecting the contribution of 
intravascular tracer to the MRI signal may be appropriate for 
a diffusible tracer where its distribution volume is large rela-
tive to blood volume. However, with an extracellular tracer, 
this may be problematic as its distribution volume is smaller 
[6, 36]. This assumption may produce erroneous Ktrans esti-
mates because intravascular tracer could contribute a signifi-
cant proportion of the observed tissue signal. Therefore, in 
the presence of an intravascular–extracellular tracer, the 
model has been modified and expressed as:

	
C t v C t K C e dt p p

t

p
K t ve( ) = ( ) + ( )∫ − −( )trans

trans

0

τ ττ /

	

where vp represents the blood plasma volume per unit vol-
ume of tissue. This model is often referred to as the “extended 
Tofts model” [6] (Fig. 2.1). vp may be ignored in situations 
when the plasma volume or tracer concentration is negligi-
ble; e.g., hypovascular low-enhancing tissues or a few min-
utes after the bolus. However, in diseases that are highly 
perfused, such as neoplasms, there should be consideration 
of vp [4] (Fig. 2.2).

There are less commonly utilized PK models besides the 
Tofts and extended Tofts models. While the Tofts models 
assume a bi-directional exchange of CA between the vascu-
lar space and EES, a simpler assumption of a unidirectional 
transport of CA from the vascular to the EES compartment 
can be formulated. The “Patlak model” [37] utilizes this 
form and can be expressed as:

	
C t v C t K C dt p p

t

p( ) = ( ) + ( )∫trans

0

τ τ
	

The two-compartment exchange model (2XCM) is a 
more generalized kinetic model than the Tofts and Patlak 
models. It can be used in mixed perfusion and permeability 
conditions that can allow estimation of PS and F to be calcu-
lated [1, 38, 39]. This takes the form of:

		
v

dC t
dt

F C C K C C v
dC t
dt

K C Cp
p

a p p e e
e

p e

( )
= −( ) − −( ) ( )

= −( )PS PS
and

	

where Ca represents the AIF and KPS now can be thought of 
as Ktrans without the F versus PS uncertainty. It is important to 
note that more complex modeling such as this necessitates 

increased concern regarding sources of error during data 
acquisition and analysis [40, 41].

a cb

Fig. 2.2  A 52-year-old female with pathology-proven high-grade gli-
oma. (a) Axial contrast-enhanced T1-weighted image and (b) axial 
T2-weighted image demonstrate an enhancing tumor in the medial 

aspect of the right temporal lobe. (c) Ktrans color map demonstrating a 
lesion with high values in the enhancing wall of the tumor

M. S. Shiroishi et al.
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�Standardization Efforts and Variability 
of DCE-MRI

Lately, there has been increasing awareness regarding the 
need to decrease bias and variability of quantitative imaging 
biomarkers. Efforts such as the RSNA’s QIBA have focused 
on various imaging methods including DCE-MRI [42]. The 
QIBA Perfusion Biomarker Committee Task Force has been 
continuously working on their DCE-MRI profile [43]. The 
goal of QIBA profiles such as the one on DCE-MRI is to 
assist in achieving adequate performance for an imaging bio-
marker and to provide details about the capabilities and limi-
tations of an imaging marker. It does so by offering guidance 
regarding imaging acquisition, devices, technologists, radi-
ologists, subject handling, image quality assurance, recon-
struction software, imaging analysis tools, and image quality 
assurance.

Standardization of image acquisition parameters is a 
major point of emphasis for QIBA. Inter-scanner and inter-
site variability of T1 values in the brain is well known where 
the Look-Locker IR method can underestimate while the 
VFA technique can overestimate white matter T1 measure-
ments [19]. Factors such as the particular MR sequence 
employed, B1 field inhomogeneity, temperature of the mag-
net bore, and incomplete spoiling of transverse magnetiza-
tion can influence the derived T1 values [44]. Before the 
acquisition of clinical DCE-MRI data, it is important to 
determine the true scanner variance and bias for T1 values 
through the use of a T1 phantom. The QIBA DCE-MRI T1 
phantom is composed of spheres containing solutions of 
varying concentrations of nickel chloride [44]. The phantom 
contains two sets of spheres: one set to simulate the vascular 
input function and the other set to represent tissue (Fig. 2.3). 
The T1 values for the vascular input spheres range between 
0.75 and 41.6 s−1 while the tissue spheres range between 
0.67 and 7.5 s−1. The phantom is filled with 30-mM sodium 
chloride solution to simulate patient coil loading. To obtain 
T1 values, an acquisition protocol that encompasses the 
typical VFAs is used for T1 mapping. This employs a coro-
nal fast spoiled gradient echo sequence with VFAs of 2, 5, 
10, 15, 20, 25, and 30°. The use of the QIBA DCE phantom 
to determine test–retest reliability and T1 accuracy is par-

ticularly important in longitudinal DCE-MRI studies. In 
order to analyze image data from the QIBA DCE-MRI 
phantom, QIBA also provides automated T1 quantification 
software [45].

