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Abstract: Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) consists 

of the continuous acquisition of images before, during, and after the injection of a contrast 

agent. DCE-MRI allows for noninvasive evaluation of tumor parameters related to vascular 

perfusion and permeability and tissue volume fractions, and is frequently employed in both 

preclinical and clinical investigations. However, the experimental and analytical subtleties 

of the technique are not frequently discussed in the literature, nor are its relationships to 

other commonly used quantitative imaging techniques. This review aims to provide 

practical information on the development, implementation, and validation of a DCE-MRI 

study in the context of a preclinical study (though we do frequently refer to clinical studies 

that are related to these topics). 
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1. Background and Motivation 

After tumors reach approximately 1 mm in diameter, diffusion can no longer provide the nutrients 

necessary to maintain growth, causing tumors to begin recruiting blood vessels; the well-known 

process of angiogenesis [1]. Angiogenesis is a hallmark of tumor development and progression, and 

pathological angiogenesis results in vessels that are characteristically distinct from those formed 

during physiological angiogenesis. Specifically, the vasculature in pathological angiogenesis is highly 

permeable, fragile, non-hierarchical, and torturous compared to normal vasculature. Given the 

propensity of angiogenesis in tumor progression, many anti-tumorigenic drugs have been developed to 

target this process. A common target for anti-angiogenic drugs is the cytokine vascular endothelial 

growth factor (VEGF), which is implicated in both physiological and pathologic angiogenesis, and is 

overexpressed in many tumor types [2,3]. For example, bevacizumab (Avastin®), a humanized 

monocolonal antibody, inhibits VEGF and has been used clinically for various types of cancer, 

including colorectal cancer, metastatic breast cancer, and recurring gliomas [4–10]. Sorafenib and 

sunitinib are tyrosine kinase inhibitors. They act by preventing signal transduction during angiogenesis 

by acting against the internal phosphorylation site of VEGF receptors to prevent ATP binding [3]; 

clinical trials have indicated their propensity to modestly prolong median survival in a variety of 

cancers [11–15]. In addition to being a target of anti-cancer therapies itself, tumor vasculature is also 

the means by which more conventional therapies are delivered to the tumor cells themselves and, 

therefore, is fundamental to understanding tumor response to treatment. 

In order to test the efficacy of anti-vascular drugs in both the preclinical and clinical settings, it is 

important to non-invasively, serially, and quantitatively evaluate their effects on tumor vasculature. 

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) has been shown to be sensitive 

to characteristics of vasculature such as vessel perfusion and permeability, as well as vascular and 

extravascular volume fractions [16,17]; thus, it has the potential to serve as an imaging biomarker of 

the response of tumors to anti-vascular therapies [18–26]. These studies have demonstrated that DCE-MRI 

has the potential to become an accepted non-invasive indicator of tumor vascularity and therefore, 

ultimately, a biomarker of treatment response. 

The goal of this contribution is to provide a survey of the current state of DCE-MRI in preclinical 

models of cancer and to provide a practical examination of the methodology of DCE-MRI. 

Furthermore, as multi-modality imaging becomes more common (see, e.g., [27–31]), we highlight 

several imaging metrics (particularly, positron emission tomography methods) that could prove to be 

complimentary to the data returned from a quantitative DCE-MRI study. 
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2. Basic Theory of DCE-MRI 

2.1. Calibrating the Concentration of Contrast Agent to Measured MRI Parameters 

Implementation of DCE-MRI entails the pharmacokinetic characterization of an injected contrast 

agent (CA) as it enters and exits the region under investigation (e.g., an individual voxel or a region of 

interest (ROI) within a tumor). Unlike CT or X-ray contrast agents, for which there is a linear 

relationship between the concentration of CA and the measured signal, MRI CAs indirectly alter the 

signal by shortening the native relaxation times of (most commonly) the hydrogen nuclei in water. In 

particular, DCE-MRI is concerned with the effect on the longitudinal relaxation time, T1. (Dynamic 

susceptibility contrast enhanced MRI, DSC-MRI, is concerned with T2 and T2
* effects and the 

interested reader is referred to [32].) The ability of a CA to enhance relaxation is quantified by its 

“relaxivity”, which describes how the R1 (= 1/T1) relaxation rate of the tissue is changed with respect 

to CA concentration; the relaxivity is a CA-specific parameter that also depends on the field strength 

employed in the study. The relaxivity may also vary for different tissue types as a function of tissue 

protein content [33]; however, current work in the field generally assumes a constant relaxivity value 

for a given CA, field strength, and temperature. The most common transformation from CA 

concentration to tissue R1 is given by Equation 1 [34]: 

  1011 RCArR   (1)  

where R10 is the baseline relaxation of the tissue, [CA] is the concentration of the CA in the tissue, and 

r1 is the CA-specific relaxivity (in units of mM−1 s−1). (We note that Equation 1 is a “fast exchange 

limit” relation and assumes a linear relationship between CA concentration and R1; for more 

information on this somewhat controversial point, the interested reader is referred to, e.g., references [35–38]. 

We revisit this point in Section 6.) The effect of the CA results in an increase in the tissue signal 

intensity, to a degree determined by the accumulation of CA, on a T1-weighted imaging sequence. 

Dynamic acquisition of T1-weighted images before, during, and after CA administration allows for the 

generation of a signal intensity time course from a tissue of interest which can then be analyzed 

qualitatively or quantitatively to provide characterization of various features of that tissue’s physiology.  

When discussing 1H MRI, the effectiveness of a CA lies in its ability to alter the rate of relaxation 

of the hydrogen nuclei within the water molecules of the tissue of interest. This interaction is largely 

determined by the number of water molecules in the coordination shell, exchange rate of the 

coordinated and bulk water, the number of unpaired electrons in the CA, and the rotational correlation 

time of the CA. While details of this theory are presented elsewhere [39], here we merely note that the 

most commonly used MRI contrast agents are composed of gadolinium (Gd), which has  

seven unpaired electrons in its outer shell, within an appropriate chelate; gadolinium 

diethylenetriaminepentaacetic acid (Gd-DTPA) is one such molecule. Gd-DTPA is a small  

molecule (~0.6 kDa), stable in vivo, displays rapid clearance, and has shown minimal toxicity, and thus 

is used frequently in clinical (and preclinical) applications [40]. Though Gd-based CAs are generally 

considered quite safe, associations have recently been made between such agents and Nephrogenic 

Systemic Fibrosis (NSF) [41]; ongoing research is investigating the relationship between Gd-based 

CAs and this disease [42–46]. We note that the relaxivity of Gd-DTPA is on the order of 4 mM−1 s−1 at 
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1.5 T [47] and that the design of more effective CAs is a field of active research [48]. In this review, 

we focus on the commonly used small molecule Gd-chelates; the interested reader is referred to 

references [49–51] for discussions of other CAs, including macromolecular CAs. 

2.2. Classes of DCE-MRI Methods 

DCE-MRI is actually a class of techniques in which the individual approaches are characterized by 

whether they provide qualitative, semi-quantitative, or quantitative data. Qualitative and semi-quantitative 

analysis of DCE-MRI data examine characteristics such as maximum uptake of the contrast agent, 

wash-in/out rates, and the area under the signal intensity curve [52], while quantitative analysis of the 

data requires modeling of the signal intensity curve to extract physiologically-related parameters. 

Methods from all three categories have been employed for tissue curve analysis and have been shown 

to correlate with treatment response [20,21,53–60]. There are distinct advantages and disadvantages 

associated with all three types of analysis, based mainly on the data acquisition required and the 

specificity of the evaluated information. 

2.2.1. Qualitative Methods 

Qualitative analysis relies on an evaluation of the signal intensity curve behavior in the voxel or 

ROI. The shape of the curve is typically placed into one of three general categories: type I, type II, or 

type III [61–64]. A type III shape is defined by the decrease in signal intensity after the peak signal 

intensity achieved during the initial phase of the curve. Type II curves display a signal intensity that 

remains relatively constant in time after the initial peak. The final category, type I, defines a curve in 

which the signal intensity continues to increase during the acquisition time. Representative curves for 

each of the three categories are shown in Figure 1. The advantage to qualitative analysis is that the 

only necessary component is the dynamic signal intensity curve; in particular, qualitative analysis does 

not necessitate acquisition of the pre-contrast T1 map (Section 2.3) or knowledge of the arterial input 

function (AIF - Section 2.5). However, a major disadvantage to a qualitative analysis is that it does not 

provide quantitative parameters that are directly related to the underlying physiological tissue 

characteristics. It also makes comparisons between results achieved at different sites difficult because 

signal intensity has no physical units and can be influenced by technical image acquisition parameters. 

