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techniques to derive perfusion-related pa-
rameters using endogenous contrast meth-
ods or, more robustly and more widely used, 
exogenous gadolinium-based contrast agent 
dynamic methods [5].

In this article, we will address five ques-
tions that radiologists and radiographers fre-
quently ask when planning, performing, pro-
cessing, and interpreting different perfusion 
MRI studies in diseases of the CNS. In this 
article, we will also briefly address the tech-
nical requirements, including the use of con-
trast-enhanced techniques as well as the clin-
ical applications in brain tumor imaging and 
acute stroke management.

Question 1: What Are the 
Impediments to the Routine Clinical 
Use of Perfusion MRI and How Can 
We Overcome Them?

In academic centers, the application of per-
fusion MRI in the assessment of acute stroke 
or intracranial tumors has been well established 
and thousands of publications have discussed 
the ability to perform noninvasive perfusion 
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S
ince its introduction, MRI has been 
used in the assessment of a variety 
of CNS abnormalities, including 
tumors, metastases, infections, and 

vascular and degenerative diseases. Initially, 
most attention was focused on the improvement 
of visualization and resolution of morphologic 
characteristics. In recent years, however, there 
have been substantial improvements in MR 
protocols with a special focus on the assess-
ment of functional tissue characteristics, such 
as perfusion or metabolism. The use of these 
functional imaging techniques has improved 
the differential diagnosis of CNS disease and 
the therapeutic management of patients and 
has enabled better assessment of treatment-re-
lated changes on follow-up. Multiple studies 
have shown that the optimized use of high-
quality contrast media in perfusion MRI can 
substantially improve detection, characteriza-
tion, and monitoring of CNS diseases [1–4].

In this context, perfusion is one of the 
most important physiologic and pathophys-
iologic parameters and can be assessed non-
invasively with MRI. Today, we have several 
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OBJECTIVE. This and its companion article address the 10 most frequently asked ques-
tions that radiologists face when planning, performing, processing, and interpreting different 
MR perfusion studies in CNS imaging.

CONCLUSION. Perfusion MRI is a promising tool in assessing stroke, brain tumors, 
and patients with neurodegenerative diseases. Most of the impediments that have limited the 
use of perfusion MRI can be overcome to allow integration of these methods into modern 
neuroimaging protocols.
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measurements using dynamic MRI techniques. 
Although these techniques have been available 
for more than 20 years, wide use in routine clin-
ical practice has never been achieved despite 
the relative ease with which these techniques 
can be implemented on modern MRI scanner 
platforms [6, 7]. What are the impediments to 
the routine clinical use of perfusion MRI and 
how can we overcome them?

Lack of Awareness of Perfusion MRI  
by Referring Physicians

A general underappreciation or lack of aware-
ness of the potential of modern MRI protocols, 
including perfusion imaging, by referring clini-
cians likely contributes to underutilization of 
these techniques. Because these methods might 
have a great impact on the management of pa-
tients, it is of great importance to discuss the 
perfusion results with referring physicians to 
gain a better insight of their needs and to make 
them aware of the technical possibilities. The 
perfusion information should be integrated into 
the reporting of studies and the differential di-
agnostic process. Processed perfusion maps 
should be transferred to the PACS, where 
they can be readily viewed by referring phy-
sicians. Improved understanding of perfusion 
MRI and its current capabilities through dis-
semination of the relevant literature may also 
help to bridge this gap and increase requests 
for the addition of perfusion MRI to conven-
tional MRI.

Appreciation and Experience of Perfusion  
MRI by the Performing Radiologist: Apparent 
Complexity of Perfusion MRI for Nonexpert 
Radiologists

Outside of academic centers, there are like-
ly to be few neuroradiologists in community 
practice who will be familiar with perfusion 
MRI. Coupled with this are the perceptions, 
some rightly so, of the apparent complexities 
of image acquisition, postprocessing, and in-
terpretation of perfusion MRI. These percep-
tions can contribute to a lack of enthusiasm 
for routine implementation into clinical prac-
tice, and, consequently, few radiologists will 
maintain a sufficient volume of experience 
to be comfortable with performing and inter-
preting perfusion MRI.

Lack of Standardized and Optimized  
Perfusion MRI Protocols

In general, most modern MRI scanners al-
low us to run some perfusion sequences. The 
existence of a wide range of technical fac-
tors, including scanner types, pulse sequenc-

es, and hardware requirements, that need to 
be considered may also result in decreased 
enthusiasm among community radiologists. 
Another challenge rests in the optimization of 
the use of gadolinium-based contrast agents in 
neuroimaging protocols.

Lack of Simple and Standardized Perfusion 
Postprocessing Software and Lack of  
Straightforward Guidelines on How to 
Interpret Results

Traditionally, most postprocessing software 
solutions have been custom-designed institu-
tionally based packages, and only a few com-
mercial software packages have been available. 
Recently, most of the major MR scanner vendors 
have started to provide easy-to-use software so-
lutions. Standardization of acquisition parame-
ters and postprocessing software remains a major 
challenge and will require significant collabora-
tion between the scanner and software manufac-
turers and the scientific and medical community.