A recent multicenter phantom study of vendor-provided 
B1 mapping sequences demonstrated the potential for these 
techniques to provide unbiased and reproducible quantifica-
tion of B1 field inhomogeneity that could be used to account 
for spatial variation in the transmitted radio frequency (RF) 
field [46]. Version 2.0 of the RSNA QIBA DCE-MRI Profile 
is currently being written and it will address spatially depen-
dent B1 field inhomogeneity effects that may affect VFA T1 
measurements. This is particularly problematic at higher 
fields like 3T and when data are acquired over large ana-
tomic regions and may necessitate B1 mapping and correc-
tions to be incorporated in the measurement of T1 values [5].

While the QIBA T1 phantom is a static phantom, there 
has been recent work by Kim et al. [47] on a dynamic perfu-
sion phantom focused on DCE-MRI of the abdomen. They 
used two different 3T MRI scanners and three healthy volun-
teers. When compared to a static phantom, they found that 
the perfusion phantom significantly decreased the variability 
of contrast concentration and Ktrans measurements measured 
in four abdominal organs (liver, spleen, pancreas, and para-
vertebral muscles). One should note that while estimates of 
DCE-MRI performance can be conducted with phantoms, 
these experiments likely underestimate the variability pro-
duced in clinical populations due to the absence of motion 
artifacts [5].

Few clinical DCE-MRI studies of variability have been 
done in the brain and more data are desperately needed. 
However, practical difficulties centering on the need to do 
multiple GBCA injections in patients make such studies dif-
ficult to conduct. One such study was performed in 2003 by 
Jackson et al. [48] in 9 glioma patients and found that the 
within-region of interest (ROI) coefficient of variation for 
mean Ktrans was 7.7% with a repeatability coefficient of 
21.3%. A more recent publication by Barboriak et al. in 2019 
[49] found that in a multicenter imaging study of recurrent 
glioblastoma, less variation in inter-reader tumor segmenta-
tion volumes, possibly through the use of automated tools, 
may decrease variability in DCE-MRI metrics like Ktrans.

2  Physical Principles of Dynamic Contrast-Enhanced and Dynamic Susceptibility Contrast MRI
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Fig. 2.3  (a) The QIBA dynamic contrast-enhanced phantom layout 
with 32 spheres, with different concentrations of NiCl2 solutions for 
varying T1 relaxation rates (R1). (b) T1-weighted MR image of the 
phantom showing the 32 spheres and (c) R1 values of the eight-vascular 
input function-mimicking inserts compared with National Institute of 

Standards and Technology (NIST) theoretical R1 values. (d) R1 values 
for the 24 tissue-mimicking inserts. (Images contributed by Edward 
Jackson, University of Wisconsin-Madison. Reprinted with permission 
from [5]

�T2/T2*-Weighted Dynamic Susceptibility 
Contrast MRI

Dynamic susceptibility contrast (DSC)-MRI has been 
applied to many neurological diseases, most prominently 
brain tumors and stroke. Compared to DCE-MRI, DSC-MRI 
is much more commonly used in the clinical setting for brain 
imaging, though the opposite is true outside of the brain. 

Also sometimes referred to as bolus tracking MRI, a non-
diffusible tracer, typically a GBCA, is administered and 
rapid images are obtained during the first-pass of the contrast 
agent. Several parameters are derived from DSC-MRI 
including relative cerebral blood flow (CBF), mean transit 
time (MTT), and relative cerebral blood volume (rCBV). 
rCBV is generally considered the most widely utilized and 
robust DSC-MRI perfusion metric in brain imaging.

M. S. Shiroishi et al.
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�DSC-MRI Acquisition

Like DCE-MRI, DSC-MRI acquisition consists of images 
acquired before, during, and after administration of an intra-
vascular contrast administration (CA).  While DCE-MRI 
emphasizes T1 contrast and uses short TE and TR to mini-
mize competing T2* effects, DSC-MRI emphasizes T2* and 
T2 contrast. Accordingly, long TE and TR are used to mini-
mize competing T1 effects [2]. In gradient echo-echo planar 
imaging (GRE-EPI DSC-MRI), TE is usually in the range of 
25–35 ms in order to optimize T2* weighting, signal-to-noise 
ratio (SNR), and sensitivity to T1 effects [2, 50, 51]. With 
regard to TR, 1.5 s or less is recommended to optimize tem-
poral resolution given the constraints of desired slices, TE 
and T1 weighting [2, 50, 51]. Regardless of whether GRE or 
spin echo (SE) sequences are used, DSC-MRI requires very 
robust temporal resolution (<2 s/time point) with adequate 
spatial resolution. Given the need for high temporal resolu-
tion, single-shot EPI sequences are typically used. Some 
newer methods designed to address the image distortion and 
signal dropout artifacts that degrade traditional EPI acquisi-
tions include single-line acquisitions [27], spiral or radial 
acquisitions [52, 53], and advanced EPI readouts [54, 55].