However, this does not eliminate the benefit of qualitative analysis, as evaluation of curve shape has 

been able to discriminate, e.g., between benign and malignant breast tumors [64,65]. (It should be 

noted that qualitative assessment of tumor morphology is often used as an adjunct to DCE analysis, 

and, in fact, can be improved by assessing the morphology of the enhancing region in a DCE 

acquisition; the interested reader is referred to, e.g., [66–69].). 

2.2.2. Semi-Quantitative Methods 

Semi-quantitative analysis consists of a group of parameters that require calculation based on curve 

properties. Typical semi-quantitative values are area under the curve (AUC), enhancement, time to 

peak, and wash-in/wash-out slope [63,70] as illustrated in Figure 2. The initial AUC is calculated as 

the area under the voxel or ROI signal intensity (or concentration, if the pre-contrast T1 map is 
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obtained) curve from the time of injection to some designated time post-injection, usually 60 or 90 s. 

The enhancement is quantified as the change in signal intensity from baseline, divided by the baseline 

signal intensity value. Time to peak is designated as the time from injection of the CA to the maximum 

of the signal intensity curve. The wash-in and wash-out slopes are defined as the slope of the dynamic 

curve from the point of injection to the peak of the curve, and the slope from the peak until the end of 

acquisition, respectively. The benefits and disadvantages related to semi-quantitative analysis are 

similar to those in the qualitative analysis. Namely, benefits of a semi-quantitative DCE-MRI approach 

include the less complicated and time consuming acquisition requirements (e.g., semi-quantitative 

methods do not require AIF measurement) and the ease with which the post-processing can be 

accomplished. Similar to qualitative approaches, the disadvantages of semi-quantitative approaches 

include that it is difficult to directly relate these measures to underlying physiology, and to compare 

results achieved at different sites. However, broad correlations can be established between  

semi-quantitative parameters and underlying physiology. For example, increased vascular density 

and/or vascular permeability will likely increase the wash-in slope, AUC, and peak enhancement, 

while decreasing the time to peak. Additionally, the cell density of the region can affect the wash-out 

slope by decreasing the available space for CA to pool. Semi-quantitative methods have been used to 

assess the effect of anti-vascular drugs in clinical [55,56] and preclinical settings [21,57–59]. For 

example, Robinson et al. utilized the AUC for the first 150 s after injection to evaluate the effect of an 

anti-vascular agent on tumor perfusion in a rat model of thyroid cancer [21]. The results showed a 

marked shift in the histogram of voxel-based AUC values after treatment, indicating a decrease in 

tumor perfusion. Marzola et al. used the AUC to evaluate the effect of a tyrosine kinase inhibitor in a 

murine model of colon cancer [58]. The results showed a significant decrease (p < 0.05) in the AUC (92 s) 

between the pre-treatment and 24 h post-treatment acquisitions. Tang et al. used the AUC (90 s) to 

determine the effect of tumor necrosis factor α (TNF-α) on tumor microvasculature of colon 

adenocarcinomas implanted on the hind limb of mice [59]. The authors found a significant decrease in 

the AUC at 6 h and 96 h post treatment. 

Figure 1. Three illustrative curve shapes for qualitative Dynamic contrast enhanced 

magnetic resonance imaging (DCE-MRI) analysis. The type III curve consists of a sharp 

uptake, followed by a distinct washout and is frequently a sign of malignancy (see, e.g., 

breast cancer). The type II curve may have a similar uptake, but the rapid washout is 

absent. The type I curve demonstrates gradual, continual uptake over the course of  

the experiment. 
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Figure 2. The figure depicts several parameters that are commonly explored in  

semi-quantitative DCE-MRI analysis. The black line shows a representative signal 

intensity curve. The gray shaded area indicates the initial area under the curve (AUC) for 

the first 90 s after injection of the contrast agent. The blue dashed line represents the wash-in 

slope and the red dashed line represents the wash-out slope. The green dashed line shows 

the enhancement. Finally, the bars between the arrows indicate the time to peak. 

 

2.2.3. Quantitative Methods 

In standard quantitative DCE, the dynamically acquired tissue curves can be fit to appropriate 

mathematical models in order to obtain quantitative parameters that directly reflect physiological 

parameters such as tumor vessel perfusion and permeability and tissue volume fractions. The most 

commonly used model is frequently referred to as the Kety-Tofts model in which the concentration of 

CA is considered in just two compartments, the blood/plasma space (denoted by Cp) and the tissue 

space (denoted by Ct), as shown in Figure 3 [16,71]. DCE-MRI notation was standardized by Tofts et al. in 

1999, where Ktrans represents the volume transfer constant from the plasma space to the tissue space 

and ve is the extravascular-extracellular volume fraction [16]. It is important to note that Ktrans has 

different physiologic interpretations depending on factors such as permeability and blood flow for the 

tissue of interest. This process can be described in four ways: (1) flow limited (areas with high 

permeability); (2) permeability-vessel surface area (PS) limited (areas with low permeability);  

(3) mixed flow and PS (where neither flow nor permeability is the main limiter, but rather a 

combination of the two); and (4) clearance (removal of the CA from the tissue compartment) [16]. 

As Tofts et al. describes, if a homogeneous distribution of CA is assumed in both compartments, 

then the concentration change within the tissue compartment can be described by a linear first order 

ordinary differential equation: 
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This model neglects any fraction of the tissue that may contain vascular space; however, investigators 

have shown that this fraction may not be negligible in several types of cancer [72–74]. Therefore, 

Equation 3 has been amended to include a third parameter to reflect the fraction of vascular space (vp) 

as a part of the tissue space and is described by [74]: 
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trans
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e
trans

  
  (4)  

In these forms, if Cp(t) and Ct(t) are measured, then the data and Equation 3 or 4 can be put into a 

curve fitting routine to extract estimates of Ktrans and ve (and vp) for the tissue data on a voxel-by-voxel 

or ROI basis. A point to consider when performing quantitative DCE-MRI analysis is that different 

optimization schemes can result in different parameter estimates, and hence different software 

packages may produce different results; thus, the same software should be utilized for all analyses 

within a study. 

Figure 3. Two compartment model showing one compartment representing the plasma 

space while the other compartment is the tissue space. The contrast agent leaves the plasma 

space at a rate represented by Ktrans (the volume transfer constant) and returns by Ktrans/ve 

(the efflux constant). 

 

Of the three classes of DCE-MRI analysis, this approach has the clearest correlation to underlying 

physiology. Quantitative parameters have been used to successfully monitor cancer treatment over 

time and have been shown to reflect histological changes in tumor vasculature [20,60,75–78]. Maxwell 

et al. utilized quantitative DCE-MRI to evaluate the effect of a vascular-inhibiting drug in 

carcinosarcomas in rats and found that Ktrans, which decreased post-treatment, corresponded closely  

(r = 0.98, p < 0.001) to the change in blood flow as measured by radiolabelled iodoantipyrine  

uptake [20]. Checkley et al. investigated the effect of a VEGF signal inhibitor on prostate 

adenocarcinoma xenografts using DCE-MRI [60]. The work indicated decreases in mean Ktrans and ve 

for all doses, with significant decreases in Ktrans for doses ≥25 mg/kg and in ve for doses ≥50 mg/kg. 

However, though quantitative parameters have physiological meaning, their interpretation is not 

always obvious a priori; in particular, Ktrans, as noted above. Additionally, quantitative analysis 

requires the most complex and time consuming acquisition, as it is necessary to obtain both a measure 

of the pre-contrast T1 values and a measure of the AIF, which raises particular challenges in small 

animal imaging. Another important consideration is that quantitative parameters can be sensitive to 

errors related to, for example, T1 mapping and AIF characterization. Further, increasing the complexity 
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of the analysis can potentially increase the error in the estimated parameters. For example, a more 

complex model (e.g., the extended model as compared to the standard model) with more free 

parameters will inherently have more error in the parameterization. 