Lack of Reimbursement for Perfusion MRI  
and Lack of High-Quality Data Showing 
Impact on Clinical Care

These are perhaps the major factors that have 
discouraged the widespread clinical acceptance 
of perfusion MRI. There is a lack of high-qual-
ity evidence to show that perfusion MRI makes 
a substantial impact on clinical decision mak-
ing. This then influences payers’ decisions as to 
whether perfusion MRI should be reimbursed, 
so that currently it is not. A substantial body of 
well-designed studies that show a significant 
clinical benefit from perfusion MRI is needed 
to overcome this critical barrier. Besides that, 
none of the gadolinium-based contrast agents 
has a specifically approved indication for per-
fusion MRI. However, as for MR angiography, 
the methodology and gadolinium-based con-
trast agents are frequently used off-label.

Question 2: Which Methods Are 
Currently Available to Assess 
Perfusion With MRI?—Overview  
of Technical Considerations

Perfusion is physiologically defined as the 
steady-state delivery of blood to an element 
of tissue. The term “perfusion” is also used to 
emphasize contact with the tissue, or in other 
words, capillary blood flow. Perfusion is vari-
ably used for different physiologic parameters 
that also affect the MR signal, e.g., blood vol-
ume, blood velocity, and blood oxygenation.

During the past decades, several methods 
have been described that noninvasively mea-
sure perfusion with MRI. Most effort in this 

context has been directed toward MR perfu-
sion imaging of the brain [7].

There are two major approaches to mea-
sure cerebral perfusion with MRI. The first 
is application of an exogenous, intravascu-
lar, nondiffusible contrast agent, usually a 
gadolinium-based contrast agent, that empha-
sizes either the susceptibility effects of gad-
olinium-based contrast agents on the signal 
echo, namely first-pass dynamic susceptibil-
ity contrast-enhanced (DSC) MR perfusion 
or the relaxivity effects of gadolinium-based 
contrast agents on the signal echo, namely 
dynamic contrast-enhanced (DCE) MR per-
fusion. The second is application of an en-
dogenous contrast agent using magnetically 
labeled arterial blood water as a diffusible 
flow tracer in arterial spin labeling (ASL) 
MR perfusion.

Dynamic Susceptibility Contrast-Enhanced  
MR Perfusion

DSC MR perfusion, also known as bolus-
tracking MRI or perfusion-weighted imag-
ing, is a technique in which the first pass of 
a bolus of gadolinium-based contrast agent 
through brain tissue is monitored by a series 
of T2- or T2*-weighted MR images. The sus-
ceptibility effect of the paramagnetic contrast 
agent leads to a signal loss in the signal in-
tensity–time curve. Using the principles of 
the indicator dilution theory, the signal infor-
mation can then be converted into a contrast 
medium concentration–time curve on a pixel-
by-pixel basis (Fig. 1). From these data, para-
metric maps of cerebral blood volume (CBV) 
and flow (CBF) can be derived. Regional CBF 
and CBV values can be obtained by region-of-
interest analysis. The study by Østergaard [8] 
provides an in-depth review of the physical 
basics of DSC MR perfusion. In neurooncol-
ogy, CBV is the most robust and widely used 
parameter [9]. For in-depth review articles 
about the basic principles of perfusion imag-
ing in neurooncology, we refer to Cha et al. [9, 
10] and Provenzale et al. [11].

Dynamic Contrast-Enhanced MR Perfusion
DCE MR perfusion, also widely referred 

to as “permeability” MRI, is based on the ac-
quisition of serial T1-weighted images before, 
during, and after administration of extracellu-
lar low-molecular-weight MR contrast media, 
such as a gadolinium-based contrast agent. 
The resulting signal intensity–time curve re-
flects a composite of tissue perfusion, vessel 
permeability, and extravascular-extracellular 
space [12, 13].
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In contrast with conventional (static con-
trast-enhanced, T1-weighted) contrast-en-
hanced MRI, which simply displays contrast 
enhancement at a single point in time, DCE 
MR perfusion imaging depicts the wash-in, 
plateau, and washout contrast kinetics of the 
tissue, thereby providing insight into the na-
ture of the bulk tissue properties at the mi-
crovascular level.

Most often, DCE MR perfusion imaging 
is based on a two-compartmental (plasma 
space and extravascular-extracellular space) 
pharmacokinetic model. The general steps 
are (in order): perform baseline T1 mapping, 
acquire DCE MR perfusion images, convert 
signal intensity data to gadolinium concen-
tration, determine the vascular input func-
tion, and perform pharmacokinetic model-
ing. With pharmacokinetic modeling of DCE 
MR perfusion data, several metrics are com-
monly derived: the transfer constant (ktrans), 
the fractional volume of the extravascular-
extracellular space (ve), the rate constant 
(kep, where kep = ktrans / ve), and the fractional 
volume of the plasma space (vp) [14, 15].

