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Abstract 

Perfusion-weighted magnetic resonance (MR) imaging using contrast agents plays a 

key role in characterizing tumors of the brain. We have shown that double-echo perfusion-

weighted MR imaging (DEPWI) is potentially useful in assessing brain tumors. Quantitative 

indices such as tumor blood volume are obtained using DEPWI, which allows correction of 

underestimation of tumor blood volume due to leakage of contrast agents from tumor vessels, 

in addition to simultaneous acquisition of tumor vessel permeability. This article describes 

basic concepts of DEPWI and demonstrates clinical applications in brain tumors.  
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Introduction 

Recent advances in magnetic resonance (MR) techniques allow the assessment of 

tissue perfusion in various diseases of the central nervous system. The most widely applied 

method for measuring brain perfusion by MR imaging is referred to as the “dynamic 

susceptibility contrast technique” [1-4]. This approach uses the principles of indicator dilution 

methods, in which a decrease in T2 or T2* MR signal intensity is related to the passage of 

paramagnetic contrast agents through the capillary bed. Drops in MR signal intensity provide 

information about multiple hemodynamic parameters. In perfusion-weighted MR imaging 

(PWI), the term ”perfusion” is broadly applied to indicate several hemodynamic parameters 

including cerebral blood volume (CBV), cerebral blood flow and mean transit time, as 

derived from dynamic MR data. In brain tumors, tumor blood volume has been used for 

characterization of tumors [5-8]. 

Although single-echo PWI has played a key role in the assessment of tumor blood 

volume in clinical settings, this technique displays technical drawbacks in the assessment of 

brain tumors. Since tumors do not usually express the properties of an intact blood-brain 

barrier (BBB), T2* rate changes caused by intravascular contrast agents in brain tumors are 

usually contaminated by a T1 shortening effect due to leakage of contrast agent. Tumor blood 

volume as reported in previous studies using single-echo PWI is thus underestimated [9, 10]. 

We have proposed a new method, double-echo perfusion-weighted MR imaging 

(DEPWI), which can correct the underestimation of tumor blood volume and simultaneously 

provide information on the permeability of tumor vessels [11, 12]. The present article 

describes the basic concepts of DEPWI and demonstrates clinical applications of this 

technique in brain tumors.   
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Perfusion-Weighted MR Imaging in the Assessment of Tumor Blood Volume and Its 

Technical Drawbacks 

PWI as referred to herein represents a single-echo dynamic susceptibility contrast MR 

technique, and relies on T2 or T2* shortening effects due to the first pass of contrast agent [1-

4]. Unlike conventional MR imaging, the basis of PWI does not rely on relaxivity (dipole-

dipole) effects, instead primarily relying on magnetic susceptibility effects. T2 and T2*-

weighted dynamic susceptibility contrast MR imaging takes advantage of the 

compartmentalization of contrast agent in capillaries. Magnetic susceptibility effects act on a 

longer range than previously described dipole-dipole interactions, extending outside vessels 

for a distance roughly equal to the radius of the blood vessel. This indicates that these effects 

are not just limited to the blood pool, but involve the entire brain. The measured MR signal 

intensity change versus time curve is converted into a contrast agent tissue concentration 

(∆R2 or ∆R2*) versus time curve. This relationship is the key link allowing the calculation of 

cerebral hemodynamics. Since the signal drop is directly related to the concentration of 

intravascular gadolinium, tumor blood volume can be calculated if the amount of gadolinium 

is known. Tumor blood volume is calculated from the area under the T2 or T2* rate change 

(ΔR2 or ΔR2*), and ∆R2 (∆R2*) can be calculated from signal intensity before and during the 

passage of contrast agent, as follows: 

 