A flip angle of 60–70° may in principle provide a compro-
mise between SNR and T1 sensitivity from GBCA leakage 
effects [2, 50, 51]. Higher flip angles would result in greater 
SNR, but would be more susceptible to GBCA leakage 
effects due to increased T1 sensitivity. On the other hand, 
lower flip angles are less prone to GBCA leakage effects but 
at the cost of lower SNR. In order to avoid partial-volume 
average artifacts, adequate spatial resolution of 1–3 mm in 
plane and 3–5 mm through plane are recommended, though 
this may depend on desired temporal resolution [2].

Most DSC-MRI data are acquired using GRE-EPI 
sequences, although some have used SE-EPI.  SE methods 
are most sensitive to smaller vessels (<20 μ[mu]m; i.e., cap-
illaries) [56], and also are less prone to artifacts at bone–
brain–air interfaces or at the skull base compared to GRE 
methods [57, 58]. GRE-EPI methods result in greater signal 
loss [2], and are sensitive to vessels of all sizes [56] with 
excellent signal-to-noise ratios. GRE methods also allow 
higher temporal resolution due to shorter TEs and this 
improves AIF quantification [2]. Given its sensitivity to ves-
sels of all sizes, perfusion metrics derived from GRE could 
suffer from large vessel blooming artifact because of a ten-
dency of the signal from capillaries to be dominated by mac-
rovascular signal [59, 60]. Thus, GRE-based acquisition 
could provide overestimates of perfusion metrics, while SE 
techniques likely provide truer estimates of capillary-level 
perfusion compared to positron emission tomography (PET).

Newer multi-echo DSC-MRI acquisitions such as spin 
and gradient echo (SAGE) [61–65] allow simultaneous 

acquisition of GRE and SE data without adding additional 
scan time or GBCA injections. These methods may provide 
important additional complementary information given their 
different sensitivities to vessel size, and enable vessel size 
imaging (VSI) to be performed and also provide simultane-
ous DCE-MRI metrics with only a single dose of contrast 
agent. Other techniques such as spiral perfusion imaging 
with consecutive echoes (SPICE) methods [53] can also pro-
vide both DSC-MRI and DCE-MRI metrics in a single 
acquisition and without the need of a preload dose of GBCA.

The scan duration of DSC-MRI is much shorter than 
DCE-MRI and is shortest for indications like brain tumor 
evaluation (at least 2 min recommended). For other indica-
tions where there will be bolus dispersion and delay, like 
stroke evaluation, longer scan duration is needed [66]. DSC-
MRI acquisitions are limited by compromises in spatiotem-
poral resolution, volume coverage, and SNR.  Recent 
advances to accelerate DSC-MRI acquisition and achieve 
optimal spatiotemporal resolution include the use of parallel 
imaging methods [55, 67] to decrease the EPI readouts, 
reduce EPI-related artifacts, and decrease partial-volume 
effects. Other methods such as simultaneous multi-slice 
acquisitions [68] can accelerate DSC-MRI acquisitions by 
applying simultaneously exciting multiple slice planes with 
radiofrequency pulses without significant loss of SNR while 
achieving high spatiotemporal resolution.

Compared to DCE-MRI, GBCA injection rates should be 
relatively higher (at least 4 cc/s) for DSC-MRI in order to 
avoid underestimation of DSC-MRI metrics from slower 
rates [69]. Similar to DCE-MRI, injection should ideally be 
given via the right arm in order to avoid venous reflux. 
Approximately 60 s of baseline data should be acquired prior 
to the injection of a GBCA in order to provide good CBV 
map CNR [51]. An overview of DSC-MRI recommended 
acquisition parameters is given in Table 2.3 [51, 70, 71].

�DSC-MRI Data Analysis

Based on the indicator dilution methods for non-diffusible 
tracers, CBV is proportional to the area under the contrast 
agent concentration (Δ[Delta]R2* [or Δ{Delta}R2])-time 
curve, assuming that there is no contrast agent leakage or 
recirculation [72]. While in DCE-MRI, dipole–dipole inter-
actions are primarily responsible for GBCA-based T1 relax-
ation enhancement, the main contrast mechanism in 
DSC-MRI is susceptibility effects induced by GBCAs [73]. 
When a GBCA is given as a bolus, a transient drop in signal 
intensity is seen on the signal intensity-time curve, known as 
“negative enhancement,” as opposed to the “positive 
enhancement” due to enhanced T1 relaxation in DCE-MRI 
or conventional contrast-enhanced T1-weighted imaging. 
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Table 2.3  DSC-MRI acquisition parameters for brain imaging

Parameter DSC-MRI
Field strength 1.5/3T
Acquisition sequence Generally GRE-EPI rather than 