The most frequently used metric in DCE 
MR perfusion is ktrans. It can have different 
interpretations depending on blood flow and 
permeability. When there is very high per-
meability, the flux of gadolinium-based con-
trast agent is limited only by flow, and thus 
ktrans mainly reflects blood flow. In situations 
in which there is very low permeability, the 
gadolinium-based contrast agent cannot leak 
easily into the extravascular-extracellular 
space, and thus ktrans mainly reflects perme-
ability [16]. Despite this complexity, ktrans 
appears to reproducibly measure permeabil-
ity in glioma patients [17]. Review articles 
by Paldino and Barboriak [14] and Tofts et 
al. [15] provide further details regarding the 
general principles of DCE MRI.

Arterial Spin Labeling MR Perfusion
ASL is a perfusion method that uses mag-

netically labeled blood as an endogenous trac-
er. Despite the existence of multiple acronyms 
in the literature, there are two main types of 
ASL technique: continuous ASL and pulsed 
ASL [18–20]. In continuous ASL, there is a 
prolonged radiofrequency pulse that continu-
ously labels arterial blood water below the im-
aging slab until a steady state of tissue mag-
netization is reached [21]. One consequence 
of this prolonged radiofrequency pulse is that 
it leads to magnetization transfer effects [22]. 
If the magnetization transfer effects are pres-
ent only during the labeling scheme, perfusion 
may be overestimated because the saturation 
effect of the macromolecular pool will result 
in reduced signal of the free water pool from 
the tissue of interest [23].

Although continuous ASL provides great-
er perfusion contrast, pulsed ASL is less tech-
nically demanding [24, 25]. In pulsed ASL, a 
short radiofrequency pulse is used to label a 
thick slab of arterial blood at a single point in 
time and imaging is performed after a period 
of time to allow distribution in the tissue of in-
terest [26]. There are two categories of pulsed 
ASL technique depending on whether the la-
beling is applied in a symmetric or asymmetric 
fashion relative to the imaging volume [24]. A 
relatively new technique, called “pseudocon-
tinuous ASL,” represents a compromise be-
tween pulsed ASL and continuous ASL. This 
technique may provide improved balance be-
tween labeling efficiency and signal-to-noise 
ratio (SNR) compared with conventional ASL 
methods [27].

CBV derived from DSC MR perfusion has 
been the primary metric used in brain tumor 
perfusion imaging, although CBF, particular-
ly from ASL, has been an emerging focus. 
With technical modifications, CBV and mean 

transit time (MTT) can theoretically be ob-
tained using ASL; however, these methods 
are not yet widely used [28–32].

Because corrections for age- and patient-de-
pendent mean perfusion must be made to derive 
absolute CBF, relative CBF appears to be suffi-
cient in brain tumor evaluation [33]. However, 
the use of absolute values can allow compari-
sons for a given individual patient throughout 
the course of treatment.

Advantages and Disadvantages of the 
Available Perfusion Methods

DSC techniques are the most widely used 
method to measure brain perfusion with 
MRI. The software to postprocess these data 
is widely available and relatively straightfor-
ward to use. DSC-derived relative CBV is the 
most widely used and robust method to eval-
uate brain tumors. Some disadvantages of 
this technique include the difficulty in deter-
mining absolute quantification, susceptibili-
ty artifacts (i.e., blood product, calcification, 
metal, air, and bone), and user dependence.

DCE techniques offer the user the abil-
ity to examine the brain microvasculature 
from a different perspective from DSC MRI 
by allowing quantitative assessment of the 
blood-brain barrier and microvascular per-
meability. This can give a more complete as-
sessment of brain tumor angiogenesis. Some 
drawbacks of DCE MRI include complexi-
ty in image acquisition and pharmacokinet-
ic model postprocessing, user-dependence, 
and lack of widely available and easy-to-use 
postprocessing software.

Methods that use exogenous contrast agents 
have some advantages over ASL. In gener-
al, DSC and, even more, DCE MR perfusion 
achieve a substantially higher SNR that al-
lows imaging at a higher temporal and spatial 
resolution, e.g., DSC MR perfusion allows the 
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visualization and quantification of the whole 
brain in less than a minute of acquisition time. 
Even though ASL could be improved with the 
use of high-quality and high field strength scan-
ners, the overall SNR is still limited, which re-
sults in much longer scanning times, e.g., 8–10 
minutes at 1.5 T or 4–5 minutes at 3 T. The 
main problem of the longer acquisition time is 
sensitivity to potential motion artifacts, which 
can be a significant problem in uncooperative 
patients, such as with acute stroke or neurode-
generative diseases. This intrinsically low SNR 
and complex acquisition procedure may, in 
part, explain the lower utilization of ASL com-
pared with DSC MRI [21, 34]. In addition, a 
well-known disadvantage of ASL involves cas-
es of severe ischemia in which prolonged ar-
terial transit times can result in relaxation of 
the spin label and produce underestimation of 
CBF [35]. Furthermore, ASL can currently pro-
vide values only of CBF; however, some recent 
technical developments may be able to derive 
a blood volume value from ASL techniques in 
the future [36].