2.3. Pre-Contrast T1 

Implementation of quantitative DCE-MRI (and semi-quantitative analysis, when the curve is 

converted to concentration) requires the native T1 of the tissue (T10). As there is typically not enough 

time to acquire a T1 map at each serial acquisition during and after the injection of CA, the pre-contrast 

T1 map is critical for calibrating the signal change due to the entrance and exit of the contrast agent to 

the time dependent concentration of the CA in the tissue, Ct(t). Rapid and accurate determination of T1 

values is required, but can be quite difficult to obtain in practice. Fortunately, there are several 

methods regularly employed in small animal studies for determining the T1 of tissue [79]. T1 can be 

measured using a standard spin echo sequence to collect several sets of images at a constant TE and a 

varied TR. These image sets are then fit to the spin echo signal intensity equation to estimate a value 

for T1 on a voxel-by-voxel or ROI basis. A common variation to this method is the inversion recovery 

spin echo sequence which acquires multiple images at a set of varied inversion times (TI, delay time 

after inversion pulse), followed by fitting the data to the appropriate signal intensity equation to 

estimate T1. Generally, these methods are long (approximately one hour) and not convenient for many 

in vivo studies. One method to decrease acquisition time is to incorporate fast imaging readouts (e.g., 

echo planar); however, susceptibility distortions limit in vivo applications at high field strengths [80]. 

Alternatively, studies have employed a snapshot FLASH (fast low angle shot) technique, which uses 

many low flip angle acquisitions to collect a signal recovery curve following an inversion  

pulse [81,82]. However, depending on the number of TI’s, acquisition time can be greater than 25 min. 

A very popular method, especially in clinical applications, is a spoiled gradient recalled echo (SPGR) 

sequence with a fixed TR and TE and a varied flip angle [59,83–85]. This method can be used when 

short acquisition times (<10 min) and/or large volumetric coverage is required [86]. However, the 

accuracy of this method largely depends on radiofrequency uniformity, which is well-known to decrease 

with increasing field strength. Thus, it is recommended to acquire a separate imaging sequence to map 

the flip angle and correct for any imperfections [87,88].  

2.4. Requirement of Fast T1 Imaging 

Acquisition of the T1-weighted images before, during, and after CA injection must occur rapidly in 

order to provide the necessary temporal resolution to observe the effect of the CA. However, as is the 

case with all MR imaging, temporal resolution is directly linked to spatial resolution, field of view (FOV) 

and signal-to-noise ratio (SNR). In oncologic applications, it is generally important to cover as much 

of the tumor volume as possible; in addition, the acquisition must be rapid enough to characterize the 

varying CA kinetics in the heterogeneous tumor region. Typical temporal resolutions can range from 

1–30 s, depending on the application. If mapping tumor heterogeneity by modeling tumor CA kinetics 

on a voxel-by-voxel basis is desired, then spatial resolution must be high enough to differentiate the 

details of the lesion. However, increasing the spatial resolution necessarily limits the temporal 

resolution and signal-to-noise of the acquired data. Thus, the relative importance of temporal 
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resolution, spatial resolution, and SNR is dependent on the goals of the study. For this reason, most 

studies employ a heavily T1-weighted SPGR sequence with a minimum TR (to maximize temporal 

resolution) and minimum TE (to minimize T2
* effects). Unfortunately, fast T1 imaging frequently 

necessitates a low spatial resolution which can create problems for characterizing the AIF from small 

diameter vessels (e.g., linguofacial artery). Table 1 summarizes illustrative studies with typical 

sequence parameters where high temporal resolution was chosen over spatial resolution or vice-versa. 

Table 1. Sequence parameters for studies designed to obtain either high spatial resolution 

or high temporal resolution. 

Author, year 

[reference] 

Spatial resolution Temporal resolution Description 

Loveless, 2012 

[89] 

in-plane = 0.27 mm2;  

matrix = 1282;  

slice thickness = 1 mm 

temporal resolution = 25.6 s; 

TR/TE/α = 100 ms/2.82 ms/25° 

Used a population average AIF since assessing 

heterogeneity from whole tumor volume was a priority. 

Study sacrificed temporal resolution for high spatial 

resolution. 

Benjaminsen, 

2004 [90] 

in-plane = 0.5 mm × 0.2 mm; 

matrix = 256 × 128;  

slice thickness = 2 mm 

temporal resolution = 27 s; 

TR/TE/α = 200 ms/3.6 ms/80° 

Used blood sampling to determine AIF, and sacrificed 

temporal resolution for whole tumor volume coverage. 

Also used a population average AIF from the left 

ventricle of additional animals with different scan 

parameters to achieve a faster temporal resolution. 

Kim, H 2011 

[91] 

in-plane = 0.23 mm2;  

matrix = 1282;  

slice thickness = 1 mm 

temporal resolution = 58.8 s; 

TR/TE/α = 115 ms/3 ms/30° 

Used a reference region analysis since spatial resolution 

and whole tumor volume coverage was a priority. Study 

sacrificed temporal resolution for high spatial 

resolution. 

Li, 2010 [92]  in-plane = 0.35 mm2;  

matrix = 128 × 64;  

slice thickness = 1 mm 

temporal resolution = 1.6 s; 

TR/TE/α = 25 ms/1.4 ms/20° 

Used a fast gradient echo sequence to achieve high 

temporal resolution in order to collect individual AIFs 

from image data. Study sacrificed whole tumor volume 

coverage by only collecting three slices. 

Skinner, 2012 

[93] 

in-plane = 0.25 mm2;  

matrix = 1282;  

slice thickness = 2 mm 

temporal resolution = 1.9 s; 

TR/TE/α = 10 ms/2.1 ms/15° 

Used individual AIFs for kinetic modeling. Study 

sacrificed whole tumor coverage (only collected central 

tumor slice) to achieve high temporal resolution. 

Kim, J 2012 

[94]  

in-plane = 0.23 mm2;  

matrix = 1282;  

slice thickness = 2.5 mm 

temporal resolution = 6.4 s; 

TR/TE/α = 67 ms/3 ms/70° 

Used fast imaging sequence to achieve temporal 

resolution, however study sacrificed through-plane 

spatial resolution (2.5 mm) for whole tumor volume 

coverage. AIF was collected from image data for 

kinetic modeling, although 6.4 s might be too long to 

adequately sample the peak of the CA concentration 

curve. 

2.5. AIF 

The time rate of change of the concentration of the CA in the blood pool (Cp(t), the AIF) is required 

for most quantitative DCE-MRI modeling approaches. The AIF is characterized by a sharp wash-in 

followed by a short-lived peak concentration and subsequent longer wash-out period. Because the AIF 

kinetics are much more rapid than tissue kinetics, it is often difficult to optimize the temporal 
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resolution required to not only well-characterize the AIF, but also obtain a desirable SNR and spatial 

resolution in the measurement of tumor tissue kinetics. Additionally, location of a blood pool large 

enough to be useful in AIF characterization does not always coincide with the FOV required to gather 

the kinetic data within the tumor. Using a population derived AIF or reference tissue have been 

proposed as alternatives to acquiring an individual AIF for each subject, a point we will return to in 

Section 3.1 [81,95]. An example of a typical AIF for a mouse system is illustrated in Figure 4. 

Figure 4. Typical AIF in a mouse system. The black line represents a population AIF 

obtained in mice. Notice the rapidness with which the peak occurs. The blue line shows a 

standard biexponential fit to the washout portion of the curve. 

 

3. Specific Considerations for Small Animal Imaging  

3.1. AIF Measurement 

As mentioned previously, the components required for a DCE-MRI study will vary depending on 

the overall objective of the experiment. In the case of a study requiring a quantitative analysis of  

DCE-MRI data, some estimate of the AIF is required. Acquisition of the AIF requires special 

consideration in preclinical applications utilizing small animal (commonly rodent) subjects. In small 

animals particularly, the concentration of CA in the blood plasma changes very rapidly in comparison 

to tissue kinetics; this is of concern because it is imperative to capture the peak of the AIF signal or 

important information regarding the kinetics of the tissue will be lost. There are three main ways for 

estimating the AIF: blood sampling, from the images themselves, and forming a population average. 

Unfortunately, each of these methods has their own set of limitations. 

The gold standard for AIF characterization is blood sampling [96]; however, sampling is very 

invasive and in small animal imaging, where the subjects generally have a small blood volume (e.g., a 

mouse has a total blood volume of approximately 2 mL), the number of samples that can be collected 

is quite limited. Furthermore, the sampling is typically taken from a vessel far away from the tissue of 

interest and may not be an accurate indicator of what AIF the tumor actually experiences. 

