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The goal of this work was to develop a comprehensive under- 
standing of the relationship between vascular proton ex- 
change rates and the accuracy and precision of tissue blood 
volume estimates using intravascular T, contrast agents. Us- 
ing computer simulations, the effects of vascular proton ex- 
change and experimental pulse sequence parameters on 
measurement accuracy were quantified. T, and signal mea- 
surements made in a rat model implanted with R3230 mam- 
mary adenocarcinoma tumors demonstrated that the theoret- 
ical findings are biologically relevant; data demonstrated that 
over-simplified exchange models may result in measures of 
tumor, muscle, and liver blood volume fractions that depend 
on experimental parameters such as the vascular contrast 
concentration. As a solution to the measurement of blood 
volume in tissues with exchange that is unknown, methods 
that minimize exchange rate dependence were examined. 
Simulations that estimated both the accuracy and precision of 
such methods indicated that both the inversion recovery and 
the transverse-spoiled gradient echo methods using a “no- 
exchange” model provide the best trade-off between accu- 
racy and precision. 
Key words: blood volume; vascular proton exchange; angio- 
genesis; intravascular contrast agents. 

INTRODUCTION 

Tissue blood volume changes are seen in response to 
functional challenges such as photic stimulation (11, and 
in response to a variety of disease processes including 
cerebral, myocardial, and renal ischemia (2,  3) and with 
tumor angiogenesis (4). In analogy with nuclear medicine 
techniques, numerous MRI studies have been undertaken 
to evaluate tissue blood volume fraction with long-lived 
intravascular TI contrast agents. However, unlike nu- 
clear medicine techniques, the MR signal intensity is not 
a direct measure of contrast concentration. Rather, it is a 
measure of the effect that the agent has on proton relax- 
ation. Therefore, although an agent may be confined to a 
given compartment, its effect can extend to other com- 
partments via proton (water) exchange. Consequently, 
interpretation of MRI studies, which use intravascular TI 
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contrast agents, are made more complex by the water 
exchange that takes place between the vascular and ex- 
travascular spaces. In practice the issue of vascular-ex- 
travascular proton exchange is taken into account by 
determining the fractional blood volume in one of two 
limits of water exchange: from the T,  relaxation rate 
assuming fast proton exchange (5-7) or MR signal inten- 
sity differences assuming no proton exchange (3,  8 )  be- 
tween the vascular and extravascular spaces. The degree 
to which these conditions are satisfied depends on the 
relative values of the exchange rate (a physiologic param- 
eter) and the compartmental relaxation rates that can be 
altered by contrast concentration (an experimental pa- 
rameter). However, recent results indicate that for typical 
doses of contrast agent, the vascular proton exchange rate 
in brain and cardiac tissue is not fast and possibly inter- 
mediate relative to the compartmental T,  relaxation rates 
(9-12). Consequently, it is questionable as to whether the 
simple exchange models can be used to accurately mea- 
sure blood volume. 

The goal of this work was to develop a more compre- 
hensive understanding of measurement and exchange 
parameters as they relate to the measurement of blood 
volume. This goal is addressed in four main parts. First, 
the exchange theory is briefly described. Second, we 
describe computer simulations that examine when vas- 
cular proton exchange leads to inaccuracies in the mea- 
surement of blood volume. Third, to demonstrate 
whether the simulated conditions are biologically rele- 
vant, we report TI and signal intensity measurements 
made in rat tumor, muscle, and liver tissue. Finally, we 
analyze, through simulations, methods for measuring 
blood volume that minimize the exchange dependence. 
The methods are based on the observation of Hazlewood 
et al. (13) that the initial slope of the signal enhancement 
curve is independent of exchange, and have been used 
recently to measure blood volume in liver (14). The goal 
of these last simulations is to provide a more comprehen- 
sive, working understanding of the accuracy and preci- 
sion of blood volume measurements made from these 
exchange-minimization methods, and the trade-offs that 
the experimentally controllable parameters allow for 
these measurements. 

THEORY 

A simple mathematical model describing the relation- 
ship between the MR signal and proton exchange was 
presented by Hazlewood et al. (13) who applied a two- 
site exchange model to a biophysical system. Although 
this model can be used to describe exchange between 
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multiple compartments, for our purposes of evaluating 
the MR measurement of blood volume with an intravas- 
cular TI contrast agent, we will use a two-compartment 
(vascular-extravascular) version of the model. Thus, our 
focus will he on the movement of water across the cap- 
illary barrier, i.e, the vascular-extravascular proton ex- 
change. Use of the model in this manner assumes that the 
movement of protons between cellular and extracellular 
spaces is very rapid, thus enabling us to treat the tissue 
cells and interstitium as one extravascular space, and the 
red blood cells and plasma as one vascular space. This 
assumption is supported by the literature (10, 15-17). 

