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INTRODUCTION

A growing number of neurological conditions have been found to be related to im-
paired integrity of the blood-brain barrier (BBB) [1]. To investigate the role of the BBB in 
these diseases, in vivo methods that can measure BBB disruption, even if it is very subtle, 
are required. Dynamic contrast-enhanced MRI (DCE-MRI) is a noninvasive imaging tech-
nique that can be used to elucidate BBB permeability/vascularity features through con-
secutive imaging acquisitions after administering a gadolinium-based contrast agent 
(GBCA) [2]. Over the past several decades, techniques and protocols of DCE-MRI have 
evolved, leading to its growing applications for different neurological disorders. Although 
most established applications of DCE-MRI are for studying tumors, an increasing number 
of studies have been evaluating the use of DCE-MRI for neurodegenerative and other 
miscellaneous diseases. The purpose of this article was to provide an overview of DCE-
MRI and its clinical applications in various neurological diseases. Before elaborating on 
DCE-MRI, we will briefly discuss the anatomy and role of the BBB in the central nervous 
system (CNS). 
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Dynamic contrast-enhanced MRI (DCE-MRI) is a noninvasive imaging technique used 
to evaluate tissue vascularity/permeability features through consecutive imaging acqui-
sitions after gadolinium-based contrast agent administration. Over the past several de-
cades, techniques and protocols for DCE-MRI have evolved, leading to growing applica-
tions of DCE-MRI for different neurological disorders. Although most established 
applications of DCE-MRI are for studying tumors, an increasing number of studies have 
been evaluating the use of this technique for neurodegenerative and other miscellaneous 
diseases. The purpose of this article was to provide an overview of DCE-MRI and its 
clinical applications in various neurological diseases.
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BBB

The BBB is a selectively permeable border of endothelial 
cells that can prevent solutes in the circulating blood from 
crossing into the extracellular fluid of the CNS [3]. The BBB 
functions as both a barrier and an interface between the vas-
culature and brain parenchyma. By regulating molecular trans-
portation from capillaries into neuronal tissues and vice ver-
sa, the BBB maintains homeostasis of the CNS [4]. The BBB 
consists of endothelial cells that line the capillaries. Endothe-
lial cells are connected by tight junctions and pericytes that 
wrap around endothelial cells with astrocytic end feet encir-
cling them (Fig. 1) [5]. In many neurological disorders, a dis-
ruption of the BBB integrity plays an important role in the 
pathogenesis or outcome of the disease [1]. Therefore, it is 

crucial to evaluate BBB integrity using MRI to elucidate the 
role of BBB disruption in the disease. As disruption of the BBB 
causes extravasation of GBCAs into the extravascular extra-
cellular space (EES), accumulated GBCAs in the EES of the dis-
rupted brain regions can result in shortening of T1 relaxation 
time and finally high T1-weighted signal intensity. Using DCE-
MRI, this T1 enhancement can be measured and reflected in 
regions showing BBB disruption [2]. 

DCE-MRI

DCE-MRI can be obtained from repeated T1-weighted im-
aging acquisitions after intravenous injection of GBCAs, pro-
viding measurements of signal enhancement of the tissue as 
a function of time [2]. After the bolus of a GBCA is injected, 
hemodynamic signals of DCE-MRI depend on T1 relaxation 
time, as gadolinium contrast agents cause paramagnetic ef-
fects, leading to a T1 shortening effect [6]. Thus, the T1 signal 
intensity increases proportional to the concentration of the 
contrast agent in the brain tissue (Fig. 2) [6]. Considering their 
sizes and structure, GBCAs cannot pass an intact BBB of a 
healthy brain. However, when there is the disruption of the 
BBB, degraded tight junctions enable GBCAs to extravasate 
into the extravascular extracellular space through the dis-
rupted BBB. Finally, accumulated GBCAs in the extravascular 
extracellular space can lead to increased T1-weighted signal 
intensity [7]. Combining tissue perfusion and permeability of 
capillaries using pharmacokinetic computations, BBB permea-
bility can be determined. Details of the analysis are described 
below. 