SE-EPI
Slice thickness 3–5 mm
FOV 200 × 200 mm (range, 200 × 200 to 

240 × 240 mm)
Acquisition matrix 128 × 128 (range, 64 × 64 to 256 × 

256)
GBCA injection rate At least 4 mL/s
TR 1.0–1.5 s (SE-EPI); minimum (vs “as 

short as possible”) for GRE-EPI; 
generally 1.0–1.5 s

TE 45 ms at 1.5T/30 ms at 3 T
Flip angle 60°, newer consensus protocol 

suggests 30° with no-preload GBCA 
may perform as well as 60° with 
single-dose preload at 3 T

Temporal coverage 120 time points
Preload GBCA dose 
(particularly for studies 
performed with a high flip 
angle)

Single dose (0.1 mmol/kg Gd), given 
5–10 min prior to dynamic imaging

Baseline acquisitions prior 
to GBCA injection

At least 30–50

Total acquisition time At least 2 min (brain tumors)

DSC-MRI dynamic susceptibility contrast magnetic resonance imaging, 
GBCA gadolinium-based contrast agent, GRE-EPI gradient echo-echo 
planar imaging, FOV field of view, SE-EPI spin echo-echo planar imag-
ing, TE echo time, TR repetition time
Source: Adapted with permission from [51, 70, 71]

Like in DCE-MRI, changes in DSC-MRI signal intensity are 
converted to the tissue concentration of GBCA at time t 
(C(t)). For DSC-MRI, this relation is noted on a voxel-wise 
basis as:

	
C t k R t k S t

S
( ) ∝ ⋅ ( ) = −

( )









∗∆
2

0
TE

ln
	

where k represents a proportionality constant (often set to 
unity as it is not known a priori) that is dependent on tissue 
type, field strength, contrast agent, and pulse sequence; 
ΔR2

∗(t)  represents the change in the T2* relaxation rate at 
time t; TE is the echo time; S(t) represents the signal inten-
sity at time t; and S0 represents the baseline signal intensity 
before arrival of the GBCA. It is assumed that T1 effects 
due to an intact BBB are not significant during DSC-MRI 
acquisition and that there is a linear relationship between 
ΔR2

∗(t) and C(t) [74]. However, in lesions such as brain 
tumors, disruption of the BBB is common and necessitates 
changes in acquisition and post-processing methods in 
order to compensate for GBCA leakage effects (discussed 
below). Furthermore, the assumed linear relationship 

between ΔR2
∗(t) and C(t) may not hold true [75] and assump-

tion of a quadratic relationship could be assumed to mitigate 
CBF errors, particularly when estimating the AIF [76].

The area beneath the concentration-time curve is calcu-
lated to derive the CBV map. By applying tracer kinetic 
modeling for intravascular tracer agents [77–80], CBV can 
be obtained by integrating C(t) using the following 
relationship:
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where Hf represents the difference in hematocrit between the 
AIF and capillaries, Ct(t) represents the concentration of 
GBCA in the tissues, ρ represents the brain tissue density, 
and Ca(t) represents the AIF. The AIF can be ignored because 
of constraints in quantification due to limited temporal and 
spatial resolution and so “relative” CBV is commonly 
reported.

Indicator dilution theory can be used to model Ct(t) using 
the following equation:

	
C t CBF C t R t CBF C t R t dt a
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0

τ τ

where ⊗ represents convolution of Ca(t) and the tissue resi-
due function R(t), which represents the amount of contrast 
agent that remains in the tissue at time t.

The deconvolution of the Ca(t) and Ct(t) is needed to 
quantify CBF.  Of the various methods available, the most 
commonly used model-independent method is singular value 
decomposition (SVD) [81] that is expressed as:
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where it is assumed that R(t) and Ca(t) remain constant over 
small time intervals and that cerebral and arterial concentra-
tions are measured at equally spaced time points. In order 
for SVD to determine R(t), methods have been devised to 
decrease errors from the potential delay between the AIF 
and tissue concentration curves [82] and to avoid physiolog-
ically unreasonable results due to noise that lead to unstable 
solutions. The most common ways to address these two 
issues are to implement a block-circulant AIF discretization 
matrix with a truncated SVD regularization approach, 
respectively [2].

Application of the central volume theorem allows calcu-
lation of the mean transit time (MTT):

	
MTT

CBV

CBF
=
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Aside from CBV, CBF, and MTT, there are several other 
emerging DSC-MRI parameters on the horizon. Newer 
kinetic models can provide estimates of oxygen extraction 
fraction (OEF) and capillary transit time heterogeneity 
(CTH) that may better relate to the oxygen delivery that 
could be attained for a given CBF [83]. Traditional determi-
nation of oxygen availability in the brain is determined using 
CBF and arterial oxygen concentration, but these newer 
methods have the potential to highlight perfusion derange-
ments in brain tissue that may not be detected with conven-
tional DSC-MRI analysis. As was mentioned previously, the 
use of gradient-echo and spin-echo sequences to provide 
simultaneous estimations of Δ(Delta)R2 and Δ(Delta)R2* 
can provide other parameters including measures of vessel 
size imaging (VSI), microvascular density, mean vessel 
diameter [84], and vessel architectural imaging (VAI) 
(Fig.  2.4) [85]. In current practice, these measures are 
obtained with tissue sampling and defined by the pathologist. 
However, validation of these techniques could overcome the 
limitations of sampling error and inability to perform longi-
tudinal analysis, and may become important with the contin-
ued development of anti-vascular and anti-angiogenic 
therapies [86].