Alternatively, the AIF can be quantified non-invasively though imaging, wherein the signal from a 

blood source can be converted to CA concentration to give a direct evaluation of the AIF [97,98]. This 

method has the potential advantage of accurately measuring the AIF for each individual animal, and it 

is completely non-invasive. Loveless et al. recently developed a protocol to estimate the AIF from the 
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left ventricle in mice [81]. A cardiac-gated and respiratory-gated gradient echo sequence was used to 

locate a 2 mm slice along the short-axis view of the left ventricle of the heart. The DCE-MRI protocol 

used a T1-weighted gradient echo sequence at a temporal resolution of 1.5 s with the following scan 

parameters: TR/TE/α = 6 ms/2.41 ms/10°; NEX = 4; FOV = 25 mm2; matrix = 642. A 120 µL bolus of 

0.05 mmol/kg Gd-DTPA was delivered via a surgically emplaced jugular catheter using an automated 

syringe pump (Harvard Apparatus, Holliston, MA) at a rate of 2.4 mL/min after 100 baseline images 

were acquired. Each voxel within the left ventricle was examined for specific characteristics to 

eliminate the potential effects of flow and motion artifacts, including SNR ≥ 30 at all dynamic time 

points and peak concentration ≥ 0.15 mM. All returned voxels were also visually inspected for 

appropriate washout activity to prevent potential myocardial wall contamination. It should be noted 

that using this protocol to collect the AIF from imaging data requires that the left ventricle (or other 

feeding vessel) be located in the FOV, which is often simply not possible given the location of the 

tumor. Additionally, quantification of the AIF requires a high temporal resolution that limits the SNR 

and/or the spatial resolution of the dynamic acquisition—all of which undermines the ability of  

DCE-MRI to accurately and quantitatively assess tumor heterogeneity. 

Two common methods are utilized in small animal imaging to circumvent the issues surrounding 

collection of a subject-specific AIF. The first is using a population derived AIF [81,99–103]. In this 

approach, the average AIF is quantified for a group of subjects, and then is used in performing 

quantitative analysis of future, similar subjects. This eliminates the need to calculate a subject-specific 

AIF; since the CA tissue kinetics are much slower than in the blood, eliminating the collection of the 

subject AIF allows for a decrease in the temporal resolution and hence an increase in the SNR and/or 

spatial resolution of the dynamic data. Furthermore, the population based AIF, having been formed by 

averaging several individual AIFs, generally has quite high SNR. Of course, the main disadvantage to 

this approach is the potential for substantial variation between subjects. As the AIF is used as the 

driving factor for the models used in the quantitative analysis (see Equations 3 and 4), subject 

variability will result in parameterization error [81,103,104]. Loveless et al. not only standardized a 

protocol for collecting AIFs within the left ventricle of mice, they also compared the similarity of the 

parameters derived from quantitative DCE-MRI analysis using an individual versus a population AIF 

in a murine model of breast cancer [81]. In the case of the extended model analysis, and for Gd-DTPA, 

the authors found a concordance correlation coefficient (CCC) of 0.96 for Ktrans, 0.88 for vp, and 0.80 

for ve for the ROI parameter values. On a voxel-basis, the CCC values for the individual mice ranged 

from 0.89 to 1 for Ktrans, 0.58 to 0.98 for vp, and 0.29 to 0.99 for ve [81]. However, the results can be 

confounding as a study by Pickup et al. found significant inter-subject variability in the measured AIF 

of mice and concluded that a subject specific AIF was necessary as opposed to a population AIF for 

accurate assessment [104]; though it should be noted, the latter was a limited study in a small group of 

animals. In order to obtain the most consistent results when utilizing a population AIF, it is imperative 

that the experimental protocol be rigorously defined and followed in order to ensure consistency 

between the population AIF and the individual subject acquisition, a point we return to in  

Sections 3.2 and 3.4. 

The second method that has been investigated as an alternative to acquiring an individual AIF  

is the “reference region” (RR) approach [95,105–110]. Analysis by the RR approach utilizes a  

well-characterized tissue such as muscle to calibrate the signal in the ROI. Using a RR approach 
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eliminates the need to characterize the AIF; thus it is not necessary to have a blood pool in the FOV or 

to directly measure the AIF. In the integral form, the RR approach utilizes two copies of Equation 2: 

one for the tissue of interest, as given by Equation 2, and one for the reference region tissue: 
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where Ktrans,RR and ve,RR are the appropriate quantitative parameters for the reference region tissue, CRR 

is the measured concentration of CA in the reference region tissue, and Cp is the plasma concentration 

of the blood. The set of equations allows for elimination of Cp, and the solution of the resulting 

differential equation is given by [95]: 
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The RR approach was originally introduced by Kovar et al. [105]. The authors used the differential 

form of the equation to evaluate mammary adenocarcinomas and prostate tumors in rats. An estimation 

of the plasma concentration of CA was obtained from the muscle reference region using assumed 

values of the product of the perfusion rate and extraction fraction and extracellular volume. The 

plasma concentration was then used to optimize the values of the extracellular fraction and the product 

of the perfusion rate and extraction fraction in the tumor. The authors found that the errors in the tumor 

data fits produced by this approach were not significantly different than the noise level. Work by 

Yankeelov et al. evaluated the use of the RR model to characterize the tumor ROI [108]. The authors 

compared the Ktrans and ve values obtained from the RR analysis in nine rats to the Ktrans and ve values 

obtained using the standard Kety-Tofts model and the individual measured AIF, which was obtained 

using a combination of blood sampling and imaging of the aorta. The results indicated no significant 

difference between the two sets of parameters. The RR approach has its advantages in relative ease of 

image acquisition and in that it eliminates the need to characterize the AIF; however, if the reference 

region characteristics differ from those assumed from literature, or if the reference region is poorly 

characterized, the accuracy of the method decreases. 

3.2. Reproducibility/Repeatability  

In generating any protocol for use in preclinical and clinical studies, it is important to develop a 

rigorous experimental design in order to ensure reproducibility of the technique. A measure of 

institutional repeatability and reproducibility is beneficial in that it allows for comparisons across 

scans, and enables an analysis of a significant change in parameter, such as would be necessary to 

analyze, for example, treatment response data. Repeatability is defined as the variability in an 

individual person’s measurement of the same object, while reproducibility defines the inter-user 

variability. The available literature regarding the repeatability or reproducibility of DCE-MRI 

techniques is fairly limited [70,102,109–112]. The repeatability value is of particular interest as this 

defines the expected limit of the difference between two scans on the same subject in 95% of the cases. 

In other words, this value defines the difference between two scans that can be attributed to protocol 

and noise as opposed to physiological changes. Another parameter of interest is the 95% confidence 
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interval (CI) of the mean, which is a measure of the reproducibility of the group mean parameter value. 

Galbraith et al. conducted a clinical study regarding the reproducibility of quantitative and  

semi-quantitative parameters in muscle and tumors [70]. Ktrans required a log10 transform in all cases 

due to the dependence of the difference between scans on the average scan magnitude. The 

repeatability values and the 95% CI for the quantitative analysis are presented in Table 2. The authors 

also investigated semi-quantitative parameters including AUC, gradient, and enhancement, and all 

parameters showed a decrease in the repeatability coefficient in the muscle as compared to the tumor. 

In small animal imaging, the available literature regarding repeatability and reproducibility is very 

limited. Yankeelov et al. used the RR approach in a murine model of breast cancer to assess 

repeatability of the protocol [109]. The authors assumed ve of muscle, and fit Ktrans of muscle  

(the reference region) and Ktrans and ve of the tumor. Barnes et al. performed an investigation of 

quantitative DCE-MRI parameters in a murine model of breast cancer using a population AIF [113]. 

The work was performed on the median values for both a 642 acquisition and a 1282 acquisition and 

using a center slice analysis and a whole tumor analysis. Again, the repeatability indices and 95% CI 

on the mean for the aforementioned studies are presented in Table 2. 

Table 2. Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) 

reproducibility data for human and small animal studies. 

Author, year 

[reference] 

Subject Tissue Parameter 95% CI Repeatability Index 

Galbraith, 2002 

[70] 

Human Tumor  

Muscle 

Ktrans  

kep  

ve  

Ktrans  

kep  

ve 

(−16%)–(+19%) 

±16%  

±6%  

(−30%)–(+44%) 

±61%  

±13% 

0.32 mL(blood)/mL(tissue)/min  

0.91 mL(blood)/mL(tissue)/min  

7.62 mL/mL 

0.61 mL(blood)/mL(tissue)/min  

1.28 mL(blood)/mL(tissue)/min  

5.71 mL/mL 

Yankeelov, 

2006 [109] 

Mouse Tumor  

Muscle 

Ktrans  

ve  

Ktrans 

* 0.222 mL(blood)/mL(tissue)/min  

0.204 mL(blood)/mL(tissue)/min  

0.197 mL/mL 

Barnes,  

2012 [113] 

Mouse Tumor Ktrans  

ve  

Ktrans  

ve 

vp 

±14%  

±8%  

±21%  

±5%  

±15% 

0.073 mL(blood)/mL(tissue)/min  

0.113 mL/mL  

0.075 mL(blood)/mL(tissue)/min 

0.069 mL/mL  

0.014 

kep = Ktrans/ve; * data not included in original paper. 