Although there are many brain tumor per-
fusion MRI studies that use exogenous con-
trast agents, ASL methods do offer some ad-
vantages. The main advantage is that there 
is no need for a gadolinium-based contrast 
agent. Thus, ASL can be considered com-
pletely noninvasive. This enables easier re-
peated measurements, which is particularly 
a concern given the recognition of nephro-
genic systemic fibrosis with some older linear 
gadolinium-based contrast agents [37]. ASL 
can also be helpful in pediatric cases where 
IV access can be difficult. ASL may also al-
low the determination of absolute quantitative 
values of CBF—in contrast, DSC MR perfu-
sion does not allow a robust absolute quantifi-
cation, mainly because of the lack of a direct 
linear relationship between contrast concen-
tration and signal changes, most pronounced 
in the presence of partial volume effects.

Permeability, a major confounder in DSC 
MR perfusion relative CBV measurement ac-
curacy, is less of a concern in ASL because it 
relies on a diffusible tracer (labeled “arterial 
water”) and thus appears to be relatively in-
sensitive to permeability [38]. Interestingly, 
a recent study using a continuous ASL meth-
od with a twice-refocused spin-echo diffu-
sion sequence appeared to be able to quan-
tify permeability; this type of analysis may 
become more popular in the future [39]. In 
addition, there is also the potential for ASL 
to be completely operator independent [21].

Question 3: What Is Needed to 
Perform Perfusion MRI? Sequence, 
Injector, Gadolinium-Based Contrast 
Agent, Software—Protocol 
Recommendations

To perform a perfusion study there are tech-
nical requirements on the acquisition and on the 
postprocessing side. To acquire imaging data 
that can be used for a perfusion analysis, the re-
quirements that are necessary for the scanner 
are generally not very specific. Some technical 
considerations must be fulfilled to allow raw 
data acquisition for the different methods (Ta-
ble 1), and there are some substantial advantag-
es of high-field systems. In general, the amount 
of contrast media used is 0.1 mmol/kg of body 
weight—contrast-enhanced imaging after per-
fusion should be performed at least 3 minutes 
after contrast media injection [2].

Dynamic Susceptibility Contrast-Enhanced  
MR Perfusion

Because the method is based on a fast 
echo-planar imaging acquisition, the scan-
ner needs to be equipped with echo-planar 
imaging capabilities. Susceptibility changes 
on the basis of the injection of an exogenous 
tracer (gadolinium-based contrast agent) are 
not strongly field dependent. Therefore, per-
fusion measurements can be performed both 

at 1.5 T and 3 T, but even a 1-T system, if 
equipped with echo-planar imaging, can be 
used. For the sequence, the maximal tempo-
ral resolution should be 1.5 seconds; both 2D 
and 3D gradient-recalled echo or spin-echo 
echo-planar imaging sequences can be used.

Bolus injection of the gadolinium-based 
contrast agent should commence after about 
a 20-second delay (range, 5–30 seconds) 
from the start of the DSC MR perfusion 
sequence. A minimum 3 mL/s (range, 3–5 
mL/s) bolus injection rate of gadolinium-
based contrast agent is recommended to al-
low robust and compact bolus arrival in the 
cerebral tissue. This should be followed by a 
25-mL (range, 10–30 mL) saline flush at the 
same rate to push the bolus toward the heart. 
Although at the beginning of MR perfusion 
use, a dose of up to 0.3 mmol/kg of body 
weight was recommended, today we per-
form the majority of our MR perfusion ex-
aminations at a dose of 0.1 mmol/kg. High-
er doses are recommended only if older MR 
technology is used or if the perfusion study 
is combined with other contrast-enhanced 
techniques, such as contrast-enhanced MR 
angiography or DCE MR perfusion.

Dynamic Contrast-Enhanced MR Perfusion
For DCE MR perfusion, a fast T1-weight-

ed spoiled gradient-recalled echo acquisi-
tion technique should be available, e.g., 2D 
or 3D FLASH (Siemens Healthcare) or tur-
bo FLASH. Spoiled gradient-recalled echo 
(SPGR) sequences are preferred over standard 
gradient-recalled echo sequences because the 
latter have high T2 sensitivity, which is subop-
timal because the T2-mediated signal decreas-
es from tissue with a gadolinium-based contrast 
agent will counteract the desired T1-mediated 
signal increase [40]. Although 2D sequences 
do not require specific scanner hardware and 
are therefore more widely used, 3D sequenc-
es, such as SPGR (GE Healthcare), T1-weight-

TABLE 1:	Typical Sequences Used and Minor Practical Requirements

Sequence

T1-Weighted (DCE) T2*-Weighted (DSC) ASL

SPGR/MP RAGE/FLASH/FFE (Typically 3D) GRE Echo-Planar Imaging (2D Multislice) GRE Echo-Planar Imaging (2D Multislice)

Temporal resolution ~3–6 s ~1–2 s 3–5 s

Total acquisition time 3–5 min 2 min 3–5 min

Spatial resolution 1-mm in-plane × 5-mm slices 2-mm in-plane × 5-mm slices 3-mm in-plane × 5-mm slices