The Hazlewood model is given here for the case of Tl 
decay (using an inversion recovery (IR) sequence) for all 
conditions of exchange between the vascular (v) and 
extravascular (ev) compartments: 

S,(t) = fv'M,(l - 2exp(-TI/Ti,')) 

where 

1 
= c, + c,, 

TIV' 

1 
~ = c, - c,, 
TI,"' 

+ 

fw' = 1 - f"' 

in which 

4 Y2 

S,  is the tissue (i.e, the vascular plus extravascular 
spaces) signal intensity while M ,  is the equilibrium mag- 
netization. The variables f, and fev represent the physio- 
logical or true fractional population of protons in the 
vascular and extravascular compartments having inher- 
ent relaxation times TI, and T,,,. (Note that in this report 
vascular fraction (f,) and blood volume are synonymous: 
both are defined as the fraction of an MR pixel that is 
blood. Therefore, these terms will he used interchange- 
ably.) The observable parameters, denoted as the primed 
parameters (f,', fey' and TI,', Tlev') are the parameters 
that would result from a hiexponential fit of the data. 
How well the observable fractions and relaxation times 
represent the true parameters depends on the rate of 
proton exchange between the compartments, 1 Jr= I /  
rv+l/re,, where rv and rev are the average residence 
times of a proton in the vascular and extravascular com- 
partments. Only when r is infinite are the observable 
fractions and relaxation times exactly equal to the true 

fractions and relaxation times. Under this "no-exchange" 
condition, fv can be exactly determined from the ratio of 
tissue and vascular signal intensity differences (pre and 
post contrast): 

where ASv is determined from a blood sample or an 
image region of interest within a vessel. 

As the exchange rate increases the difference between 
the observable and true fractional volumes and relax- 
ation rates increases. Consequently, in the limit where r, 
-> 0 ,  f,' becomes negligible and Eq. [I] becomes: 

In this fast-exchange limit, the relaxation rate is indepen- 
dent of the exchange rate and equal to the weighted sum 
of the compartmental relaxation rates. In this case f v  can 
be determined from the ratio of the difference between 
precontrast and postcontrast tissue and vascular TI re- 
laxation rates: 

i41 

where A(1/T7), is determined from a blood sample or an 
image region of interest within a vessel. 

Although it is unlikely that either exchange limit ( r  = 
0 , ~ )  ever applies to physiological systems, it is generally 
thought that if the exchange rate is at least much greater 
than (fast-exchange) or much less than (slow exchange) 
the difference between the vascular and extravascular T,  
relaxation rates (18) the "no-exchange" and "fast-ex- 
change" models represented by Eqs. [2] and [4] may still 
give accurate measures of fv. Whether this is true is 
addressed with the simulations and experiments pre- 
sented below. 

METHODS 

The Methods are presented in three parts. First we de- 
scribe the general exchange simulations that were used to 
evaluate the influence of vascular exchange on blood 
volume measurements. Second, details regarding the 
measurements made in a rat model are given. Finally, we 
present the details of the simulations that we performed 
to examine exchange-minimization methods for measur- 
ing blood volume. 

General Exchange Simulations 

To evaluate the implications of exchange when using the 
fast and no-exchange models, we modeled a more com- 
plete system. Specifically, given anfv of 0.10, Eq. [I] was 
used to calculate the signal intensity at the 10 inversion 
times (TI = 0.05, 0.2, 0.4, 0.8, 1.2,  2.0, 3.0, 4.0, 7.0, 
10.0 s). (These times are equivalent to those used in the 
measurements described below.) This was repeated for a 
range of biologically relevant exchange rates (1-10 s-') 
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(9, 19, 20) and vascular contrast agent concentrations 
(AR1 = 0.0-10.0 s-l). Then, either the no-exchange (Eq. 
[2]) or fast-exchange (Eq. [4]) model was used to calculate 
f v .  For the fast-exchange model, where TI decay is as- 
sumed monoexponential, a Simplex fitting algorithm 
(21) was used to fit the data to the thrce-parameter Tl 
decay equation: 

stat = M,(I - 2 a exp(-T1’T1u)) [51 

where M, is the equilibrium magnetization and a is the 
factor used to compensate for imperfect inversion. (For 
the simulations a = 1.0.) Because of the short TEused in 
the experiments (2.5 ms), we ignored the T, contribution 
to this equation. When using the no-exchange model, fv 
was determined from the difference between postcon- 
trast and precontrast signal intensities at TI = 0.8 s, the 
TI that is used for maximum contrast (i.e, where TI = T,). 

Measurements 

Ten female Fischer 344 rats weighing approximately 
150 g were implanted with the R3230 mammary adeno- 
carcinoma harvested from flank tumor fragments of do- 
nor rats. Measurements were made approximately 14 
days after implantation. Following the MR imaging pro- 
cedure, the animals were euthanized by pentobarbital 
overdose (120 mg/kg intravascularly). 