DCE-MRI Data Analysis
Signal changes on a dynamic acquisition of T1-weighted 

images can be assessed either by analyzing signal intensity 
changes (semiquantitative) or by quantifying changes in con-
trast medium concentrations using a pharmacokinetic mod-
eling technique. In this review, we will focus on quantitative 

Astrocyte end-feet

Tight junction

Endotheial cell

Pericyte

Gd

Gd
Gd

Gd

Ktrans

Ve

Vp

Fig. 1. Schematic figure showing the neurovascular unit and blood-
brain barrier. Leakage of gadolinium (Gd)-based contrast agent across 
the disrupted blood-brain barrier from the capillary blood plasma 
space (Vp) to the extravascular extracellular space (Ve) and the per-
meability surface area product per unit volume of tissue (Ktrans) are 
exhibited.

Fig. 2. Illustration of dynamic contrast-enhanced MRI in a patient. The repeated T1-weighted imaging acquisition after gadolinium-based 
contrast agent enables calculation of the dynamic signal enhancement and finally quantitative pharmacokinetic parameters.
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pharmacokinetic modeling techniques widely used in the re-
search field of neuroradiology. 

Quantitative pharmacokinetic model-based approaches aim 
to offer kinetic measures with a direct relationship to tissue 
properties. They are simpler to interpret and less sensitive to 
the acquisition protocol than semiquantitative analyses [8]. 
Toft and colleague [9,10] first introduced a pharmacokinetic 
model-based analysis for DCE-MRI to calculate permeabili-
ty of the BBB through a mathematical model. To describe 
and analyze the distribution of GBCAs, classical pharmacoki-
netic models generally use linear compartmental models. A 
compartment is defined as a distinguishable tracer distribu-
tion space. In this space, the contrast agent spreads freely [11]. 
However, the transport between adjacent compartments is 
somewhat hindered, resulting in different time concentration 
courses of GBCAs in each compartment [11].

There are three commonly used pharmacokinetic models: a 
two-compartment model, an extended Toft model, and the 
Patlak model (Fig. 3) [8]. The most commonly used model is 
the extended Toft model [9], which describes a highly per-
fused two-compartment tissue, considers bidirectional trans-
port between blood plasma and the EES, and offers four prin-
ciple parameters: volume transfer constant, Ktrans (min-1); volume 
of EES fractional volume, Ve (0 < Ve < 1); flux rate constant 
between EES and plasma, kep (min-1); and fractional plasma 
volume, Vp (Table 1) [8,9]. The Ktrans and the EES relate to the 
fundamental physiology, whereas the rate constant is the ra-
tio of the transfer constant to the EES [12]: 

kep = Ktrans/Ve.

Under flow-limited conditions, Ktrans equals blood plasma 
flow per unit volume of tissue. Under permeability-limited 
conditions, Ktrans equals permeability surface area product per 
unit volume of tissue. Therefore, if assumptions of the model 
are met (i.e., the flow is high enough and the rate of contrast 
extravasation is low enough to ensure equal concentrations 
in the arteries and capillary bed), then Ktrans ≈ permeability 
surface is a good assumption. Therefore, Ktrans can indicate the 
permeability in most neuroimaging studies [13]. The extend-
ed Toft model enables us to calculate the fractional plasma 
volume Vp and separates enhancement effects from contrast 
leakage from those from intravascular contrast [8].

The Patlak model can be considered a special case of the 
extended Tofts model that ignores back-flux from the EES into 
the blood plasma compartment. Consequently, it only allows 
for estimation of two parameters Ktrans and Vp [8]. Vp represents 
the capillary blood plasma volume fraction in a tissue. The 
Patlak model is now widely recommended for measuring slow 
leakage of the BBB in small vessel disease or neurodegenera-

tive disease because back-flux from the EES to the capillaries 
is negligible in subtly leaking tissues [14]. 

It is essential to consider the appropriateness of pharma-
cokinetic models in relation to a particular condition and ac-
quisition protocols pertaining to the study. For example, the 
assumption of high tissue perfusion might be inappropriate 
for modeling rapid concentration changes that occur around 
the time of the first pass after a bolus injection—this might be 
corrected by excluding early data points from the fitting [8,15]. 
In this context, Ktrans measurements in acute ischemic condi-
tions could also be confounded by low tissue perfusion. Fur-
ther assumption of negligible back-flux across the BBB might 
also be invalid for relatively high leakage rates sometimes 
found in stroke or tumor lesions [14]. 