Geometric artifact Low impact Prone to problems at the skull base Prone to problems at the skull base

Model parameters ktrans, vp, ve, IAUC CBV, CBF, MTT CBF

Note—DCE = dynamic contrast-enhanced, DSC = dynamic susceptibility contrast-enhanced, ASL = arterial spin labeling, SPGR = spoiled gradient-recalled echo, MP 
RAGE = magnetization prepared rapid gradient echo, FFE = fast-field echo, GRE = gradient-recalled echo, ktrans = transfer constant, vp = fractional volume of the plasma 
space, ve = fractional volume of the extravascular-extracellular space, IAUC = initial area under the contrast agent concentration-time curve, CBV = cerebral blood 
volume, CBF = cerebral blood flow, MTT = mean transit time.
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ed fast-field echo (T1FFE, Philips Healthcare), 
volumetric interpolated breath-hold (VIBE, 
Siemens Healthcare), 3D fast spoiled gradient-
echo (GE Healthcare), turbo field echo (Philips 
Healthcare), and magnetization prepared rapid 
gradient echo (MP RAGE, Siemens Health-
care), are technically more challenging but 
show less inflow effect on the arterial input 
function and less flow artifact in the tissue 
and provide improved SNR. However, for 3D 
sequences, the temporal resolution may be low-
er for the same amount of spatial coverage and 
these sequences also require a better gradient 
system on the scanner.

The acquisition time depends on the parame-
ters that should be extracted and sums to 3 min-
utes’ acquisition for only ktrans assessments to 
approximately 6- to 7-minute acquisitions for 
plasma volume and extravascular-extracellular 
space assessments. The temporal resolution of 
the single T1-weighted acquisition should be 
between 3.5 and 6 seconds depending on the 
scanner specifics and the field strength used. 
The injection should start 20 seconds after 
the start of the DCE MR perfusion sequence, 
with an injection speed of approximately 2–4 
mL/s when using the Tofts model and an in-
fusion over 30 seconds when using the Brix 

model for postprocessing the data. The con-
trast medium injection should be followed by 
a saline injection of a minimum of 10 mL at 
the same injection speed.

Slice thickness is dependent on spatial 
coverage, varying between 2 and 10 mm. A 
good trade-off between temporal and spatial 
resolution can be obtained with a matrix size 
of 128 × 128. The relationship between sig-
nal intensity and gadolinium-based contrast 
agent concentration is not always linear and 
will be affected by the native T1 values of 
the tissues. As a result, baseline T1 mapping 
before administration of the gadolinium-

A CB

1900

1850

1800

1750

1700

1650

1600

1550
1500

1400

1300

1450

1350

1250

1200

1150

1100

1050

1000

950
900

850
800

750

0 5

Image No.

ROI Signal Intensity

P
ix

el
 In

te
n

si
ty

 (
ar

b
it

ra
ry

 u
n

it
s)

10 15 20 25 30 35 40 45 50 55 60 65

32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0

0 5

Image No.

ROI Change in R2

C
h

an
g

e 
in

 R
2 

(1
/s

)

10 15 20 25 30 35 40 45 50 55 60 65 70 75

D E

Fig. 2—49-year-old patient with high-grade glioma who underwent combined 3-T MR perfusion protocol.
A, Contrast-enhanced gradient-recalled echo T1-weighted image shows cystic rim-enhancing lesion with solid frontal parts.
B and C, In accordance with the Standardization of Acquisition and Post-Processing study, combined protocol of dynamic contrast-enhanced (DCE) MR perfusion 
(transfer constant map, B) was obtained first with 0.05 mmol/kg gadobutrol at 2 mL/s and 20 mL saline flush followed by dynamic susceptibility contrast-enhanced (DSC) 
MR perfusion imaging (relative cerebral blood volume map, C) with 0.05 mmol/kg gadobutrol at 5 mL/s and 20 mL saline flush.
D, Although small amount of contrast medium was used, signal intensity–time curve for DCE MR perfusion shows excellent contrast enhancement, resulting in high-
quality perfusion maps.
E, Concentration-time curve for DSC MR perfusion shows short and sufficient bolus geometry and was not influenced by preload of contrast medium.
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based contrast agent has been recommend-
ed in DCE MR perfusion, most often us-
ing the variable flip angle approach [14, 41]. 
For the more sophisticated user who would 
like to quantify the data, T1 mapping with a 
variable flip angle has been proposed. Fur-
thermore, obtaining T1 measurements both 
before and after dynamic imaging has also 
been proposed as a means of increasing the 
accuracy of the conversion of signal intensi-
ty versus time to gadolinium-based contrast 
agent concentration versus time [42–44].

Combined Dynamic Contrast-Enhanced and 
Dynamic Susceptibility Contrast-Enhanced  
MR Perfusion Protocols

When using advanced or multimodal MRI 
protocols, how can we integrate DCE and 
DSC MR perfusion into our protocols? What 
should we measure first, and how should we 
combine these with other functional methods?