All studies were performed on a 2T SISCO NMR im- 
aging spectrometer (Varian Associates, Inc., and Spec- 
troscopy Imaging Systems Corporation, Fremont, CA). 
The MR experiment entailed injecting five to six doses 
(14 pmole Gd/kg each) of a novel, long-lived contrast 
agent [blood half life -14 h), MPEG-PL-Gd-DTPA (22). 
(The calculated molecular weight of MPEG-PL-Gd-DTPA 
is 560 kD on the basis of elemental analysis. It has an 
apparent hydrodynamic diameter of 1160 kD protein by 
HPLC due to the brush effect where polymer chains of 
MPEG stick out and make it look heavier than it actually 
is. Its Tl relaxivity in saline is 11.4 sP1 per mM of Gd3’ 
at 2.0 T and 36°C.) After each injection images were 
acquired at 10 inversion times (0.05,0.2,0.4,0.8,1.2,2.0, 
3.0, 4.0, 7.0, 10.0) using an IR turbo-FLASH sequence 
(TE = 2.5 ms, TR = 7 ms, flip = 1l0, image matrix: 64 X 
64) segmented into four acquisitions to minimize T, de- 
cay during each acquisition. The intersegment delay was 
7 s to allow for full TI relaxation between acquisitions. 
(To validate the TI measurement accuracy of this se- 
quence, turbo-FLASH measured Tls were compared with 
spectroscopically measured T,s of phantoms whose TI 
values ranged from 200 to 800 ms. With the total acqui- 
sition segmented into four acquisitions, the turbo-FLASH 
measured T,s were within 3% of the spectroscopically 
measured TIs.) Following the last injection, T, was mea- 
sured approximately every 5 min over a 30- to 70-min 
period to assess the possibility of extravascular leakage of 
the agent. A standard IR spectroscopy sequence was used 
to measure the blood T,s sampled before and immedi- 
ately after the imaging experiment. Assuming that the 
intravascular contrast agent builds linearly with injec- 
tion (because of the long clearance time), the blood re- 
laxation rates for each dose were computed from pre- 
experiment and postexperiment blood TIs. Subsequently 

fv was determined using either the fast or no-exchange 
model as described above. To evaluate the no-exchange 
model the difference in  precontrast and postcontrast sig- 
nal intensities was determined at TI = 0.8 s. 

The data were summarized by determining the mean f, 
from all rats and the standard error of the mean (SE), for 
both the no-exchange and fast-exchange models. Since 
there was some variation in the blood ARlv  values for 
each rat, a curve was fit to the data from each rat using a 
locally weighted least squared error method. Subse- 
quently, the f v  values at AR1 = 2.0, 4.0, 6.0, and 8.0 sP1 
were determined from the fitted curves and used to cal- 
culate the mean fv and SE. 

Exchange-Minimization Simulations 

The initial slope of the relaxation curve (Eq. [I]) with TI 
is independent of the exchange rate (13), and thus, to first 
order in TI, signal changes for small TI do not depend on 
exchange. Therefore, for short enough TI, both the fast 
and no-exchange models do not depend on exchange, 
and should give the same results. We test this concept in 
the simulations presented here. We evaluate both Eqs. [2] 
and [4] using an IR sequence, and extend the methodol- 
ogy to non-IR imaging by evaluating the no-exchange 
model when using a simple transverse-spoiled gradient 
echo sequence (GRE). Throughout the remainder of this 
report, these methods will be referred to as exchange- 
minimization (EM) methods. 

For an IR sequence, the fast and no-exchange models 
give equivalent estimates of blood volume, and are there- 
fore minimally sensitive to exchange when TI << 
T,,‘, T, tlv‘. Therefore, either the signal intensity can be 
measured at a given TI and the no-exchange model (Eq. 
[2]) used to determine fv or, TI can be determined from 
signal intensities measured at several TI values (all << 
Tlv‘,TIev’) and the fast-exchange model (Eq. [4]) used to 
determine f.. We will refer to these methods as “no- 
exchange, exchange-minimized IR” (nEM-IR) and “fast- 
exchange, exchange-minimized IR” (fEM-IR) methods. 

An alternative exchange-minimization approach is to 
use a transverse-spoiled gradient echo (GRE) pulse se- 
quence with very short TRs. For the fast and no-exchange 
models to give equivalent blood volume estimates (and 
therefore be minimally sensitive to vascular exchange), 
the conditions that TR << Tlv’,Tlov’ and 

cos a TR 
- <<I [El 

must be satisfied, where a denotes the flip angle, and TI 
represents the postcontrast Tlv’ or Tlev’. Although Eq. [6] 
was derived from the limiting cases of exchange (see the 
derivation in the Appendix), since the signal intensity is 
a monoexponentially increasing function of exchange 
rate ( 2 3 ) ,  this condition will hold for all exchange con- 
ditions. With this method f v  is determined from GRE 
signal intensity differences, i.e, by using the no-exchange 
model described by Eq. [2]. This method will be referred 
to as “no-exchange, exchange-minimized GRE” (nEM- 
GRE) . 

To evaluate the accuracy and precision of the ex- 
change-minimization methods, the general exchange 

1 - cos a T, 
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simulations described above were repeated with slight 
modifications. For the case where the EM-IR method 
was used, signal intensities were determined at TI values 
much shorter than (TI << Tlv: 0.04, 0.07, 0.1 s) the 
postcontrast vascular Tl relaxation time (0.5 s). An ap- 
parent T, was then determined by fitting these signal 
intensities and the signal intensity determined at one 
longer value (TI = 5.0 s; for estimation of M,) to Eq. [5]. 
The tissue Tl was calculated in this way for both the 
precontrast and postcontrast conditions where the pre- 
contrast vascular Tl was assumed equal to 1.0 s. From 
these T ,  measurements fv was computed using Eq. [4]. 
Similarly, for the nEM-IR method, fv was computed using 
the no-exchange model (Eq. [2]) at a TI value of 0.1 s. This 
TI value was chosen because it is the value from the TI 
list used for the EM-IR simulations, where the greatest 
difference in precontrast and postcontrast signal intensi- 
ties will occur. Finally, the no-exchange model was used 
to compute f ,  for the case where a transverse-spoiled 
GRE sequence was used. Specifically, fv was calculated 
as a function of exchange rate for TR values of 10,50, and 
100 ms for flip angles ranging from 1oo-900. 