3.3. Animal Care and Monitoring  

In utilizing small animals for a DCE-MRI study, there are details regarding care and monitoring 

which must be considered. For example, small animals will need to be anesthetized during imaging 

sessions in order to eliminate movement and minimize stress on the animal. Thus is it necessary to 

either give an appropriate dose of an injectable anesthetic prior to imaging, or to have an anesthesia 

delivery system that is MR-compatible and will provide a controllable amount of anesthesia to the 

animal throughout the study. The necessity for anesthesia also imposes limitations on the duration of 
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the study. If an injectable anesthetic is given, then the duration of the scan will be dictated by the dose 

of the anesthetic. Additionally, if the imaging session is a survival experiment, one will need to 

consider the fact that the longer an animal is under anesthesia the harder it will be for the animal to 

wake. Typically, scans on the order of three to four hours are the maximum manageable limit for small 

animals. Selection of anesthesia agent may also be an important consideration. Though the literature is 

limited, a study regarding PET imaging showed that an injectable anesthesia (ketamine) had different 

effects on the imaging than did an inhalable anesthesia (isoflurane) [114]. Specifically, the work 

showed that ketamine caused a significant increase in the serum glucose levels whereas isoflurane did 

not. The effect of anesthesia is a detail of small animal DCE-MRI that requires further investigation. 

While the animal is under anesthesia, it is useful to be able to monitor the animal’s heart and/or 

respiratory rate. The benefit here is two-fold: first, monitoring one of these rates serves as a secondary 

indication of the depth of anesthesia of the animal. If the rates are too high, the anesthesia may be too 

light; conversely, if the rates are too low or erratic, the anesthesia may be too high. Secondly, in 

regards to the previous discussion on consistency of the protocol (Section 3.2), it is logical to maintain 

a similar heart rate between animals, especially when utilizing a population AIF, which depends on 

rigorous repetition of the experimental setup. A drastically different heart rate will affect the blood 

flow and hence may have implications on the delivery of the CA during DCE-MRI, which could 

impact the use of the population AIF. Devices and hardware have been developed which are  

MR-compatible and can monitor respiratory and heart rates of small animals. The respiratory rate can 

be measured via a respiratory pillow braced against the animal’s abdomen such that expansion of the 

abdomen during inhalation compresses the pillow. The heart rate is generally measured using two 

probes placed subcutaneously on the two front paws of the animal; these probes must be well-secured 

to ensure that the electrocardiogram (ECG) measurement is not compromised by respiratory movement. 

Another important consideration in small animal imaging is the monitoring of body temperature. Small 

animals, specifically rodents, do not regulate their body temperature when under anesthesia. Thus it is 

necessary to monitor their body temperature and provide a heating source in order to regulate the 

temperature. Temperature monitoring is usually achieved by a probe that is either inserted in the 

rectum or placed in close vicinity to the animal. Temperature regulation is often accomplished by 

means of heating pads when prepping the animal, and through forced air down the MR bore while scanning.  

Other considerations for small animals include the administration of the CA and blood sampling, if 

desired. Both of these generally require the insertion of a catheter, though it is possible to inject the CA 

intraperitoneally so as to avoid catheterization; however, it is important to note that this approach 

obfuscates the ability to perform a quantitative DCE-MRI study. In small animals, catheters are 

typically inserted in either the jugular or tail vein. The jugular vein catheter is useful for longitudinal 

studies as it can be placed out of reach of the animals such that the animal cannot chew on it, and thus 

it can remain in place over the course of the experiment, provided the study is (maximally) no longer 

than 14 days. Use of the tail vein catheter can be quite difficult because, in small animals, the tail vein 

can be very small and very difficult to localize, thus making catheter insertion challenging. 

Additionally, a tail vein catheter can be inconvenient for longitudinal studies as it must be removed 

after imaging and replaced for subsequent imaging scans since the animal can reach the catheter and 

will affect it. Furthermore, it is not uncommon for this procedure to “collapse” the vein which makes 

future insertions challenging. Catheterization of the animal allows for CA injection directly into the 
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circulation, which is central to DCE-MRI. However, the catheter requires care in order to ensure that it 

remains patent. This includes flushing of the catheter, generally daily, with saline or heparinized saline 

to prevent clotting. This is especially important in longitudinal or repeat studies where the catheters 

need to be maintained for a prolonged period of time (though generally speaking, in small animals, 

catheters can only be maintained for approximately 10–14 days). Since DCE-MRI depends on the 

delivery of the CA to the circulation, and subsequently to the tissue of interest, patency of the catheter 

is imperative to maintain delivery efficacy.  

3.4. Planning a Small Animal DCE-MRI Study  

In designing a preclinical DCE-MRI study, there are a several key considerations that should be 

addressed prior to acquiring data. The main point to consider is the goal of the study, as this will often 

determine other factors. As with any MR imaging protocol, trade-offs exist between temporal 

resolution, spatial resolution, and SNR. So, for example, if the purpose of the study is to address rapid 

temporal changes, then high temporal resolution data (~1 s – 2 s) should be acquired. If, on the other 

hand, the experiment must assess changes in tissue physiology at the voxel level, then high spatial 

resolution should be acquired and this may necessitate a reduction in temporal resolution. Thus, the 

size of the imaging voxel that will be required (i.e., what spatial scale is to be probed?) needs to be 

selected; this, in turn, will determine the upper limit on the achievable temporal resolution. 

Additionally, changing the spatial and/or temporal resolution will affect the SNR of the acquired data, 

and vice-versa. Therefore, given the SNR demands of the DCE-MRI analysis to be performed (which 

can be acquired through, for example, simulations), the relative importance of temporal resolution, 

spatial resolution, and SNR for a particular application must be considered in context of the goals of the study. 

Another factor that is fundamentally related to the available SNR is, of course, the field strength of 

the magnet. Thus, prior to imaging, decisions must be made regarding optimal field strength. 

Obviously this will be at least partially dictated by the magnets available at the institution at which the 

study is being performed. However, given an option between field strengths, higher field strengths 

correspond to increased SNR. An inherent problem with higher field strengths, though, is the increased 

presence of B0 field inhomogeneity, which can be of particular concern in gradient echo sequences, 

and artifacts. Thus, in making the selection of field strength, one should consider the desired scan 

parameters and compare this to the acceptable limit of field inhomogeneity and artifact presence. 

Going to higher fields also leads to longer T1 values and shorter T2 values; the former makes several 

quantitative T1 mapping procedures more time consuming, and the latter partially negates the increase 

in SNR available at higher fields. (There is a mature literature on this topic and for an introduction to 

the field, the interested reader is referred to [115].) The user will also need to consider the RF coil 

which will be utilized for the scan. Generally, DCE-MRI acquisitions are performed using volume 

coils, as opposed to surface coils, due to the limited acquisition volume associated with surface coils 

and the increased homogeneity present in volume coils. In selecting the coil, the size of the animal will 

be the dominating factor. The coil should be large enough to fit the animal at the region of interest; 

further, contact of the animal with the coil should be avoided. However, though the animal needs to fit 

in the coil, signal is maximized when the animal takes up as much space as possible within the coil. 

Typical coils sizes for mice included 25 mm and 38 mm coils, while a common size for rats is 63 mm 
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for body imaging (though, the 38 mm coil can be used for some rat brain studies). Thus, coil selection 

will be at least partially determined by the smallest coil into which the animal comfortably fits. 

In considering a quantitative DCE-MRI acquisition, the parameters depend not only on the image 

acquisition protocol, but also the delivery of the CA, and the method of estimating the AIF. Varying 

the way in which the CA is delivered or the timing of the CA delivery (i.e., bolus injection and 

injection time) will necessarily affect the observed tissue kinetics. For this reason, it is important to 

have consistency in the delivery of the CA. This can be achieved by use of an automatic injector or by 

very strict protocols regarding manual injection, though the latter will almost certainly reduce the 

reproducibility of any DCE-MRI technique. Additionally, in reference to the AIF measurement 

discussion above, it is important to select an AIF approach that is most appropriate for the analysis and 

provides consistency to the study. Thus, another point of consideration in designing a study is the 

acquisition of the AIF. This will not only affect the manner in which the data is analyzed, but also the 

actual acquisition protocol. If the study requires a subject-specific AIF, then it will be necessary to 

either implement blood sampling or to assess the AIF through imaging methods. When utilizing 

imaging methods to assess the AIF, this will dictate a higher temporal resolution in order to quantify 

the rapid uptake of the AIF, and it will also require that a blood pool be located in the FOV relative  

to the ROI. 