DCE-MRI APPLICATIONS IN NEUROLOGICAL 
DISEASES

Recently, there have been a growing number of DCE-MRI 
studies investigating BBB integrity and its association with 
diseases [1]. In this review paper, we will review applications 

Table 1. Quantitative Parameters of Dynamic Contrast-Enhanced 
MRI

Parameters Represents Unit

Ktrans Volume transfer constant (or coefficient) 
  between blood plasma and extravascular 
  extracellular space (EES)
≒ permeability surface area product 
  (non-flow-limited situation)
≒ cerebral blood flow (flow-limited 
  situation)

min-1

Ve Volume of EES per unit volume of tissue,
0 < Ve < 1

None

kep Rate constant between EES and blood 
  plasma
Reflux rate

min-1

Vp Fractional plasma volume None

Fig. 3. Schematic illustrations of extended Toft model, Patlak model, 
and parameters.
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of DCE-MRI for investigation of pathogenesis, diagnosis, and 
prediction of disease prognosis in neurological diseases. 

Brain Tumors
DCE-MRI applications in brain tumors have been widely in-

vestigated in the literature. DCE-MRI is mainly applied to gli-
omas for accurate diagnosis, evaluation of treatment re-
sponse, and prediction of progression. The presence of 
enhancement in brain tumors is considered to be due to in-
creased vascular permeability as a result of BBB breakdown 
in contrast to non-enhancing tumors. Through DCE-MRI ap-
plications, we can widen this concept to quantifiable DCE-
MRI-derived parameters.

It is largely accepted that higher grade glioma shows high-
er Ktrans, Ve, and Vp values than lower grade glioma. Among 
various DCE parameters, Ktrans is considered the most useful 
imaging biomarker for grading gliomas [16-20]. In glioblas-
toma, the BBB is partially destroyed in preexisting vessels and 
the BBB in angiogenic vessels forms imperfectly. Therefore, 
contrast leakage might be increased in poorly integrated ves-
sels [21]. The recently introduced World Health Organization 
(WHO) classification of brain tumors includes molecular diag-
nostic criteria as well as traditional histopathologic features 
[22]. Increased Ktrans and Vp values were observed in epidermal 
growth factor variant III (EGFRvIII)-positive glioblastoma [17]. 
Ahn et al. [23] have also found that glioblastomas with O6-
methylguanine-DNA methyltransferase (MGMT) methylation 
have higher Ktrans values than those without methylation [23]. 
The same group also found that Ktrans values were lower in low-
er grade gliomas with MGMT methylation than in those with-
out methylation, suggesting that DCE-MRI might also be as-
sociated with molecular markers [24]. 

DCE-MRI can be also applied in tumor differential diagno-
sis. An atypical presentation of primary CNS lymphoma might 
be indistinguishable from glioblastoma on conventional brain 
MRI. As lymphoma exhibits a distinctive difference in vascu-
lar permeability compared with glioblastoma, T1-dominant 
leakage and thereby higher Ktrans and kep values were observed 
in lymphoma than in glioblastoma [25,26]. Furthermore, pre-
treatment Vp and Ktrans values might be prognostic biomarkers 
of progression in patients with lymphoma [27]. Ktrans parame-
ters were also found to predict treatment response in pa-
tients with lymphoma [28]. In terms of differential diagnosis 
of glioblastoma and metastasis, another challenging task for 
radiologists is that there are no significant differences be-
tween glioblastoma and metastases of different origins. How-
ever, hypovascular metastasis could be differentiated using 
Vp value, area under the curve, and logarithmic slope of the 
wash-out phase of DCE-MRI [29]. Another study has also 
confirmed that there is no difference between glioma and 

metastasis in terms of the Ktrans value, although higher Ktrans 
values of peritumoral edema area are found in glioma than in 
metastasis [30]. 