�Arterial Input Function

Determination of the AIF is one of the leading sources of 
error in the quantification of DSC-MRI. Various manual and 
automatic approaches [87–94] have been proposed to mea-
sure the AIF, but the most commonly used approach is to use 
a global, as opposed to local, measurement using voxels 
either in or adjacent to the middle cerebral artery (MCA). 
While straightforward to do, assuming a global AIF will not 
likely be the true arterial input to the region of interest and 
may introduce errors in quantification due to AIF delay and 
dispersion [66, 95]. Delay effects can be compensated for by 
using AIF discretization techniques that are resistant to delay 
in SVD for example, while dispersion effects are difficult to 
adjust for when using a global AIF [2]. In stroke cases, mul-
tiple regional AIFs may diminish some of the dispersion 
errors [96] from vascular disease and using these along with 
newer models based on vascular morphology and fluid 
dynamics [97, 98] holds promise to combat dispersion 
effects.

�Absolute Quantification

Absolute quantification of DSC-MRI is difficult due to sev-
eral factors such as uncertainties relating to hematocrit, brain 
proton density constants, contrast agent relaxivity, contrast 

agent leakage correction, and AIF considerations [2, 50, 51]. 
As a result, most DSC-MRI studies rely on qualitative or 
semi-quantitative measures. Most often, a summary statistic 
in the form of “relative” CBV (rCBV) or CBF (rCBF) is 
often used without definition of the AIF [50]. It should be 
noted that in addition to “relative” CBV (or CBF), “rCBV” 
can also refer to “regional” CBV [99]. It is also common for 
relative CBV to refer to a value that is normalized to “nor-
mal” tissue, typically contralateral white matter [100], while 
“regional” CBV often refers to absolute quantification of 
CBV.

Scaling metrics such as normalization or standardization 
are commonly applied to non-quantitative rCBV values in 
order to compare between subjects and imaging sessions. 
However, the amount of variability intrinsic to these tech-
niques is unclear [101]. With normalization, the mean value 
of the voxels within a tumoral ROI is divided by those in a 
reference ROI, usually that in normal-appearing white mat-
ter. Normalization is quite commonly used; however, it can 
be time consuming and lead to user-dependent subjectivity 
[102]. On the other hand, when standardization is used, there 
is no need to use a reference ROI because rCBV maps are 
transformed to a standardized intensity scale. In this way, it 
can function as an objective technique of converting rCBV 
values to a consistent scale and it appears to improve rCBV 
measurement consistency across patients and time [102].

�Leakage Effects of GBCAs

GBCA leakage can diminish the accuracy and precision of 
rCBV derived from DSC-MRI. With an intact BBB, com-
partmentalization of GBCA within the vasculature mainly 
impacts T2 or T2* with minimal impact on T1, and dimin-
utive Δ(Delta)R1 is a major assumption in DSC-MRI [56]. 
In theory, the equation for Δ(Delta)R2* is valid only if the 
changes in T1 associated with GBCA leakage do not sig-
nificantly affect signal intensity. However, this assumption 
often does not hold true as a disrupted blood–brain barrier 
leading to contrast-enhancement is commonly seen in clin-
ical practice, particularly with many brain tumors. In cases 
of contrast agent leakage, underestimation of rCBV may 
occur because GBCA leakage can diminish the magnitude 
of the susceptibility contrast signal intensity loss in regions 
where T1 effects are prominent (Fig.  2.5). At the same 
time, it is possible to overestimate rCBV in the face of 
prominent T2/T2* effects because this will result in greater 
signal decrease and undershooting of the baseline signal 
intensity. The amount of under- or overestimation of rCBV 
is contingent upon contrast agent kinetics, brain tissue 
microstructure, pulse sequence parameters, and preload 
GBCA dose [2].
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Fig. 2.4  Example of spin and 
gradient echo (SAGE)-based 
DSC-MRI maps in a 
glioblastoma patient showing 
post-contrast T1-weighted 
and fluid-attenuated inversion 
recovery (FLAIR). As would 
be expected, the tumor CBV, 
CBF, MTT, and VSI values 
are higher than those found in 
contralateral normal-
appearing white matter 
(NAWM). Also note the 
differences between GRE and 
SE maps within the tumor, 
particularly for CBF and 
MTT. The Ktrans and CTH 
maps also exhibit regional 
heterogeneity within the 
tumor. Such differences 
highlight the unique and 
complementary nature of 
multi-echo SAGE 
hemodynamic and vascular 
sensitivity. For clarity, relative 
parameter maps are shown 
using the illustrated colorbar. 
Reprinted with permission 
from [2]
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Fig. 2.5  (a) Schematic of signal intensity-time curve with BBB leak-
age and dominant T1 leakage effect. T1-related signal enhancement 
results in a less signal decrease and subsequent overshooting of the 
baseline (straight line). This will lead to underestimation of rCBV. (b) 