Intimately linked to the data acquisition methods, is the planned type of data analysis. If a very high 

spatial resolution is selected (similar to what is done in clinical breast DCE-MR studies), then there are 

fundamental limitations on the analysis that can be performed. More specifically, if very high spatial 

resolution data is acquired leading to dynamic data that is sampled quite slowly (say, on the order of 

60 s or greater), than only semi-quantitative and qualitative analysis approaches are possible. 

Once a balance of spatial, temporal, and SNR demands is struck, it is imperative that the individual 

lab develop a high level of competence with the selected approach, as opposed to attempting to 

implement a turn-key technique applied from literature. As mentioned previously, establishing 

repeatability and reproducibility in a lab is very important, especially prior to analyzing data for 

changes in parameter values which could potentially be associated with treatment response.  

4. Methods of Validating DCE-MRI Analyses  

4.1. Histology 

Before a biomarker is accepted for routine clinical practice, it must be validated such that the 

measurement reliably predicts clinical outcomes related to therapy [116]. The gold-standard endpoint 

for most experimental studies is a comparison with histological tissue sections that are processed to 

report on, for example, cellularity, vascularity, or the expression of a specific protein. Many studies 

have attempted to correlate Ktrans, vp, and semi-quantitative parameters (e.g., time to peak (Tm)) 

returned from DCE-MRI analyses with microvessel density (MVD), and thus provide some potential 

validation (Table 3). MVD measurements are commonly quantified from immunohistochemical tissue 

sections stained with, for example, CD31, which is a protein expressed on the surface of endothelial 

cells and mediates cell-cell interactions during angiogenesis [89]. Studies have shown positive and 

significant correlations between semi-quantitative parameters reflecting changes of MR signal 
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enhancement curve and MVD [117,118]. Hulka et al. showed a positive (but weak, r = 0.36, p < 0.01) 

correlation between the extraction flow product (E·F, proportional to Ktrans) and MVD when benign 

and malignant tumors were grouped together in the same comparison [119]. However, the authors 

comment that MVD and E·F were not significantly correlated when each group was compared 

separately to MVD (benign, p = 0.4; malignant, p = 0.8). Yao et al. also observed a weak positive 

correlation between Ktrans and MVD (r = 0.495, p = 0.026) [120]. However, several other studies did 

not observe a correlation between the two parameters [117,121,122]. Conflicting results have also been 

reported when comparing vp and MVD. Where one study observed a moderate positive correlation 

between the two parameters [117], yet another study using two CAs with differing molecular weights 

observed very weak and negative correlations between vp and MVD [122]. 

Table 3. Studies comparing DCE-MRI parameters, Ktrans and vp, with histological 

assessments of microvessel density. 

Author, Year 

(reference) 

Tissue of 

Interest 

Histology 

Technique 

MRI Parameter MVD 

Correlation (r2) 

Statistical 

Significance 

(p value) 

Cheng, 2007 [117] Bladder 

tissue 

constructs 

IHC-CD31 AUC (60 s) 0.784 0.003 

Ktrans 0.4 NS 

vp 0.696 0.012 

Ren, 2008 [118] Prostate IHC-CD34 time to peak, Tm −0.71 <0.007 

Percent enhancement, % SI 0.557 <0.007 

Enhancement rate  

(R = % SI/Tm) 

0.747 <0.007 

Hulka, 1997 [119] Breast cancer IHC-factor 

VIII-related 

antigen 

E·F 0.36 <0.01 

Yao, 2008 [120] Rectal cancer IHC-CD34 Ktrans 0.495 0.026 

Haris, 2008 [121] Brain 

tuberculomas 

IHC-CD34 Ktrans 0.231 0.076 

Orth, 2007 [122] Breast cancer 

xenografts 

IHC-CD31 Ktrans (Gadomer-17) 0.13 0.659 

vb (Gadomer-17) −0.081 0.782 

Ktrans (Magnevist) 0.045 0.874 

vb (Magnevist) −0.15 0.594 

Reitan, 2010 [123] Osteosarcoma 

xenografts 

Fluorescently-

labeled Dextran 

Ktrans 0.93 0.04 

Cheng et al. and Mayr et al. state that a lack of correlation between DCE-MRI parameters and 

histology does not necessarily indicate inaccuracy of the parameter, but perhaps that the complex and 

continuously changing metabolic demands of tumor angiogenesis is not adequately sampled by 

histological techniques [117,124]. For example, MVD immunostaining reports only a morphologic 

index of tumor vasculature and cannot differentiate between functional vessels, whereas Ktrans (and vp) 

reflects only those vessels with active perfusion. Evidence to support the previous statements is shown 

in two recent studies where a significant decrease in Ktrans after treatment was observed in mouse 

models of human lung [89] and breast [91] cancers, but the observed decrease in MVD was not significant.  
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Depending on the CA or tissue of interest, Ktrans might be reflecting more on vessel permeability 

rather than flow, as previously discussed. Reitan et al. used a dorsal window chamber and 

fluorescently tagged dextran to study the relationship between Ktrans from DCE-MRI and vessel 

permeability. They observed a significant correlation (r = 0.93, p = 0.04) between DCE-MRI derived 

Ktrans and confocal laser scanning microscopy with fluorescently-labeled Dextran derived extravasation 

rate, Ki [123].  

Hemotoxlylin and eosin (H & E) is a histology technique that can potentially be used to validate ve. 

Egeland et al. observed a significant correlation (r = 0.97; p = 0.014) between MR-derived and 

histology-derived ve measurements across multiple melanoma xenografts [125]. Aref et al. also 

observed good correlation, and did not observe a significant difference (p = 0.97) between the two 

parameters [126]. It should be noted, however, that regions of tumor necrosis were not incorporated 

into the data analyses of the two studies. Egeland et al. commented that the multiple tumor xenografts 

were well-vascularized and did not develop large necrotic regions [125]. Aref et al. used a 

thresholding technique to include only those ve voxels that had corresponding “top-five”  

volume-normalized Ktrans voxels [126]. Thus, the significant correlations observed in these studies 

between MR and histology estimates of ve existed due to the inclusion of only well-vascularized  

tumor regions.  

Several groups have developed methods to co-localize histology tissue sections with in vivo MRI 

data. Sinha et al. acquired digital images from multiple blockface sections collected using a 

cryomicrotome that were then registered with both the in vivo imaging data and histological sections, 

thus co-registering MR images with histology [127]. Meyer et al. also developed a similar registration 

technique to co-localize MR and histology data, but with an additional step of acquiring an ex vivo 

high-resolution image of the entire sample to maximize mutual information between the in vivo MRI, 

tissue block photograph, or stained histological slide [128]. Zanzonico designed and implemented a 

different technique that included a stereotactic template with fiduciary markers for spatial registration 

of macroscopic in vivo imaging data and microscopic images of histological sections [129]. This 

method requires that the animal be quickly sacrificed immediately following imaging, as well as the 

placement of angiocatheters into the fiduciary marker holes and through the entire tumor volume. The 

fiduciary markers and angiocatheter holes are easily located on all images for image registration. 

These methods are attractive in that they allow for voxel-based comparisons of DCE-MRI parameters 

(i.e. Ktrans and ve) with their histological counterparts, instead of ROI-based techniques computed from 

the whole tumor volume or slice. However, it should be noted that registering, and thus co-localizing, 

histology data that is on the order of ~10 microns with in vivo imaging data that is on the order of 

~1000 microns is not trivial. Following a strict protocol with a high level of detail is essential during 

tissue sectioning to ensure proper alignment between the images of extremely different resolutions; see, 

e.g., the methods developed by Sinha et al. [98]. 

4.2. Dynamic Contrast Enhanced Computed Tomography 

Dynamic contrast enhanced computed tomography (DCE-CT) is a technique similar to DCE-MRI 

in that images are collected before, during, and after injection of a contrast agent. In principle, DCE-CT 

might provide more robust measurements of tumor microvasculature compared to DCE-MRI, as the 
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concentration of CA is directly proportional to the measured Hounsfield units, thereby greatly 

simplifying the dynamic analysis. However, DCE-CT has some disadvantages that limit clinical utility; 

in particular, limitations on the quantity of ionizing radiation dose to the subject can lead to 

compromises in image contrast, volume coverage, and temporal resolution during acquisition [130]. 