∆R2 (∆R2*) = - ln [S(t) / S(0)]/ TE     [1], 

 

where S(t) is MR signal at time (t), S(0) is the mean MR signal before the arrival of contrast 

agent, and TE is echo time. Tumor blood volume can be normalized by volume of the 

reference tissue (e.g., white matter) to generate an index of tumor vascularity. 
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 The tumor blood volume obtained by this equation is essentially based on the 

assumption that the BBB is intact and able to keep the contrast agent within the vascular 

system. However, the BBB is usually disrupted in brain tumors, and contrast agent leaks into 

the tumor interstitium. This reduction of the compartmentalization decreases local field 

inhomogeneities. In addition, extravascular contrast agents cause a local T1 shortening. These 

two factors hinder the proper calculation of tumor blood volume, resulting in an 

underestimation of tumor blood volume. Some investigators have reported that post-

processing algorithms can compensate for moderate degrees of BBB disruption [13]. 

Alternatively, a small dose of gadolinium may reduce T1 shortening to some degree during 

the first pass of the dynamic study [7]. We have shown that the DEPWI can correct such T1 

shortening effects in the assessment of brain tumors [9, 11]. 

 

Principles of Double-Echo Perfusion-Weighted MR Imaging  

 After bolus injection, gadopentetate dimeglumine causes a T2* rate change (∆R2*) in 

brain tumors. This change is contaminated by a T1-shortening effect due to leakage of 

contrast material [7, 14]. Miyati et al. [15] evaluated tumor vascularity while correcting for 

T1 shortening by using double-echo MR imaging. R2* is: 

 

R2* = ln [S(TE1)/S(TE2)]/ (TE2-TE1)    [2], 

 

where R2* is the T2* rate (1/T2*), and S(TE1) and S(TE2) represent the signal of the first and 

second TE, respectively. Consequently, ∆R2* with correction to T1 shortening (∆R2*T1C) is: 

 

∆R2*T1C = R2* - R2*0     [3], 
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where R2*0 is the mean T2* rate before the arrival of contrast agent.  

Tumor blood volume can be estimated on the basis of the T2* shortening effect of 

intravascular contrast material using the following equation, fitted with gamma function 

(∆R2*T1Cf) to eliminate the second-pass effect: 

 

  
tumor blood volume = ΔR2

T1Cf

* (t)dt
0

∞

   [4], 

where t is time.  

After bolus injection, contrast agent is extracted from the intravascular space to the 

extravascular space. With a simple two-compartment model, assuming no back diffusion and 

no recirculation effect, extraction fraction (E) of the contrast agent is:  

 

[5], 

 

where CT represents the concentration of contrast agent in the extravascular space of the tissue 

(a constant after the first pass ends), F represents regional blood flow, and CA(t) represents the 

arterial input function. As MR imaging cannot directly quantify the concentration of contrast 

agent in the intra- or extravascular space or absolute blood volume, E cannot be directly 

calculated. However, Equation 5 gives a clue regarding how to generate useful indices for 

vascular permeability. 

As concentration of contrast agent in the extravascular space of the tissue, (CT), 

displays a linear relationship with ∆R2*T1C (t) - ∆R2*T1U (t)(t > t0) [11], the latter can be used 

  
E =

C
T

F ⋅ C
A

(t) dt
0

∞
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E =

C
T

F ⋅ C
A

(t) dt
0

∞
=

ΔR2
T1C

* (t) – ΔR2
T1U

* (t)

ΔR2
T1Cf

* max ⋅ C
A

(t) dt
0

∞

as a parameter of contrast material leakage to the extravascular space. The T1-uncorrected 

∆R2* calculated from the single-echo MR data (from Equation 1) is denoted as ∆R2*T1U: 

 

LV = ∆R2*T1C (t) - ∆R2*T1U (t)    [6], 

 

where LV is the leakage value and t is time. Note that the leakage value reflects the total 

amount of leaked contrast agent, not the permeability or extraction fraction itself. As 

∆R2*T1Cf max is known to be proportional to tumor blood flow [16], Equation 5 can be re-

described as follows: 

 

[7], 

  