Although exchange-minimization methods may pro- 
vide more accurate measures of blood volume, measure- 
ment precision may suffer since minimizing the effect of 
exchange usually comes by imaging at TI or TRlflip com- 
binations that do not maximize contrast-to-noise. There- 
fore, to evaluate both accuracy and precision of these 
exchange-minimization methods, we added experimen- 
tal noise to the simulations just described. To appropri- 
ately model the noise in the MR signal, the signal mag- 
nitude with noise was set equal to: 

where M is the signal magnitude without noise, normal- 
ized to M ,  = 1.0, and nl, are the random numbers drawn 
from a Gaussian distribution with zero mean and unit 
variance (21). For a given set of conditions, as described 
above, lo4 iterations were performed from which a mean 
f,, was determined along with its standard deviation. To 
compare the fEM-IR, nEM-IR, and nEM-GRE methods, a 
5-min experiment was simulated where the SNR of the 
fully relaxed signal (M,) was assumed to be 100. For the 
EM-IR method, with a TR of 6.0 s, 12 averages can be 
acquired at each TI value (assuming a small total acqui- 
sition time (e.g., 0 30 ms) as would be true when using 
an IR echo planar sequence) increasing the effective sig- 
nal-to-noise ratio (SNR) per TI value to approximately 
350. For the nEM-IR experiment, in 5 min, 48 averages 
can be acquired at one TI value giving an effective SNR of 
about 700. For the nEM-GRE experiment, simulations 
were performed for TR values of 10, 50, and 100 ms. For 
each nEM-GRE experiment, where use of a conventional 
(non-EPI) pulse sequence is assumed, the SNR used in 
Eq. [7] was set to reflect the chosen TR. For example, 
with a TR of 10 ms and 64 phase encoding steps, approx- 
imately 470 averages can be acquired in 5 min. Also, with 
TR = 10 ms, the total acquisition time is reduced by 
approximately 1/3 relative to the IR-EPI experiments 
where a typical acquisition time is 30 ms. Since the SNR 

is directly proportional to the square root of the number 
of averages and the square root of the acquisition time, 
the SNR that would be used in Eq. (71 is equal to 
100 - J470 * J10/30 

In summary, assuming a true f ,  = 0.10, we estimated a 
mean and standard deviation of the measurement for 
each of the exchange-minimization methods using a 
fixed, 5-min total measurement time. The simulations 
were performed for vascular exchange rates ranging from 
1.0 to 31 s-', and Tlvs of 500, 200, and 100 ms. 

1252. 

RESULTS 
General Exchange Simulations 

Figure 1 illustrates the effect of vascular proton exchange 
when using either a no-exchange or fast-exchange model 
to determine f,. The upper three curves represent the 
case where the no-exchange model was used. The calcu- 
lated f v  provides a fairly accurate measure of fv (0.1) for 
very low contrast concentrations, but then proceeds to 
overestimate the blood volume as the concentration in- 
creases. As the vascular exchange rate is increased, the 
overestimation worsens. Note that because of finite ex- 
change, even when the slow exchange condition is satis- 
fied ( 1 / ~  << ARl,), the measuredf, will overestimate the 
truef,. For example, with 1 / ~  = 1 s-', which is much less 
than AR1, = 10 s-', the fv is overestimated by almost 
20%. The lower three curves in Fig. 1 represent the case 
where the fast-exchange model was used to calculate fv. 

The measurement is quite accurate at low concentra- 
tions, but underestimates the true f ,  at higher concentra- 
tions. The underestimation worsens with a decrease in 
the vascular proton exchange rate. 

Measurements 

The summarized blood volume measurement results 
from tumor, muscle, and liver tissue are given in Fig. 2. 

0.41  " ' 1 ' ' ~ 1 " " 
No Exchange Model 

FIG. 1. Computer simulation results demonstrating the influence 
of the vascular proton exchange rate (1hJ on the measurement of 
f,. The top three curves represent the fv calculated when using the 
no-exchange IR model at TI = 0.8 s. Under th i s  condition, the 
calculated fv may significantly overestimate the true f, ( = 0.10, 
represented by the solid line). The overestimation worsens with an 
increase in vascular contrast concentration and l / ~ " .  The lower 
three curves represent the fv calculated from the fast-exchange 
model when using an IR sequence with aTI list which samples the 
entireT, decaycurve(T1 = 0.05, 0.2,0.4,0.8, 1.2,2.0,3.0,4.0,7.0, 
10.0 s). Under these conditions, the true fv can be significantly 
underestimated. The underestimation increases with contrast 
concentration and a decrease in lh". 
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FIG. 2. Mean and standard error of fv measurement results from 
tumor (a), muscle (b), and liver (c) tissue when using the no- 
exchange (filled circles) and fast-exchange (open circles) meth- 
ods. Since there was some variation in the blood AR1, values for 
each rat, a curve was fit to the data from each rat using a locally 
weighted least squared error method. Subsequently, the fv values at 
AR1 = 2.0, 4.0, 6.0, and 8.0 s-' were determined from the fitted 
curves and used to calculate the mean f, and SE values shown here. 