Schematic of signal intensity-time curve with BBB leakage and domi-
nant T2/T2* effects. T2/T2* effects result in more signal decrease and 
subsequent undershooting of the baseline (straight line). This will lead 
to overestimation of rCBV. Reprinted with permission from [50]

The decreased susceptibility differences between the 
intra- and extravascular compartments due to GBCA leakage 
result in temporally variant decreases in GBCA T2* relaxiv-
ity [25, 103]. More T2* signal decrease can result from 
mesoscopic magnetic field gradients induced by compart-
mentalization of GBCA around cells (Fig.  2.6). These 
changes may be influenced by cellular features such as 
shape, size, density, polydispersity, and atypia [104]. The 
potential interaction between T1 and T2/T2* effects in the 
same lesion further complicates interpretation of rCBV val-
ues [105].

There has historically been various methodologies 
employed to address leakage effects including low flip angle 
and dual TE acquisitions, preload GBCA dosing, and math-
ematical post-processing models [105–108]. Current recom-
mendations (see section “Standardization Efforts and 
Variability of DSC-MRI” below) to correct for leakage 
effects in single-echo GRE-EPI sequences are to use 60° FA 
acquisition with full-dose preload or 30° FA without preload, 
both with full-dose bolus GBCA administration and applica-
tion of the Boxerman-Schmainda-Weisskoff (BSW) model-
based leakage correction method [51, 70, 109–111]. The 
BSW model generates rCBV corrected for T1 and T2* leak-
age effects by using linear fitting to calculate voxel-wise dif-
ferences in ΔR2

∗ curves from non-enhancing regions and 
assumes unidirectional GBCA extravasation [105, 112]. 
Recent work in a rat glioma model suggests that dual-echo 
DSC-MRI acquisitions along with a combined biophysical 
and pharmacokinetic method can potentially eliminate the 
need for preload GBCA dosing [113].

Superparamagnetic contrast agents such as iron oxide 
nanoparticles are a newer type of contrast agent that may be 
advantageous compared to GBCAs given their lack of 
extravasation, more prominent T2 and T2* relaxivity, and 
recent concerns about potential long-term effects of gado-
linium tissue deposition [114]. Though there are no current 
such blood pool agents approved for DSC-MRI, ferumoxytol 
can be used off-label for DSC-MRI [115]. Ferumoxytol is a 
macromolecular, carbohydrate-coated iron oxide particle 
that has been sold under the name Feraheme as an iron 
replacement for adult renal failure patients [116, 117], and 
several studies have shown promise of DSC-MRI using this 
agent to distinguish pseudoprogression from tumor progres-
sion in brain tumor patients [118, 119].

�Standardization Efforts and Variability 
of DSC-MRI

As with DCE-MRI, there has been a lack of standardized 
methodology for DSC-MRI [120]. Significant variation in 
rCBV values can result from differences in image acquisi-
tion and post-processing methods, particularly with regard to 
dealing with leakage effects [121]. This lack of standardiza-
tion has made inclusion of DSC-MRI into clinical trials and 
routine practice rather difficult, and to help address this, the 
American Society of Functional Neuroradiology (ASFNR) 
published its recommended DSC-MRI protocol in 2015 cen-
tered around 1/4–full-dose preload GBCA administration, an 
intermediate (60°) flip angle, field strength-dependent TE, 
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Fig. 2.6  Illustration of contrast administration (CA) distribution 
within tissue, its interaction with water protons (a), and the induced 
T1-weighted (b) or T2*-weighted (c) signal changes. When the blood–
brain barrier is intact, as illustrated in the lower blood vessel, the CA 
only has direct access to intravascular water (red arrow) so that the 
associated change in the effective tissue T1 is small. However, if the 
blood–brain barrier is disrupted (top blood vessel, black triangles) the 
CA distribution and microscopic interaction with water within the 

extravascular space (red arrow) substantially decreases tissue T1 and 
increases a T1-weighted signal (b), like that used for DCE-MRI. The 
compartmentalization of CA in blood (lower blood vessel) or in the 
extravascular extracellular space (top blood vessel) gives rise to meso-
scopic magnetic field gradients surrounding these compartments (as 
denoted by the asterisks). The diffusion of water through these fields 
(small black arrows) decreases T2* and a T2*-weighted signal like that 
used for DSC-MRI. Reprinted with permission from [2]
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and model-based leakage correction (Table 2.3). The Brain 
Tumor Imaging Protocol (BTIP) consensus recommenda-
tions [122], also published in 2015, stipulate that conven-
tional contrast-enhanced T1-weighted imaging be acquired 
following single-dose GBCA administration, thereby 
impacting the design of a protocol that incorporates DSC-
MRI.  To maintain BTIP compatibility, either single-dose 
GBCA must be split between preload and DSC-MRI bolus 
before conventional post-contrast imaging, or a full-dose 
preload must precede post-contrast imaging, followed by 
variable-dose DSC-MRI bolus. In 2018, Schmainda et  al. 
[123] performed a multicenter DSC-MRI study composed of 
low-grade and high-grade gliomas. These scans were 
obtained with a GRE-EPI sequence with preload at a single 
institution and then seven sites used a variety of model-based 
post-processing leakage correction, including no correction 
at all, to compute DSC-MRI metrics. These multicenter 
results confirmed other prior studies showing the advantages 
of using preload and model-based leakage correction to 
obtain consistent results across institutions and distinguish 
low- from high-grade tumors using a common threshold [65, 
106, 107, 112, 121].