Both sequences can be performed in a sin-
gle MRI protocol, with the DCE sequence 
performed before the DSC sequence (Fig. 2). 
The first injection serves two functions: first 
as a preload of gadolinium-based contrast 

agent to help compensate for leakage correc-
tion for DSC imaging and, second, to provide 
dynamic data for calculation of permeability 
metrics. Because there is an approximate 5- 
to 8-minute interval recommended between 
the two injections, an intervening sequence, 
such as diffusion-weighted imaging, can be 
performed between DCE and DSC MR per-
fusion sequences. If combined permeability 
and perfusion MRI is being performed, it is 
recommended that the dose be split into two 
equivalent injections followed by a minimum 
10-mL saline flush for each.

A single dose (0.1 mmol/kg of body weight) 
can only be split if a new-generation gadolini-
um-based contrast agent (e.g., gadobutrol, a 
high-relaxivity and high-concentration gado-
linium-based contrast agent) and a modern or 
high-field scanner are used. With standard 
equipment or a standard gadolinium-based 
contrast agent, a higher total dose should be 
considered when two injections are used.

The recommended injection scheme for the 
single or combined use of DSC and DCE MRI 
is as follows: For DCE MRI, the recommended 
injection protocol is 2 mL/s for 0.05 mmol/kg 

of gadobutrol. Hand injection or lower rate of 
injection is acceptable, but automated injec-
tion is preferred for reliability and consisten-
cy. For DSC MRI, the recommended injec-
tion protocol is 5 mL/s for 0.05 mmol/kg of 
gadobutrol at a minimum rate of injection of 
3 mL/s. Automated injection is required. The 
IV catheter that is used must be able to sus-
tain these injection rates. This information 
can be found on the catheter label.

Injection Device
Because both contrast-enhanced methods 

(DSC and DCE MR perfusion) are based on 
dynamic acquisition of imaging data while a 
contrast bolus is passing through the tissue of 
interest, the use of a power injector for bolus 
injection is mandatory. The automated injec-
tion is used to allow a fast injection as needed 
for DSC MR perfusion and to deliver a stan-
dardized and reproducible administration of 
gadolinium contrast agent as recommended 
for DCE MR perfusion [12, 13]. IV injection 
into the right arm can decrease the risk of sig-
nificant contrast agent reflux into the jugular 
vein [45].
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Fig. 3—29-year-old male volunteer. (Reprinted with 
permission from [49])
A–C, Sagittal scout MR image (A) shows paraxial 
position (line) of images in B and C, which are 
transverse single-section dynamic susceptibility 
gradient-echo MR images of middle cerebral artery, 
putamen, cortex, and white matter. Regions of 
interest marked for arterial input function (B) and in 
putamen (C) are shown.
D and E, Signal intensity–time curves show 28 mL of 
1.0 mol/L gadobutrol formulation (D) and 56 mL of 0.5 
mol/L gadobutrol formulation (E) in putamen.
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The use of a power injector should allow 
the injection of a second bolus of saline at the 
same speed immediately after the contrast me-
dia injection. Ideally, this saline flush should 
be 25 mL (range, 10–30 mL) injected at the 
same rate to push the gadolinium-based con-
trast agent bolus toward the heart.

Contrast Media
For DSC MR perfusion and DCE MR per-

fusion, we need to inject gadolinium-based 
contrast agent. The first MR contrast agent, 
gadopentetate dimeglumine (Magnevist, Bayer 
HealthCare), entered clinical trials for MRI of 
the brain in 1985 [46] and was marketed initial-
ly in parts of Europe and Asia in 1988 and later 
in the United States. Since then, other gado-
linium-based contrast agents have been devel-
oped and are now available in many countries.

All gadolinium-based contrast agents are 
paramagnetic, i.e., they gain magnetic prop-
erties in a strong magnet field and reduce the 
T1 and T2 relaxation times of nearby wa-
ter protons. The gadolinium-based contrast 
agents currently approved for the diagnosis 
of CNS diseases are gadopentetate dimeg-
lumine (Magnevist), gadoteridol (ProHance, 
Bracco), gadodiamide (Omniscan, GE Health-
care), gadoversetamide (OptiMark, Mallinck-
rodt), gadobenate dimeglumine (MultiHance, 

Bracco), and gadoterate meglumine (Dotarem, 
Guerbet), which is only available in Europe, 
Latin America, and Asia. The next-generation 
gadolinium-based contrast agent is gadobutrol 
(Gadovist, Bayer HealthCare), the first agent 
with a double-gadolinium concentration (1 
molar). The size of this compound is com-
parable with that of conventional gadolinium 
chelates and, in addition to its double concen-
tration, its in vitro relaxivity has been shown 
to be higher (approximately 20–25% in plas-
ma at 1.5 T) compared with other non–pro-
tein-binding gadolinium chelates [47]. The 
higher relaxivity has been shown to be ben-
eficial in many applications [2, 48], leading 
to better contrast enhancement and therefore 
better diagnostic performance. The double 
concentration of this agent reduces the bolus 
volume, which has been shown to be prefer-
ential for MR angiography and specific neu-
roimaging applications such as DSC MR per-
fusion and DCE MR perfusion [1, 49].