The averaged tumor and muscle data are for six rats, 
while the liver data are shown for four rats. Results from 
all 1 0  rats were not included since rat #8 did not survive 
the MR experiment and data in rat #9 were not acquired 
at AR1, less than 5 s-'. In addition, in some cases the 
delayed images showed continued extravascular leakage 
of the agent (rat #2: muscle, rat #3, 5: tumor, rat #7: liver) 
making the result indeterminable. Finally, the muscle fv 
for rat # l o  was not discernable due to inadequate SNR on 
that experiment day, and liver tissue was not in the 
imaging slice for three of the nine (surviving) cases. 

For the remaining four to six rats, the experimental 
results demonstrate trends similar to those predicted by 
the simulation results shown in Fig. 1. In particular, 
when the no-exchange model was used with TI = 0.85 s 

(filled circles), the f, calculated in both muscle and liver 
tissue increased with vascular contrast concentration, 
comparable with the upper curves of Fig. 1. While a 
similar trend is less apparent in the averaged tumor data, 
it becomes more apparent when viewing the tumor data 
on an individual basis, examples of which are given in 
Fig. 3. (The fact that the averaged tumor data masks 
individual trends is most likely a result of the greater 
variability in blood volume and vascular permeability 
parameters typical of tumors.) When the fast-exchange 
model (open circles) was used, the calculated tumor f\, 
decreased with contrast concentration, comparable with 
the lower curves of Fig. 1. While some decrease in fv with 
concentration is apparent in both muscle and liver tissue, 
the decrease is much less pronounced. 

A summary of all results (including those from rat #9) 
can be found in Table 1 ,  which lists the calculated fv 

results determined at high contrast concentrations 
(AR1 F= 6-8 s-I); (to the right of the representative curves 
shown in Fig. 2). 

Exchange-Minimization Simulations 

The simulation results in Figs. 4-7 explore the accuracy 
and precision of exchange-independent methods. When 
the blood is doped to a TI of 500 ms, using the fEM-IR 
method, the mean values are within 5% of the true value 
but have standard deviations of as much as 50% (Fig. 4a). 
As demonstrated in Fig. 4b, when using the nEM-IR 
method at TI = O.ls, the apparent f,, is within 2% of the 
true fv while the standard deviation remains less than 
l o % ,  that is, both the accuracy and the precision have 
been improved. With a higher vascular contrast agent 
concentration, yielding a blood TI of 200 ms (Figs. 4c and 
4d), the measurement precision improves but the accu- 
racy worsens since the exchange-minimization condi- 
tions are less well satisfied. Similarly, if longer TI values 
are used, the precision will improve while the accuracy 
worsens. 

The nEM-GRE simulation results are given in Figs. 5 
and 6. Figure 5 shows the calculated f,, and standard 
deviation of this calculation for a range of TR values and 
as a function of flip angle for a vascular exchange rate of 
31 sC1. The 3 1  sC1 exchange rate was chosen as it gives 
the worst case scenario for the range of exchange rates 
evaluated in this report. While a 90" flip angle with short 
TR appears best for the most accurate measure of fv (Fig. 
5a), a finding consistent with Eq. [6], a flip angle of about 
30°-50" and short TR appears to be the most precise (Fig. 
5b). Calculatedf, as a function of exchange rate is shown 
in Fig. 6 for a TR of 10 ms and flip angles of 30" and 50". 

DISCUSSION 

The exchange simulations and measurements presented 
here demonstrate the importance of considering vascular 
proton exchange when using intravascular TI contrast 
agents to measure blood volume fraction. The general 
exchange simulations demonstrated that when using ei- 
ther the no or fast-exchange models, the true vascular 
volume can be substantially overestimated or underesti- 
mated, respectively. The magnitude of the inaccuracy 
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"4 
Rat #4 

0.2 ": 
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0 2  4 6 8 10 0 2  4 6 8 10 

Vascular AR1 (sec-') Vascular AR1 (sec') 

a b 

FIG. 3. Representative fv measurement results from the tumor tissue of rat #2 (a) and rat #4 (b). The filled circles represent the fv 
calculated when using an IR sequence and the zero exchange model for TI = 0.8 s. The open circles represent the fv calculated when 
using the IR sequence and the fast-exchange model for a TI list that samples the entire T, decay curve (TI = 0.05, 0.2, 0.4, 0.8, 1.2, 2.0, 
3.0, 4.0, 7.0, 10.0 s). Typically, as demonstrated here, the individual tumor results demonstrate that the calculated fv increases with 
concentration when using the no-exchange method and decreases with concentration when using the fast-exchange calculation method. 

depends on both the exchange rate and experimental 
parameters. Tl and signal intensity measurements made 
in the rat model demonstrate that these theoretical find- 
ings are biologically relevant, and that simple exchange 
models may result in f, measurements that are strongly 
dependent on the experimental parameters. As can he 
seen from Table 1, with well-doped blood, the estimated 
vascular volume fractions for tumor and muscle differ by 
roughly a factor of 5 depending on the exchange assump- 
tions. 