 

where ∆R2*T1Cf max represents the maximum height of the curve ∆R2*T1C. If we can assume 

that variation in arterial input function among subjects is negligible, Equation 7 can be further 

simplified as follows: 

 

[8], 

 

and 

  
E =

C
T

F ⋅ C
A

(t) dt
0

∞
∝

ΔR2
T1C

* (t) – ΔR2
T1U

* (t)

ΔR2
T1Cf

* max
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LI =

ΔR2
T1C

* (t) – ΔR2
T1U

* (t)

ΔR2
T1Cf

* max      [9], 

 

where leakage index (LI) may in part reflect tissue extraction fraction (E). Details of this have 

been documented in the literature [11]. 

 

The Advantage and Drawback of Double-Echo Perfusion-Weighted MR Imaging 

The quantification of cerebral perfusion using dynamic susceptibility contrast MR 

imaging is theoretically based on the assumption of an intact BBB. However, after an 

intravenous bolus injection, there is prompt distribution of the contrast agent through the 

intravascular and extracellular spaces of the brain tumor. The contrast agent causes T1 

shortening effect once it has reached the interstitial space, resulting in underestimation of the 

blood volume of brain tumors. On the other hand, double-echo perfusion-weighted MR 

imaging (DEPWI) can correct the tissue response function of brain tumors having no BBB, 

making it possible to correctly estimate the blood volume of brain tumors that have no BBB. 

This is a distinct advantage of DEPWI. 

The quantification of the extravasation of the contrast agent in the tissue during bolus 

passage is based on a simple two-compartment kinetic model. This method separates the 

intravascular response from the extravascular component. Although diffusion of the contrast 

agent from the vessels to the interstitial space (K1) is taken into account in our method, back-

diffusion from the interstitial space into the vessels (k2) is not taken into account, which may 

cause underestimation of the tissue extraction fraction (E). This is a drawback of DEPWI. 
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MR Imaging Techniques 

For DEPWI, we used two echoes with TEs of 7 ms and 23 ms, a spoiled gradient-

recalled acquisition in steady state (SPGR) sequence (TR/TE: 33.3/7 or 23 ms; flip angle, 10°; 

0.75 signal acquired; matrix, 256 × 128; section thickness, 7 mm; and a rectangular field of 

view, 24 × 16 cm). Dynamic images were obtained at the level of a single section 

corresponding to the level of the most appropriate abnormalities seen on non-enhanced MR 

imaging in patients with brain tumors. After 5 images were acquired, gadopentetate 

dimeglumine (0.1 mmol/kg body weight) was rapidly injected intravenously at a rate of 5 

mL/s using an MR-compatible power injector, followed by a 20-mL saline solution flush. 

After administration of the gadopentetate dimeglumine bolus, a dynamic series of 50 sets of 

double-echo images were obtained at 2.4-s intervals. For this sequence, total acquisition time 

was approximately 2 min.  One drawback of the double-echo SPGR sequence is the single-

slice acquisition. Echo-planar imaging would have been desirable for multi-slice acquisition 

[17, 18]. 

 

Data Analysis 

Regions of interest were placed on both normal white matter and solid portions of 

tumor. Time series of signal intensity were converted to changes in ∆R2*T1C and ∆R2*T1U 

(see above). Gamma fitting of ∆R2*T1C data was performed to generate ∆R2*T1Cf. Index of 

tumor blood volume was calculated using the tumor blood volume normalized by CBV of the 

white matter (vascularity index). To obtain the leakage value, (∆R2*T1C - ∆R2*T1U) values 

immediately after the first pass of the time-to-∆R2*T1Cf curve were averaged (Fig. 1).  
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Clinical Application of DEPWI in Brain Tumors    

 We have applied the DEPWI technique for brain tumors including meningiomas, 

neurinomas and gliomas [9, 11, 12], in which strong contrast enhancement was shown due to 

disrupted or absent BBB. Using DEPWI, quantitative indices such as tumor blood volume and 

leakage indices are obtained to characterize tumor tissues. 