When using fast acquisitions with a short 
or ultrashort temporal resolution, we can 
expect an advantage for agents with high-
er concentrations, such as gadobutrol. The 
short bolus geometry enables better determi-
nation of the peak for arterial input function, 
which is of importance for quantification of 
perfusion measurements, e.g., in stroke and 

other indications that require accurate mea-
surements of the perfusion results.

The advantage of a higher gadolinium con-
centration was first presented in a direct com-
parison of gadobutrol at two concentrations 
(with the same total dose) in volunteers [49]. 
In this study, the authors showed the bene-
fits of the 1-M over a 0.5-M concentration of 
gadobutrol for CNS perfusion imaging, which 
is attributable to the sharper bolus peak and 
the increased first-pass gadolinium concentra-
tion related to the lower injection volume [49] 
(Figs. 3 and 4).

In a recent study by Giesel et al. [5], 1-M 
concentrated gadobutrol was compared with 
a half-molar agent for DSC MR perfusion 
at 3 T using an intraindividual comparative 
study design. A significant difference in the 
maximal signal change after contrast media 
administration was found, with a stronger 
signal drop for the 1-M concentrated agent 
both in gray and white matter, also leading 
to better delineation of the tumor boundaries 
in five of six tumor cases (Fig. 5).

Question 4: Is Perfusion MRI Safe?
In general, both DSC and DCE perfusion 

MRI are very safe imaging methods. Besides 
the general MRI risks and contraindications, 
both methods require IV infusion of a gad-
olinium-based contrast agent at a fairly rap-
id injection rate, especially for the DSC MR 
perfusion acquisition.

Scanner-Related Safety Aspects in  
Perfusion MRI

There are no additional safety concerns re-
garding MRI scanners with respect to the dif-
ferent perfusion MRI techniques. Neither the 
echo-planar imaging techniques used for DSC 
MR perfusion and ASL MR perfusion nor the 
gradient-echo technique used for DCE MR 
perfusion have a specific safety concern. They 
are available on most modern MRI scanners 
and do not impact the specific absorption rates 
for radiofrequency deposition [50, 51].

Injection-Related Safety Aspects in  
Perfusion MRI

A second important safety aspect of per-
fusion MRI is the IV injection of the gado-
linium-based contrast agents, including the 
injection rate. Because there is no general rec-
ommendation for the injection rate in standard 
MRI examinations, higher injection speeds 
are especially recommended as is the use of 
an automated injection device for perfusion 
sequences (see Question 3: What Is Needed 

Fig. 4—Mean transit time (left), relative cerebral blood flow (middle), and relative cerebral blood volume (right) 
maps obtained in 36-year-old man after administration of 0.5 mol/L (top) and 1.0 mol/L (bottom) gadobutrol 
formulations. Dynamic susceptibility contrast-enhanced MRI T2* (delay of 6 minutes based on Hu et al. 
[72]). Acquisition time was 45–60 seconds. If measuring T2 relaxation time (R2), then measure up to 2.5 min. 
(Reprinted from [49])
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to Perform Perfusion MRI?). Explicit evalu-
ations of the injection rate are often combined 
with questions regarding the image quality 
for special indications such as MR perfusion. 
Consequently, safety information on the in-
jection rate may be drawn from the clinical 
studies. Even in early reports on the safety of 
gadolinium-based contrast agents, no effects 
from the injection speed were recorded [52]. 
However, investigators reported some minor 
injection-site reactions and pain.

Gadolinium-Based Contrast Agent–Related 
Safety Aspects in Perfusion MRI

Gadolinium-based contrast agents are con-
sidered generally safe, with a less than 1% rate 
of acute adverse reactions in retrospective anal-
yses, and they lack the nephrotoxicity associat-
ed with iodinated contrast media [53–55].

Minor adverse effects occur infrequently 
and include nausea, taste alteration, and hives. 

Whereas the different agents have all proven 
to be safe with respect to the different mild 
adverse effects, recent studies have indicated 
differences in the rate of both mild and severe 
side effects.

Abujudeh et al. [56] compared 32,659 in-
jections and reported that rates of acute ad-
verse reactions to gadopentetate dimeglu-
mine and gadobenate dimeglumine were 
0.14% and 0.28%, respectively. They also re-
ported cases of anaphylaxis, which were as-
sociated only with the use of gadobenate di-
meglumine, providing additional evidence 
that such reactions can occur, albeit rarely.

In a recent report, Prince et al. [57] eval-
uated the severe side effects of gadolinium-
based contrast agents and raised the possibility 
that nonionic linear gadolinium-based contrast 
agents and gadopentetate dimeglumine may 
have fewer severe immediate adverse events 
compared with gadobenate dimeglumine.