Recent work by Semmineh et al. [70] found that by using 
a population-based digital reference object (DRO) simulat-
ing a glioblastoma and the ASFNR recommendations of TE 
= 30 ms and 60° FA at 1.5 T and 3 T resulted in outstanding 
precision and accuracy for single-dose preload and single-

dose DSC bolus (“1+1” dosing scheme). However, notably 
worse results were found using fractional GBCA doses, par-
ticularly those without preload dosing and at 1.5 T. They also 
found that a protocol using no-preload dose, a low (30°) FA, 
and TE = 30 ms at 3 T performed essentially as well as the 
1+1 dosing scheme, and in 2019, Schmainda et al. published 
clinical validation of those DRO results in a four-institution 
study (Fig. 2.7) [71]. This low-FA, no-preload methodology 
could be a preferred standardized DSC-MRI methodology 
because it is a simpler technique with fewer injections and 
less volume of GBCA. Further multicenter validation, par-
ticularly at 1.5 T, is needed.

Again, as with DCE-MRI, there is little data regarding the 
repeatability of DSC-MRI.  Recently, Prah et  al. compared 
repeatability of six common post-processing methods to esti-
mate normalized rCBV (nrCBV) and standardized rCBV 
(srCBV) [101]. They performed double-baseline examina-
tions in 33 patients with newly diagnosed untreated glioblas-
toma. Repeat MRI examinations were obtained within eight 
days. Those methods that used post-processing leakage cor-
rection of ∆(Delta)R2*(t) resulted in superior repeatability 
and compared to nrCBV, srCBV had less variability and 
needed fewer participants to detect a 10% or 20% change 
(Fig. 2.8).

To address the lack of standardization of DSC-MRI, QIBA 
has recently initiated the DSC-MRI Biomarker Committee 
whose goal is to standardize DSC-MRI methods [124].
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Fig. 2.7  Images and 
standardized rCBV (srCBV) 
parameter maps from a 
patient with glioblastoma. 
Shown are the post-contrast 
T1-weighted (T1 + C) (a) and 
quantitative delta T1 (dT1) 
maps computed from the 
difference between calibrated 
and registered pre- and 
post-contrast T1-weighted 
images (b). Images with the 
corresponding srCBV maps 
obtained from the first 
DSC-MR imaging contrast 
dose (c, d) without preload 
(P−) and without leakage 
correction (C−) and without 
preload (P−) plus leakage 
correction (C+). The srCBVs 
obtained during the second 
contrast dose (e, f) and thus 
after the preload are shown 
without (P+/C−) and with 
(P+/C+) leakage correction. 
The srCBV maps are 
qualitatively similar for the 
30°/P−/C+ (d) and 60°/P+/C+ 
protocols (f). Reprinted from 
[71]
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Fig. 2.8  Visual comparison of nrCBV and srCBV.  Methods 1–6 
(across) for visit 1 (top two rows) and visit 2 (bottom two rows) in the 
same subject in approximately the same section for visits 1 and 2. These 
differences in repeatability are especially evident when comparing 
srCBV method 2 (best repeatability) with srCBV method 5 (worse 
repeatability) between visits. Method 2 is visually consistent over vis-
its, yet method 5 reveals an extending area of increased rCBV from visit 
1 to visit 2. Less repeatable estimation methods could lead to errors in 

interpretation clinically because the rCBV maps in this figure should 
appear visually the same in both visits. Clinically, using rCBV methods 
with greater repeatability should provide clinicians with improved con-
fidence in interpretation by providing a reliable assessment of progres-
sion or response to treatment. All data are presented with the same 
respective scale for nrCBV or srCBV and are in arbitrary units. 
Reprinted from [101]

�Conclusion

In summary, both DCE-MRI and DSC-MRI approaches 
offer overlapping and complementary insights into the 
microvasculature and hemodynamics of the brain in health 
and disease. While both have existed for several decades, 
routine, standardized clinical implementation remains elu-
sive. A recent 2017 systematic review and meta-analysis by 
Patel et al. [120] found that while individual studies of DCE-