A meta-analysis has demonstrated that DCE-MRI has high-
er diagnostic accuracy than diffusion-weighted MRI and per-
fusion MRI in differentiating between treatment-induced changes 
and progression [31]. Increased Ktrans values have been report-
ed in recurrent enhancing lesions compared with radionecro-
sis, which may help differentiate a tumor from radionecrosis 
[32,33]. In patients with glioblastoma, DCE-MRI may be also 
applied to differentiate progression from pseudoprogression. 
It is known that Ktrans, Ve, and Vp values are higher in progres-
sion than in pseudoprogression [34-36]. Recently, a radiomics 
analysis of DCE-MRI has shown that features obtained from 
Ktrans can achieve a good accuracy in detecting pseudoprogres-
sion [37]. In particular, in patients with glioblastoma treated 
with bevacizumab, a higher mean kep was associated with short-
er progression-free survival (PFS) and overall survival, sug-
gesting that pretreatment mean kep might be a useful value 
for predicting response to bevacizumab treatment [38]. 

DCE-MRI in brain tumors might have an added prognostic 
value compared with that in gliomas. Higher Ktrans and Ve or Vp 
values are also associated with a worse prognosis in patients 
with glioblastoma [39,40]. Kim et al. [41] have also found high-
er mean Ve values in patients with anaplastic astrocytoma 
with a shorter PFS (<18 months) than in those with a longer 
PFS. A radiomics approach with DCE-MRI has also been shown 
to be useful for predicting the prognosis of patients with glio-
blastoma as a radiomics risk score from DCE-MRI has been 
found to be associated with PFS [42]. 

Neurodegenerative Disease

Cerebral Small Vessel Disease
Cerebral small vessel disease (cSVD) covers a wide array of 

pathologies involving dysfunction of small vessels of the brain. 
White matter hyperintensities (WMHs) are a common finding 
in the elderly population and a major feature of cSVD [43,44]. 
While their pathogenesis remains unclear, BBB leakage is the 
most accepted hypothesis regarding the origin of WMH [14]. 

Li et al. [45] have assessed BBB permeability in patients with 
a low, medium, or high burden of cSVD. They found that glob-
al BBB permeability was associated with a higher WMH bur-
den. Another study by Wardlaw et al. [46] also found a rela-
tionship between BBB permeability and WMH burden in 
patients with cSVD. The authors found that the healthy white 
matter surrounding WMHs showed increased BBB permeabil-
ity, suggesting that BBB disruption might precede later ex-
tensions of WMH lesions. Moreover, a study with both dy-
namic susceptibility contrast MRI and DCE-MRI in patients 
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with cSVD has shown a negative correlation between cerebral 
blood flow (CBF) and BBB leakage in perilesional zones of 
WMH lesions, suggesting that both BBB and CBF are regulat-
ed in the neurovascular unit and that this negative correlation 
might be due to physiologic regulation of the neurovascular 
unit [47]. 

Alzheimer’s Disease 
Vascular contribution to pathophysiology of Alzheimer’s 

disease has been increasingly recognized. As such, BBB break-
down is now considered an important factor in the develop-
ment and progression of Alzheimer’s disease [48]. 

Montagne et al. [49] first reported their findings of in-
creased BBB permeability in the hippocampus of patients with 
mild cognitive impairment (MCI) compared with normal con-
trols. A further follow-up study also confirmed locally in-
creased BBB permeability in patients with MCI [50]. Interest-
ingly, this study exhibited BBB permeability of the medial 
temporal lobe as an independent early imaging biomarker of 
cognitive impairment unrelated to β amyloid or tau patholo-
gy [50]. In a DCE-MRI study of early Alzheimer’s disease, global 
BBB leakage found in patients with early Alzheimer’s disease 
was associated with cognitive decline [51]. In a follow-up 
study, the group also observed a global decrease in CBF in the 
gray matter of patients with early Alzheimer’s disease, which 
was correlated with increased BBB leakage [52]. APOE4, the 
strongest risk factor gene for Alzheimer’s disease, has also 
been suggested to be related to increased BBB permeability 
in both patients with MCI and cognitively normal controls, 
supporting that the involvement of BBB dysfunction occurs 
early in the course of Alzheimer’s disease [53,54]. 