Meningiomas and neurinomas are extra-axial brain tumors that have no BBB. These 

tumors occasionally originate in similar locations, such as the cerebellopontine angle and 

skull base. Tumor blood volume is significantly greater in meningioma than in neurinoma on 

single-echo PWI [6], even with contamination of the T1-shortening effect caused by contrast 

agent leaking into the extravascular space. DEPWI verifies the greater tumor blood volume in 

meningioma compared to neurinoma [11]. Conversely, leakage index is significantly higher in 

neurinoma than in meningioma. As shown in Figure 2, the typical meningioma is 

characterized by high tumor blood volume and low leakage index. The typical neurinoma, on 

the other hand, is characterized by large leakage index but a tumor blood volume similar to 

that of normal white matter (Fig. 3). We applied both tumor blood volume and leakage index 

to characterize 22 brain tumors (meningioma, n=11; neurinoma, n=11). Tumor characteristics 

are summarized in Figure 4. Substantial overlap exists in tumor blood volume (vascularity 

index), while the leakage index appears to display better separation for the two types of 

neoplasm [11].   

The higher leakage index in neurinoma may suggest that these tumors are more 

permeable to contrast agent in tumor vessels than meningiomas are [19]. According to 

previous studies [20], the endothelial fenestration and open-gap junctions that are commonly 

found in the capillaries of neurinomas and meningiomas function as routes into the 

extravascular space, where the T1 effect of gadolinium can be achieved. Capillary structures 

in neurinoma are simple, and gap junctions are usually short, straight and patent [20], freely 
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communicating with extravascular space. In meningioma, on the other hand, gap junctions are 

often tortuous, elongated and sinusoidal, and frequently link with abnormal endothelial cells 

similar to tumor cells [20]. Differences in gap junctions between the two tumor types may 

explain why, during first transit, contrast agent achieves greater and faster access into the 

extravascular space in neurinoma, causing larger leakage indices in neurinoma than in 

meningioma.  

 PWI has recently been used to evaluate the vascularity of gliomas [21], focusing on 

grading of gliomas [21], stereotactic biopsy guidance [8], assessment of response to therapy 

[22-29] and differentiation of therapy-induced necrosis and recurrent tumor [30], as degree of 

vascular proliferation represents an important parameter in determining biological 

aggressiveness and histopathological grading of astrocytoma [31, 32]. However, as mentioned 

above, single-echo PWI techniques intrinsically underestimate tumor blood volume in high-

grade glioma due to BBB disruption, which may lead to erroneous interpretations and flawed 

treatment strategies. We evaluated tumor blood volume in glioblastoma multiforme (GBM) 

using DEPWI and compared tumor blood volumes with and without T1 shortening correction 

[9]. Tumor blood volumes were approximately 1.8-fold higher with T1 correction than 

without T1 correction. Differences in tumor blood volume were visually apparent between 

parametric maps with and without T1 correction (Fig. 5). Careful attention should thus be 

paid to the underestimation of tumor blood volume resulting from T1 shortening effects when 

using single-echo PWI. DEPWI may be more suitable for analyzing blood volume in high-

grade astrocytoma, particularly when determining treatment strategy.  

Information regarding vascular permeability of astrocytoma may further characterize 

this neoplasm. In our preliminary study [12], tumor blood volume was much higher in GBM 

than in pilocytic astrocytoma, while pilocytic astrocytoma showed much higher leakage index 

than GBM (Figs. 6, 7). These results may indicate that GBM is characterized by high tumor 
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blood volume, while pilocytic astrocytoma displays characteristic high vascular permeability. 

In general, differentiating between GBM and pilocytic astrocytoma is easy using conventional 

MR imaging, but vascular density and leakage can be investigated utilizing the present MR 

methods.  