The general behavior of blood volume estimates in the 
exchange simulations can be explained by their limits. 
The no-exchange simulation results (Fig. 1, upper 
curves) may initially seem surprising; it seems that when 
using the no-exchange model, the measurement accuracy 
should improve as the slow exchange condition (1/r << 
K1, - Kl,,, where 1 / r  = l / r v  + is better satisfied, 
that is, as R1, is increased. However, for a given ex- 
change rate, the overestimation of blood volume actually 
worsens with an increase in contrast concentration. This 
result can be explained by the fact that even under slow 
exchange conditions, the observed relaxation rates still 
depend on exchange: 

fv(tru4 Rl,,(high concentration) = Rl,,(pre-contrast) + __ 

[81 
7 

1 -f,,(true) 
Kl,(high concentration) = R1,~,,,, + AR1, + 

7 
[91 

So, for example, when the TI of the blood is made very 
short so that R1, >> Rl,,, (R1, >> 1/r], it does not mean 
that the second term in Eq. [8] can be neglected, Thus, 

Table 1 
Measurement Summary 

Calculated fv (ARl ,  - 6-8 s-') 

No-exchanne model Fast-exchanae model 
Tissue 

Tumor 0.029 2 0.01 (n = 7) 
Muscle 0.015 2 0.01 (n = 7) 
Liver 0.41 +- 0.06 (n = 5) 0.26 5 0.07 (n = 5) 

0.19 t 0.07 (n = 7) 
0.08 ? 0.03 (n = 7) 

even in "slow" exchange, significant exchange can mod- 
ify the signal, shortening the apparent Tl of the "ex- 
travascular" compartment. As a result, under slow ex- 
change conditions, and assuming the blood compartment 
is completely relaxed, the calculated fv approaches a 
value that is dependent on the exchange rate and TI: 

f,(calculated, slow) = f,(true) ( 1 + - :'I [I01 

Thus, a longer TI allows more time for extravascular 
spins to enter the vascular space, and be affected by the 
contrast agent, a condition that appears as a larger appar- 
ent vascular space. 

The shape of the fast-exchange model estimates (Fig. 1, 
lower curves) also depends on the correctness of the 
exchange assumption. Since fast-exchange is defined as 
the condition where the exchange rate is much greater 
than the difference between the vascular and extravascu- 
lar Tl relaxation rates (Ur, >> K1, - Kl,,) (18), at the 
lowest contrast concentrations the fast-exchange condi- 
tion is satisfied (since K1, * Kl,,), and the measurement 
of vascular fraction should be accurate. As the contrast 
concentration increases or the exchange rate decreases, 
the fast-exchange condition is less well satisfied and the 
measurement becomes increasingly inaccurate. In the 
high contrast concentration limit where the exchange is 
slow ( I / r ,  << K1, - RleV) and fast-exchange is assumed 
(monoexponential Tl decay), using Eqs. [ 8 ]  and [9], the 
calculated fv approaches the following limit: 

(1 + TI 1 / ~ )  
TI R1, 

f,(calculated, fast) = f,(true) -- [111 

Consistent with the simulation results of Fig. 1, the un- 
derestimation of f,(true) increases with concentration. In 
the high concentration limit, by taking the ratio of Eqs. 
[ lo ]  and [ T I ] ,  we see that the f,(calculated slow)/f,(cal- 
culated fast) = TI &, which is consistent with the data 
given in Table 1 for tumor and muscle. For liver, the 
contrast concentrations were not high enough to reach 
this limit. 

In summary, with a finite exchange of protons, mea- 
surement accuracy will depend on both the exchange 
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rate and measurement parameters, with measurement 
accuracy improving as TI decreases. 

The rat measurement results are consistent with the 
general exchange simulation results: the fv will be under- 
estimated if fast-exchange is assumed, and it isn't; or 
overestimated if no-exchange is assumed, and exchange 
is present. Although neither the vascular exchange rate 
nor blood volume fraction were independently known, 
the trends in fv with concentration are consistent with 
exchange rates that are finite but not decidedly fast rel- 
ative to the apparent compartmental relaxation rates. In 
particular, for tumor neither the fast nor no-exchange 
models appeared appropriate (they were concentration- 
dependent) for the measure of fv ,  a finding suggestive of 
tumor vascular exchange that is intermediate. For muscle 
and liver tissue the calculated fv was strongly dependent 

FIG. 4. Accuracy and precision 
of IR exchange independent 
methods. (a) When the initial 
slope is measured and the fast- 
exchange model used to calcu- 
late fv (fEM-IR method), the accu- 
racy (mean fv) is within 5% of the 
true value (0.1) while the precision 
(standard deviation) is near 50%. 
(b) When the initial slope is mea- 
sured and the no-exchange 
model (nEM-IR) is used to calcu- 
late f,, the accuracy is with 2% of 
the true f,, while the standard de- 
viation remains less than 10%. In- 
creasing the contrast concentra- 
tion (Ti" = 200 ms), results in an 
increased accuracy and de- 
creased precision for both the (c) 
fEM-IR and (d) nEM-IR methods. 