Other than acute reactions, gadolinium-
based contrast agents also differ with regard 
to chelate stability, with clinical laboratory ab-
normalities shown for the less-stable agents. 
Gadolinium-based contrast agents can be cat-
egorized by their molecular structure into lin-
ear and macrocyclic groups. Relative to agents 
in the linear group, gadolinium-based contrast 
agents with a macrocyclic structure (gadobu-
trol, gadoterate dimeglumine, and gadoteridol) 
showed increased stability and a reduced pro-
pensity to release gadolinium ions in preclini-
cal experiments that included conditions mim-
icking renal impairment [58].

The dissociation of gadolinium ions from 
MR contrast material chelating agents in cer-
tain contrast media has been associated with 
the rare condition of nephrogenic systemic 
fibrosis in patients with severe renal impair-
ment. In separate initiatives, the U.S. Food 
and Drug Administration and the Commit-
tee for Medicinal Products for Human Use of 
the European Medicines Agency have issued 
guidance on the risk of nephrogenic system-
ic fibrosis associated with each gadolinium-
based contrast medium, placing the macro-
cyclic agents into lowest-risk groups [59, 60].

Question 5: What Are the Future 
Perspectives for Perfusion MRI?  
New Technologic Developments, 
Standardization

Although there remain many limitations 
in the different contrast-enhanced perfusion 
methods and we are still far from a sufficient 
standardization of the clinically available 
perfusion techniques, the acquired parame-
ters are of importance, e.g., for tumor grad-
ing and assessing patient prognosis as well as 
treatment guidance and assessing treatment 
response in both stroke and tumors.

With improvements of image acquisition 
techniques and the improvement and stan-
dardization of postprocessing software in the 
future, DSC, DCE, and ASL MR perfusion 
may receive greater acceptance in the every-
day clinical routine.

Improvement of Acquisition Techniques
Technical improvements may come from the 

broader use of higher-field systems [61–63], 
compressed sensing [64], view sharing, and 
parallel imaging. Using a higher field provides 
a substantially higher SNR that one can invest 
in an improved speed or higher resolution.

Compressed sensing has become an impor-
tant tool for the acceleration of imaging times 
in MRI and is achieved by enabling the recon-
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Fig. 5—Intraindividual comparison between gadobutrol and gadopentetate dimeglumine  for MR perfusion in 
intracranial tumor at 3 T. (Reprinted with permission from [5])
A and B, Maximum concentration color maps show perfusion-weighted images with gadobutrol (A) and 
gadopentetate dimeglumine (B).
C and D, Graphs show signal intensity–time curves for whole tumor with gadobutrol (maximum signal drop, 
446.98; full width at half-maximum [FWHM], 15.14) (C) and gadopentetate dimeglumine (maximum signal drop, 
421.59; FWHM, 13.82) (D).
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struction of subsampled data. Similarly the ap-
plied algorithms can be used to improve both 
the temporal and spatial resolution of DCE 
MR perfusion, and several works describing 
retrospective simulations have shown the fea-
sibility of such improvements.

View sharing allows a faster acquisition 
for MR angiography but can also be applied 
for DCE MR perfusion assessments. Initial 
results exist for lung perfusion [65], and a 
recently described fat-suppressed approach 
[66] might improve the DCE MR perfusion 
results in head and neck indications.

Methodologic and first clinical studies de-
scribe a significant artifact reduction, the pos-
sibility of faster acquisition, and a more robust 
assessment of the structural and functional pa-
rameters with the use of parallel imaging [67].

For ASL, the use of higher-field strengths 
(i.e., 3 T or higher), use of a phased-array coil 

as the receiver, and introduction of fast 3D se-
quences as an alternative to traditional echo-
planar imaging approaches are some techni-
cal modifications that may improve SNR and 
image quality of ASL [25, 51, 68–72]. 

Improvement of Postprocessing and 
Standardization

Standardization of an optimized protocol 
across centers is an important objective, with 
benefits for the uniform performance and in-
terpretation of MRI studies. However, vari-
ability between centers in the equipment 
and the data-interpretation software that are 
available and a lack of trial evidence to con-
firm the clinical benefit of novel MR tech-
niques represent barriers to standardized pro-
tocol implementation.

Efforts such as the Acute Stroke Imaging 
Standardization Group [73], Stroke Imaging 

Fig. 6—Left temporal grade 3 glioma imaged in 
accordance with Standardization of Acquisition and 
Post-Processing study protocol.
A–E, Nonenhancing part of lesion (A and B) shows 
mild increase in plasma volume (vp) image (C). 
Transfer constant (ktrans) (D) shows no abnormality 
whereas relative cerebral blood volume image (E) 
clearly shows high value as marker of anaplastic 
transformation.
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E

Repository Consortium [74], Radiological So-
ciety of North America Quantitative Imaging 
Biomarkers Alliance [75], the National Can-
cer Institute Quantitative Imaging Network 
[76], and Standardization of Acquisition and 
Post-Processing Study [77] have been created 
to facilitate the standardization, development, 
and validation of quantitative imaging biomar-
kers (Fig. 6). To transform radiology from a 
qualitative effort into a quantitative science, 
work must progress on making “measuring” 
devices rather than “imaging” devices [75].
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