Several groups have performed studies to compare vascular parameters returned from both  

DCE-MRI and DCE-CT analyses, and thus provide some potential validation for DCE-MRI kinetic 

parameters. In a study involving bladder cancer, Naish et al. analyzed both MR and CT dynamic data 

with the extended Kety-Tofts compartmental model, and observed good agreement with an 

intramodality coefficient of variation (CV) of 9% between the MR-derived and CT-derived Ktrans [130]. 

A lower level of agreement was observed with ve and vp with CV’s of 53% and 50%, respectively. 

Korporaal et al. quantified Ktrans and did not observe significant differences between modality in tumor 

(Wilcoxon Signed-rank; p = 0.18) or healthy tissue (p = 0.38) in patients with local prostate  

cancer [131]. Kierkels et al. observed a significant correlation between modalities with Ktrans 

(Kendall’s tau; τ = 0.81, p < 0.001) in a study of rectal cancer; however, no correlation occurred with 

ve (τ = −0.35, p < 0.2) or vp (τ = 0.23, p < 0.4) [132]. The results from these studies suggest that  

DCE-CT can provide an in vivo method to validate MR-derived Ktrans values. The lower agreement 

between quantitative measurements of ve and vp suggest that these parameters may need to be 

interpreted with caution in, for example, a longitudinal study with an anti-angiogenic therapy. 

4.3. Other Modalities 

As noted above, there are certain situations in regions of tissue that can lead to unreliable estimates 

of ve as estimated by DCE-MRI. The data on correlation between DCE-MRI and DCE-CT just 

presented indicated a modest correlation between CT and MRI derived estimates of ve [130,132,133]. 

While the reasons for this discrepancy are not entirely clear (though it is possible that it is due to the 

different molecular weights and/or permeabilities of the different CAs used for each modality), there 

are other nuclear techniques, both in vivo and ex vivo, that can potentially be used to validate ve. These 

methods are attractive in that they do not rely on assumptions about water dynamics or require 

measurement of the AIF. These techniques measure radiotracer activities from the tissues of interest 

and then compare to a reference standard (e.g. measured activity of a blood sample) to quantify 

radiotracer concentration in the extravascular-extracellular space. Donahue et al. used ex vivo 

autoradiography to estimate the cell volume fraction (=1 − ve) from whole tissue samples, and 

observed percent differences between modalities of less than 5% and 15% for muscle and tumor, 

respectively [134]. Skinner et al. employed an in vivo technique using quantitative dual-isotope single 

photon emission computed tomography (SPECT) to obtain absolute measurements of ve on a voxel-by-voxel 

basis in a rat glioma model, and observed a systematic overestimation of MR-derived estimates of ve 

compared to SPECT [93]. The authors discuss several possible explanations for the overestimation of 

ve, including effects on MR signal intensity from in-flowing blood and water-exchange between tissue 

compartments; however, they hypothesize the greatest effect to be due to differences in CA dynamics 

between well-vascularized and necrotic tumor regions. The Kety-Tofts models will assign very low 

(non-zero) Ktrans values to poorly perfused regions, which will thus overestimate ve [135]. (We return 

to this point of CA diffusion and overestimation of ve from DCE-MRI in Section 6. This SPECT 
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measurement of ve is insensitive to CA diffusion as time was allowed for radiotracer distribution 

between injection and imaging.)  

5. Relationships to Other Imaging Modalities 

5.1. Possible Relationships between DCE-MRI and DW-MRI  

Self-diffusion or Brownian motion is the microscopic thermally induced behavior of water 

molecules moving in a random pattern [136]. The rate of self-diffusion in tissues is described by the 

apparent diffusion coefficient (ADC), which largely depends on the number of semipermeable barriers 

(e.g., cell membranes), that moving water molecules encounter. Imaging techniques such as  

diffusion-weighted (DW) MRI have been developed to quantify ADC; in well-controlled situations, 

variations in ADC have been correlated with cellularity [137]. In the literature, ve has been shown  

to correlate with cellular density and the extravascular-extracellular volume fraction from  

histology [16,126]. Thus, it is natural to compare ADC and ve. One of the first studies to examine the 

relationship between ve and ADC simultaneously was performed in the context of neoadjuvant 

chemotherapy in breast cancer [138]. In this study, DCE-MRI and DW-MRI were acquired both pre- 

and post-treatment in order to determine the sensitivity of these two techniques in assessing treatment 

response. Interestingly, this study found a negative correlation between ADC and ve. These results 

seem counterintuitive, as a reduction in cell density due to effective treatment should presumably lead 

to an increase in both ADC and ve. Another study examining ADC and ve in glioblastomas observed no 

relationship between the two parameters [139]. Furthermore, Arlinghaus et al. did not observe any 

statistical significance between ADC and ve in patients with breast cancer [140]. The authors 

hypothesize that current DCE-MRI estimates of ve (e.g., Kety-Tofts models) incorporate assumptions 

that might not be valid for data analysis of specific tissues, especially necrotic regions of tumors that 

are poorly perfused. Necrotic regions will present with inaccurate measurements of ve and a wide 

range of ADC values, thus lowering the chance for any statistical significance between the two 

parameters. (We address this issue in more detail in Section 6.) 

5.2. Possible Relationships between DCE-MRI and Common PET Tracers 

5.2.1. PET Imaging of Hypoxia 

A tumor will quickly outgrow its blood supply as it proliferates, resulting in pockets of hypoxia that 

are heterogeneously spaced throughout the tumor. Hypoxia causes tumor cells to release specific 

cytokines and growth factors that activate normal stromal and endothelial cells of the tumor 

microenvironment and initiate angiogenesis [1], thus leading to a possible relationship between  

DCE-MRI and imaging techniques designed to estimate hypoxia. Positron emission tomography (PET) 

with specific radiotracers designed to accumulate in regions of low oxygen content have been 

extensively investigated [141–143]; here we focus on one of the leading PET agents for imaging 

hypoxia, 18F-fluoromisonidazole (18F-FMISO). 18F-FMISO is a radiolabeled nitroimidazole that freely 

diffuses through the cell membrane, but retention is determined by the local oxygen tension. This 

relationship between tumor hypoxia and angiogenesis using 18F-FMISO and DCE-MRI has been 
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previously investigated in a preclinical model of cancer. Cho et al. performed co-registration of MRI 

and PET images to investigate the spatial correlation between tumor perfusion and hypoxia [144]. 

They observed a negative correlation between perfusion as assessed by DCE-MRI and hypoxia 

measured by late 18F-FMISO uptake, which in this study was quantified as the linear slope of the 

dynamic data from the last hour of image acquisition [144]. This observation provides evidence for the 

hypothesis that poorly perfused tumors are hypoxic [145]. A clinical study performed by Jansen et al. 

also found a moderate negative correlation (Spearman rank; ρ = −0.36) between Ktrans and 18F-FMISO 

standardized uptake value (SUV, ratio of tissue concentration and injected activity at a certain time 

after injection normalized to subject weight) in Head and Neck cancer patients with neck nodal 

metastasis [146]. These findings also support the hypothesis that an inverse relationship exists between 

tissue perfusion and hypoxia. 

5.2.2. PET Imaging of Glycolysis 

In addition to inducing angiogenesis, hypoxia has also been implicated in the transcription of the 

cell-surface glucose transporter GLUT-1 and at least one of the primary enzymes in glycolysis [147]. 

This leads to another possible relationship between DCE-MRI and imaging techniques of glycolysis. 

PET imaging of glycolysis is not new; in fact, the radiotracer 18F-2'-fluoro-2'-deoxyglucose (18F-FDG) 

is currently a standard-of-care approach for staging metastatic disease in many cancers. 18F-FDG is a 

glucose analogue that is actively taken up in cells via the GLUT-1 and GLUT-3 transporters and 

phosphorylated by hexokinase; however, once phosphorylated it is not metabolized further in the 

glycolytic pathway and remains trapped in the cell. The rate of phosphorylation is proportional to the 

metabolic rate of the cell; thus, cells with high metabolic rates will accumulate more 18F-FDG. Metz et al. 

and Partridge et al. investigated the spatial relationship of glucose metabolism and microcirculation in 

non-small cell lung [148] and breast [149] cancers, respectively. Metz et al. found a positive but 

moderate correlation (r = 0.52, p < 0.05) between AUC from DCE-MRI and 18F-FDG SUV. Partridge 

et al. acquired and processed dynamic 18F-FDG data, and also found a positive but stronger correlation 

between AUC and parameters relating to 18F-FDG delivery into the tissue (K1, r = 0.61, p = 0.019) and 

metabolism flux constant (Ki, r = 0.76, p = 0.002). These data suggest that a stronger spatial 

correlation exists when both imaging modalities are acquired and processed dynamically; thus, it 

would be worthwhile to investigate the relationship between 18F-FDG dynamic data and parameters 

(e.g., Ktrans, ve, vp) returned from analyzing DCE-MRI data with a pharmacokinetic model that better 

reflects tissue contrast agent kinetics. Both DCE-MRI and 18F-FDG dynamic analyses have been 

implemented in many preclinical models of cancer (see, e.g., [89,150]) and patients (e.g., [151,152]) to 

investigate the efficacy of assessing therapeutic response. A more thorough knowledge of the 

relationship between these two modalities could improve patient care in both the diagnostic and 

prognostic setting; to this avail, there are many studies investigating the predictive value of  

multi-parametric imaging [26,153,154].  