on concentration with the simplified no-exchange 
model, but much less sensitive to contrast concentration 
when using the fast-exchange model. Despite this result, 
one must be cautious in the decision to use the simplified 
fast-exchange model for blood volume measurements in 
these tissues. First, the fast-exchange model appears ac- 
curate simply because its results are being compared 
with the no-exchange results which are quite concentra- 
tion-dependent for the TI value used. (One may arrive at 
the opposite conclusion i f  the fast-exchange results were 
compared with no-exchange results derived at shorter TI 
values.) Furthermore, when using the simplified fast- 
exchange model, the mean muscle fv at AR1, = 8 s"l is 
30% less than the mean fl, at ARlv = 2 s-', a decrease 
that may not be acceptable. However, for liver the de- 
crease in fv between AR1, = 2s-I and 8 s -' is only 12Y0 

Exchange Rate = 31sec.' Exchange Rate = 3lsec-' 
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FIG. 5. The accuracy and precision of the no-exchange, GRE method (nEM-GRE), assuming an fv of 0.10, T,, 200 ms, and a vascular 
exchange rate of 31 s I. (a) The calculated fv as a function of flip angle for TR values of 10, 50, and 100 ms. The accuracy improves with 
an increasing flip angle and decreasing TR. (b) The standard deviation of the fv measurement as a function of flip angle and TR. The best 
precision (lowest standard deviation) results when the flip angle is approximately 30"-50". 
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FIG. 6. Calculated fv as a func- 
tion of exchange rate for a TR of 
10 ms and a flip angle of (a) 30" 
and (b) 50". 

suggesting that this model may give sufficiently accurate 
measurements of liver fv, at least for the experimental 
conditions used here. Whether the simplified fast-ex- 
change model would in fact provide accurate measures of 
liver blood volume, and under what conditions, requires 
additional studies that include independent correlative 
measures of either the vascular blood volume or ex- 
change rate. 

Of the exchange-minimization methods evaluated, 
methods that used the no-exchange model to calculate fv 

(nEM-IR, nEM-GRE) proved to be the most feasible giving 
both very good accuracy and better precision than the 
fast-exchange IR model (fEM-IR). The better precision of 
the no-exchange models is not due to the underlying 
exchange assumption of the model. Rather, these models 
proved most precise simply because the measurement 
was derived from the signal intensity on the initial slope 
instead of measuring the initial slope itself. As a result, 
all of the imaging time could be spent at the inversion 
time that was more sensitive to signal differences. In 
general, the nEM-IR and nEM-GRE may also be easier to 
implement than the fEM-IR method. The nEM-IR method 
does not require inversion times as short as those needed 
for the fEM-IR method and short TR sequences are 
readily available on most MR imaging systems. Further- 
more, with the nEM-GRE method the capability of using 
very short TRs enables use of higher contrast concentra- 
tions with the initial slope condition still easily satisfied. 
Finally, when using a transverse-spoiled GRE sequence 
to measure blood volume the measurement accuracy and 
precision can be maintained for a variety of flip anglelTR 
combinations. 

To summarize the trade-offs and dependencies of the 
GRE method, and to give some guidance in the choice of 
imaging parameters, we generated the graphs shown in 
Fig. 7. Figure 7a depicts flip angle as a function of accu- 
racy for TR values ranging from 10 to 100 ms, with TI, = 
200 ms and fv = 0.10. Since the accuracy (how close the 
mean value is to the true value) is primarily a function of 
the correctness of the exchange assumptions, the mea- 
surement accuracy in this graph was defined as the ratio 
of the blood volume, determined from the no-exchange 
model, to that determined when using the fast-exchange 
model. When this ratio is equal to 1.0, the measurement 
is exchange independent, and the best accuracy is 
achieved. From this figure it is apparent that for a desired 
accuracy, a multitude of flip anglelTR combinations can 

be chosen. However, note that as the TR increases, the 
maximum achievable accuracy decreases. 