MRI and DSC-MRI appear to have good accuracy for dif-
ferentiating viable glioma from post-treatment changes, the 
reported thresholds have significant variability. This high-
lights the great promise of these techniques beyond 
conventional MRI for important clinical applications, but 
emphasizes the need to standardize technique and demon-
strate acceptable variability of these methods. A table of key 
literature of DCE-MRI and DSC-MRI covered in this chap-
ter is listed in Table 2.4.
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Table 2.4  Key literature

Authors Article title Significance
Tofts and Kermode Measurement of the blood-brain barrier permeability 

and leakage space using dynamic MR imaging. 1. 
Fundamental concepts. Magn Reson Med. 
1991;17:357–67

Landmark article on the application of DCE-MRI in the 
brain

Tofts et al. Estimating kinetic parameters from dynamic contrast-
enhanced T1-weighted MRI of a diffusable tracer: 
standardized quantities and symbols. J Magn Reson 
Imaging. 1999;10(3):223–32

Important review that provides standardized nomenclature 
and definitions used in DCE-MRI

Jackson et al. Reproducibility of quantitative dynamic contrast-
enhanced MRI in newly presenting glioma. Br J Radiol 
2003;76:153–62

One of the few early reproducibility studies performed of 
DCE-MRI of the brain

Boxerman et al. Relative cerebral blood volume maps corrected for 
contrast agent extravasation significantly correlate with 
glioma tumor grade, whereas uncorrected maps do not. 
AJNR Am J Neuroradiol. 2006;27(4):859–67

Highly cited paper showing the importance of leakage 
correction to determine glioma grade using rCBV from 
DSC-MRI

Welker et al. ASFNR Recommendations for Clinical Performance 
of MR Dynamic Susceptibility Contrast Perfusion 
Imaging of the Brain. AJNR Am J Neuroradiol 
2015;36:E41–51

White paper from the American Society of Functional 
Neuroradiology that provides guidance on standardized 
procedures for implementing DSC-MRI for clinical 
neuroimaging

Prah et al. Repeatability of standardized and normalized relative 
CBV in patients with newly diagnosed glioblastoma. 
AJNR Am J Neuroradiol. 2015;36(9):1654–61

One of the few repeatability studies of DSC-MRI that used 
six common post-processing techniques in glioblastoma 
patients and found that leakage-corrected rCBV resulted in 
the best repeatability for both standardized and normalized 
rCBV; it also found that compared to normalized rCBV, 
standardized rCBV had better repeatability and needed fewer 
patients to detect a change in values

Patel et al. MR perfusion-weighted imaging in the evaluation of 
high-grade gliomas after treatment: a systematic 
review and meta-analysis. Neuro Oncol. 
2017;19(1):118–127

A recent systematic review and meta-analysis that found that 
while individual DCE-MRI and DSC-MRI studies have 
found good accuracy in differentiating viable glioma tumor 
from treatment changes, there was significant variability in 
reported thresholds, and that this highlights the need for 
standardization of technique

Schmainda et al. Multisite concordance of DSC-MRI analysis for brain 
tumors: results of a National Cancer Institute 
Quantitative Imaging Network collaborative project. 
AJNR Am J Neuroradiol. 2018;39(6):1008–16

Multi-institution study showing the potential of DSC-MRI to 
provide consistent results across sites to differentiate low- 
from high-grade tumors using a common threshold

Barboriak et al. Interreader variability of dynamic contrast-enhanced 
MRI of recurrent glioblastoma: the multicenter ACRIN 
6677/RTOG 0625 study. Radiology. 
2019;290(2):467–76

Recent study in the context of an imaging clinical trial 
showing that disagreement in reader tumor segmentations 
can result in significant inter-reader variability of DCE-MRI 
metrics

Shukla-Dave et al. Quantitative imaging biomarkers alliance (QIBA) 
recommendations for improved precision of DWI and 
DCE-MRI derived biomarkers in multicenter oncology 
trials. J Magn Reson Imaging. 2019;49(7):e101–21

Evidence-based summary of recommendations to decrease 
variability of diffusion-weighted imaging (DWI) and 
DCE-MRI imaging biomarkers from the Radiological 
Society of North America’s (RSNA) Quantitative Imaging 
Biomarkers Alliance (QIBA)

Quarles et al. Imaging vascular and hemodynamic features of the 
brain using dynamic susceptibility contrast and 
dynamic contrast enhanced MRI. Neuroimage. 
2019;187:32–55

Recent comprehensive review of both physical basis and 
clinical application of DCE- and DSC-MRI

Schmainda et al. Moving toward a consensus DSC-MRI protocol: 
validation of a low-flip angle single-dose option as a 
reference standard for brain tumors. AJNR Am J 
Neuroradiol. 2019;40(4):626–33

Recent clinical study showing potential of low-flip angle 
DSC-MRI acquisition without preload GBCA dosing for 
brain tumor evaluation

DCE-MRI dynamic contrast-enhanced magnetic resonance imaging, DSC-MRI dynamic susceptibility contrast magnetic resonance imaging, 
GBCA gadolinium-based contrast agent, rCBV relative cerebral blood volume
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