Glioma grading is extremely important in a clinical setting because high-grade 

gliomas are usually treated by intensive methods such as adjuvant radiation therapy and 

chemotherapy after resection, while low-grade gliomas are not. Currently, tumor grading is 

based on histopathologic assessment; however, this has limitations, including potential 

sampling error associated with the limited number of biopsy samples. Even with surgery, 

histology can be performed only on an excised tumor, and residual tumor tissue cannot be 

examined. Therefore, information regarding tumor blood volume and vascular permeability 

can be useful in determining appropriate treatment strategies for gliomas. In the near future, 

investigations will determine whether DEPWI can classify glioma into proper grades using 

combined parameters of tumor blood volume and vascular permeability.  

 

Conclusion 

Single-echo PWI is currently in wide use for assessing brain tumors. DEPWI can 

correct the T1 shortening effect resulting from leakage of contrast agent, allowing 

compensation for underestimation of tumor blood volume. Furthermore, information on 

vascular permeability is simultaneously available using this method. This method thus 

appears to provide additional useful information about brain tumors. 
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Figure Legends 

Figure 1. Time-concentration curve of GBM computed from double-echo SPGR sequence. 

The time-concentration curve calculated from double-echo MR data (∆R2*T1C) is represented 

by closed circles (●), the gamma-fitted curve (ΔR2*T1cf) is represented by a bold line, and the 

time-concentration curve calculated from second echo MR data (∆R2*T1U) is represented by 

open circles (○). Note that ∆R2*T1U is underestimated by the T1 shortening effect. The 

gamma-fitted time-concentration curve of normal white matter is represented by a fine line. 

Leakage values were plotted using open triangles. To obtain leakage value, (∆R2*T1C - 

∆R2*T1U) values immediately after the first pass of time-to-∆R2*T1Cf curve were averaged. 

 

Figure 2. Meningioma case 

Contrast-enhanced T1-weighted spin-echo MR image (left), blood volume map (middle) and 

leakage value map (right). Tentorial meningioma shows intense contrast enhancement on the 

left image (white arrow). Note the high vascularity and low leakage of the meningioma. 

 

Figure 3. Neurinoma case 

Contrast-enhanced T1-weighted spin-echo image (left), blood volume map (middle) and 

leakage value map (right). Neurinoma shows intense contrast enhancement in the right 

cerebello-pontine angle on the left image (white arrow). Note the low blood volume and 

relatively high leakage value of the neurinoma. 

 

Figure 4. Semi-logarithmic plot of leakage index and vascularity index for meningioma (○, 

n=11) and neurinoma (■, n=11). Substantial overlap in vascularity index existed between the 

two tumor types. Leakage index separated tumors in all except one case. 
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Figure 5. GBM case  

Contrast-enhanced T1-weighted spin-echo image (left), blood volume map without T1 

shortening correction (middle) and blood volume map (T1 shortening compensated by 

double-echo SPGR sequence) (right). In this case, the histologic diagnosis was verified as 

GBM by means of surgical resection. T1-weighted spin echo image and parametric images 

are at slightly different angles. GBM is recognized as a strongly enhancing tumor in the right 

occipital lobe. Note that GBM displays larger blood volume when T1 shortening correction is 

performed using the double-echo sequence (white arrow). Actual blood volume was 1.5-fold 

higher than blood volume without T1 shortening correction.   

 

Figure 6. GBM case 

Contrast-enhanced T1-weighted spin-echo image (left), blood volume map (middle) and 

leakage value map (right). GBM shows inhomogeneous enhancement in the right fronto-

parietal lobe. Note high blood volume and relatively low leakage value of the tumor. 

 

Figure 7. Pilocytic astrocytoma case 

Contrast-enhanced T1-weighted spin-echo image (left), blood volume map (middle) and 

leakage value map (right). T1-weighted spin echo image and parametric images are at slightly 

different angles. The pilocytic astrocytoma shows intense homogeneous enhancement in the 

solid portion of tumor on the left image (white arrow). Note the low blood volume and high 

leakage value of the tumor. 
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