Other Neurodegenerative Diseases
Various neurodegenerative disorders share pathological al-

terations of the vessel wall, resulting in BBB disruption which 
may initiate multiple pathways of neurodegeneration [55]. A 
DCE-MRI study has found increased BBB leakage in the sub-
stantia nigra and posterior white matter regions of patients 
with Parkinson’s disease compared with healthy controls [56]. 
In patients with Huntington’s disease, positive correlations of 
increased BBB permeability in the caudate nucleus with in-
creases of disease burden score and gray matter cerebral blood 
volume have been demonstrated [57]. DCE-MRI studies in 
patients with multiple sclerosis (MS) have similarly estab-
lished the presence of increased BBB leakage in white matter 
in MS, particularly in active MS lesions [58-60]. 

Stroke
There are not many studies using DCE-MRI in the field of 

stroke. As expected, acute ischemic stroke lesions showed 

higher Ktrans values than contralateral normal tissues. These 
values were further increased at follow-up, suggesting in-
creased BBB permeability along the disease course [61]. Hem-
orrhagic transformation, a major complication of reperfusion 
therapy, might be also predicted by increased BBB permeabil-
ity assessed by DCE-MRI as oxidative stress due to ischemic 
stroke can cause BBB disruption [62]. Furthermore, permea-
bility changes observed from kinetic curves might also predict 
future development of new stroke in patients with transient 
ischemic attacks [63]. 

Miscellaneous Diseases 
DCE-MRI has been applied to the assessment of BBB dys-

function in many other neurological diseases such as traumat-
ic brain injury, migraine, and reversible vasoconstriction syn-
drome as BBB disruption has received increased attention as 
one of the major pathophysiological causes of many different 
diseases [64-66]. A recent study has found increased Ktrans but 
decreased Vp values following traumatic brain injury in vulner-
able areas, including the brain cortex and cerebellum [64]. Kim 
et al. [65] have found that patients with migraines tend to have 
lower Vp values in the amygdala in association with height-
ened permeability in the BBB, as depicted on DCE-MRI [65]. 
In patients with reversible vasoconstriction syndrome, micro-
scopic brain permeability is also increased during acute stag-
es, although macroscopic BBB disruption is not found [66]. Dy-
namic changes in BBB permeability might be related to impaired 
cerebral microvascular compliance of reversible vasoconstric-
tion syndrome. 

LIMITATIONS

There are some limitations in using DCE-MRI. First, in cases 
of low leakage status, the detection of BBB leakages by DCE-
MRI is difficult compared to that of large BBB leakages seen 
in brain tumors, acute ischemic stroke, and large arterial in-
fracts [14,67]. Thus, when using the Patlak model, there are 
risks for underestimated results [68]. Ktrans can also be overes-
timated especially in areas with large blood vessels, which can 
be a problem when analyzing the whole brain as well as in-
teresting areas [69]. In addition, the ideal acquisition time for 
fine BBB permeability measurement is at least 10 to 15 min-
utes. Such a long time of measurement is practically impos-
sible in the clinical field [8,14,68]. There is a reproducibility is-
sue when applying DCE parameters directly to clinical practice 
as consensuses for imaging instrumentation, setup proce-
dures, imaging technique, contrast injection protocol, model-
ing techniques, and arterial input function are lacking [70-74]. 
Furthermore, previous researches have reported significant 
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errors in calculated DCE-MRI pharmacokinetic parameters 
among different perfusion analysis software packages, result-
ing in poor inter-software reproducibility [70,75,76]. If these 
problems are not properly evaluated, the reliability of DCE-
MRI results will inevitably be low. To solve this problem, DCE-
MRI data for a larger number of participants in multi-centers 
are needed. Further research should be conducted with more 
data accumulated to build standardized multivendor protocols.

CONCLUSIONS AND FUTURE DIRECTIONS

A growing number of clinical studies have been published. 
They suggest the possibility of DCE-MRI acquisition and 
quantification of BBB integrity for research into the patho-
physiology, diagnosis, and evaluation of treatment responses 
of brain tumors and neurodegenerative diseases. However, 
even with a large number of DCE-MRI studies, assessment of 
BBB disruption is mostly applied in research settings. It has 
not been applied in routine clinical practice yet. To overcome 
these issues, standardized MRI protocols are needed for image 
acquisition as well as for data analysis to compare studies with 
large study populations over various sites. In conclusion, DCE-
MRI is the imaging method that is the most widely used to 
measure BBB integrity. Through standardization with large 
clinical studies, its roles might be expanded not only in the 
research field, but also in the real world in the near future. 
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