5.2.3. PET Imaging of Cell Proliferation 

Functional tumor vascular structures imaged with DCE-MRI are preceded by endothelial cell 

proliferation, which again leads to another hypothesis concerning the relationship between DCE-MRI 
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and imaging techniques designed to estimate cell proliferation. A promising PET tracer that reports on 

cell proliferation is the thymidine analogue 3'-deoxy-3'-18F-fluorothymidine (18F-FLT). 18F-FLT 

retention is regulated by the cell-cycle dependent thymidine salvage pathway and activity of thymidine 

kinase 1 (TK1), which is upregulated during the DNA synthesis phase. Thus, 18F-FLT PET provides an 

estimate of cell proliferation. To the best of our knowledge, the relationship between DCE-MRI and 
18F-FLT PET has not been previously investigated. Figure 5 shows examples of parametric maps 

generated from images acquired in an ongoing multimodality study at our institution. DCE-MRI data 

are displayed with parametric maps of AUC at 90 s post injection (panel b), and Ktrans (panel c, 

quantified via the extended Kety-Tofts model with the population average AIF from Loveless et al. [81]). 

A parametric map of SUV from 18F-FLT PET data is shown in panel d. These images reveal a 

potential spatial correlation between Ktrans, AUC, and SUV; thus, one might hypothesize that a direct 

relationship exists between Ktrans and proliferation. The SUV quantifies a snapshot of the activity that 

exists within the tissue at some time after radiotracer injection, and does not distinguish between the 

radiotracer collecting in the interstitial space due to nonspecific binding and what accumulates within 

the cell after TK1 phosphorylation. Therefore, the hypothesis that Ktrans and cell proliferation are 

directly related might not be true despite the observed spatial correlation between Ktrans and SUV in 

this particular example. Regardless, this is data from only one mouse and is meant to be illustrative of 

the types of investigations the cancer imaging community should explore in future multi-modality 

studies. As many of these parameters are complimentary in nature, it will be important to investigate 

how their relationships are linked to the underlying biology. 

Figure 5. Parametric images resulting from the analysis of DCE-MRI (panels b,c) and  
18F-FLT data (panel d). A T2-weighted MR anatomical shows the entire imaging field of 

view (panel a). Note the spatial correlation between Ktrans and SUV, thus one might look to 

investigate a potential relationship between Ktrans and cell proliferation. (Please note that 

image co-registration between MRI and PET data was not performed in this example.) 

 

6. Limitations 

In considering quantitative DCE-MRI, potential limitations exist in the models utilized in the 

analysis. One example is the effect of diffusion on the tissue system. The standard and extended  

Kety-Tofts models account for active delivery of CA via the vasculature as well as exchange of the CA 

between the vascular space and the extravascular-extracellular space [155–157]; however, in general, 

these models neglect passive diffusion of CA that may occur within the tissue. This issue is of specific 

concern in areas where well-perfused tissue is in proximity to poorly-perfused tissue, as is often the 

case in pathologic tissue such as tumors [158]. If diffusion plays a role in DCE-MRI data, then the 
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current quantitative models may assign parameters that are inaccurate. Though this potential effect of 

diffusion has been recognized, the literature regarding the effect is limited. Pellerin et al. 

acknowledged the effect of diffusion and used a finite difference model to study the effect [135]. The 

authors developed a diffusion-perfusion (DP) model that incorporated diffusion coefficients derived 

from the ADC values to assess inter-voxel diffusion. Optimization of the model allowed for voxel-wise 

calculation of Ktrans and ve, which showed a quantifiable improvement in parameterization versus the 

standard model in simulation cases and in a murine model of cancer. In another interrogation of 

diffusion, Jia et al. calculated a contrast agent diffusion coefficient (CDC) in colorectal liver 

metastases [159]. The authors quantified the CDC by fitting the gradient of the signal intensity curves 

within the tumor ROI to a monoexponential decay. This resulted in a decay factor that related to the 

CDC and described the heterogeneity of the tissue. In addition to quantifying diffusion, the authors 

also provided visual confirmation of the effect of diffusion within the various layers of the lesion. This 

was achieved by applying an onion-peeling algorithm to the data, which extracted pixel-deep layers of 

the lesion. By visualizing the SI curves of each layer, the effect of diffusion was apparent from the 

shape of the curves, specifically during the extravascular phase. An example of the various curve 

shapes typically seen in DCE-MRI is shown in Figure 6; in these images, the potential effect of 

diffusion is visible as the persistence of the signal in the latter portion of the curves. 

Another potential limitation of the current quantitative models is the assumption of a well-mixed 

extravascular-extracellular space. Standard modeling assumes a linear dependence of the relaxation 

rate on the CA concentration (Equation 1). However, studies have shown that the exchange between 

the intracellular and extracellular space may not be rapid enough to ensure a homogenous system thus 

violating the assumption of linear CA dependence; to this avail, authors have considered the 

extravascular-intracellular space as a secondary water pool distinct from the extravascular-extracellular 

water [160–162]. The traditional standard and extended Kety-Tofts models assume that the 

extravascular space is a homogeneous solution and that the system remains in what is called the “fast 

exchange limit” (FXL) with respect to the water exchange between the extravascular extracellular 

space and the extravascular intracellular space. But in most tissues, most water is intracellular, and 

because the common Gd chelates cannot access the intracellular space, water exchange between the 

extravascular extracellular space and the extravascular intracellular space may need to be explicitly 

incorporated into analytic models [161–164]. Similar comments apply to water exchange between the 

intravascular and extravascular spaces when using an intravascular agent [165]. In these cases, 

longitudinal relaxation may not be well described by a single exponential [160,166,167]. The effects of 

slower water exchange may be incorporated into analyses of the DCE-MRI data. As one might guess, 

the estimated pharmacokinetic parameters may differ significantly [35,161–164,168] depending on the 

model that was used to extract them, and these differences may have a significant effect on 

establishing if, for example, a tumor is responding to treatment. However, there is some disagreement 

as to whether this formalism is truly justified in a standard DCE-MRI study and it is therefore an active 

area of investigation [37,38]. 

These results, along with those presented for the effect of diffusion, make it clear that the 

quantitative models generally used for DCE-MRI analysis are most likely simplifications of the true 

physiologic behavior of the tissue, a point that needs to be considered when drawing conclusions from 

quantitative parameters.  
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Figure 6. Representative signal intensity curves from DCE-MRI data demonstrating 

dynamic time courses from a well perfused region and the potential effect of contrast agent 

diffusion in the extravascular space. Time courses are also shown with a curve fit from 

standard Kety-Tofts model; Ktrans (min−1) is 0.92 and <0.001 (almost zero) for the well 

perfused and necrotic region, respectively, ve is 0.44 and 1.6 for the well perfused and 

necrotic region, respectively. The effect of diffusion can be seen by the persistence of the 

contrast agent in the latter portion of the curves, specifically in the curve labeled as 

“possibly necrotic”. This diffusion effect causes the model to return ve values that are 

unphysiological (i.e., ve > 1). 

 

7. Summary 

DCE-MRI has the potential to serve as a biomarker of disease progression and response to 

treatment. Preclinical applications of DCE-MRI play a pivotal (and central) role in the development 

and advancement of the technique. In this review, we have explored the practical considerations 

necessary to develop a preclinical study, including background information on DCE-MRI, the 

necessary acquisition and analysis components, and the points that should be considered before 

executing a study. Additionally, we have provided a discussion of the methods of validating DCE-MRI, 

as well as a discussion of the correlation of DCE parameters to other imaging modalities. It is our hope 

that this review will provide encouragement and useful guidance to incorporate DCE-MRI into 

preclinical studies of anti-cancer therapies. 
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