Another factor that must be considered when choosing 
a flip anglelTR combination is measurement precision. 
Figure 7b depicts measurement precision as a function of 
accuracy, which is defined the same as in Fig. 7a. In this 
figure measurement precision, which is proportional to 
the SNR of the blood volume estimate, was estimated 
from AM/, TR, where AM is the signal difference that 
would result for a given flip angle, TR, and blood vol- 
ume. The solid curve represents the case where TI, = 
100 ms and TR = 10 ms, while the dashed curve repre- 
sents the case where TI, = 200 ms and TR = 10 ms. For 
each curve the flip angle increases from left to right, from 
0" to 90". Therefore, each point on these curves repre- 
sents the accuracy and precision that would result for a 
certain flip angle with TR = 10 ms. Performing an exper- 
iment with values that lie to the left of the curve maxima 
would not be optimal since both accuracy and precision 
can be improved by choosing values further to the right, 
i.e, by increasing the flip angle when TR is fixed. A 
useful trade-off between accuracy and precision occurs 
for flip anglelTR combinations that occur at the peak of 
the curves and to the right. In these regions, increasing 
the flip angle, with a fixed TR, may result in improved 
accuracy but less precision. Somewhat surprisingly, for a 
given TI,, the curves shown in Fig. 7b are almost exactly 
the same regardless of the TR chosen. That is, while the 
specific flip angle that corresponds to a given measure- 
ment accuracy does depend on TR (Fig. i'a), once that 
accuracy is specified, the precision evaluated at that flip 
angle is independent of TR. For example, when T I ,  = 
100 ms, an accuracy and precision of approximately 0.6 
and 0.19 can be achieved with a multitude of TRlflip 
angle combinations two of which are 10 ms/19° and 100 
ms155". Consequently, since the desired precision can be 
achieved at almost any TR value we say that the preci- 
sion is independent of TR. The one exception is that the 
extent of the curve to the far right in Fig. 7b does depend 
on TR: the curves can have x axis points closer to 1 at 
shorter TRs. For example, for a flip angle of goo, when 
TR = 10 ms the precision/accuracy value will be further 
to the right (more accurate and less precise) than when 
TR = 50 ms. In other words, the precisionlaccuracy that 
can be achieved with TR = 10 mslflip = 90" cannot be 
achieved when TR = 50 ms. 
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FIG. 7. Summary of the accuracy/precision trade-offs of the GRE 
method. (a) Flip angle as a function of accuracy for TR values of 
10, 20, 50, and 100 ms. (b) Precision as a function of accuracy for 
a TR of 10 m s  and T,, = 100 ms  (solid line) and for TR = 10 ms 
and T,, = 200 m s  (dashed line). The flip angle increases from left 
to right 0"-90". 

To simplify the comparison of precisions, we assumed 
that the actual encoding times per slice (i.e., bandwidth) 
was the same for all techniques. As a result, precision 
estimates at the longer TI? may underestimate their rela- 
tive performance if the bandwidth were narrowed as the 
imaging time increased. 

The exchange minimization results are concordant 
with those of Schwickert et al. (14) who used exchange- 
minimization methods to measure liver blood volume. 
Specifically, they found that liver blood volume could be 
accurately determined from AR1 (using the fast-exchange 
model), and either an ultrashort TI IR sequence or a 
3D-SPGR sequence (3D spoiled gradient recalled acqui- 
sition in a steady state). The model choice was reason- 
able given the measurement results presented here, 
which indicate that the simplified fast-exchange model 
may be appropriate for the measurement of liver blood 
volume fraction. In other tissues where the simplified 
exchange moclels are not appropriate, this technique 
should yield additional improvements in the accuracy of 
the blood volume measurement. 

An alternate method for measuring blood volume, 
which also takes vascular exchange into account, would 
be to fit the data for blood volume and exchange rate 
using general exchange equations such as those given by 
Eq. /I]. However, our experience with using multiparam- 
eter, nonlinear fits of the imaging data was that the re- 
sulting fits showed very large covariance between the 
fitted parameters: that is, trade-offs between blood vol- 
ume and exchange fit the data equally well. However, 

with the appropriate pulse sequence and sufficient SNR, 
a full fit for blood volume and exchange may prove to be 
a feasible approach. 

In view of the recent developments of high speed com- 
puted tomography (CT), one may wonder whether CT, 
which is not sensitive to water exchange, would be better 
for the measurement of total blood volume. However, as 
demonstrated in this report, with the effect of exchange 
well understood, blood volume can be accurately mea- 
sured with MRI methods. In addition, the MR sensitivity 
to water exchange can be used to our advantage. For 
example, it seems reasonable that the interplay between 
exchange and measurement parameters can be exploited 
to design a paradigm in which exchanging and nonex- 
changing vessels can be distinguished. This may prove 
important for issues such as drug delivery or for under- 
standing the contribution of various-sized vessels to 
functional brain activation. 

In summary, we have described the influence of vas- 
cular proton exchange on the measurement of blood vol- 
ume, when using long-lived intravascular TI contrast 
agents. Because of intravascular/extravascular water ex- 
change, experimental parameters must be carefully cho- 
sen to achieve the desired accuracy and precision. We 
have described techniques that reduce the effects of this 
exchange. While completely exchange-free measure- 
ments can only be made in theory, by sacrificing some 
accuracy, large improvements in precision of these tech- 
niques should result. Although exchange makes the anal- 
ysis of blood volume measurements more complex, it 
may also give MRI the unique potential of deriving im- 
portant information about tissue vasculature: an impetus 
for future studies. 

APPENDIX 

As stated in the METHODS section of this manuscript, 
when using a short-TR, transverse-spoiled GRE method, 
the measurement of blood volume fraction (f,) from sig- 
nal intensity differences (AS), will be minimally depen- 
dent on vascular proton exchange if TR << T7v',lev' and 
the following condition is satisfied: 

cosa TR 

1 - cosa TI 
<< 1 [All 

where T, represents either the postcontrast Tlv' or Tlev'. 
(See the derivation below for clarification of this point.) 
This appendix demonstrates that these conditions result 
in a measurement that is exchange independent. 

When using a short-TR method, the steady-state mag- 
netization @&) is equal to the following: 

__._ __ 

If TR << TI: 

mn I r n  
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which can be rewritten as follows: 

or 

TRI TI 

1 + _ _ - ~  - 
1 - C O S ( ~ )  TI 

M,, = M, - -~ 

Consequently, with the requirement that 
COS(CW) TR 

<<1: - 

1 - cos(a) TI 

[A61 

where R1 = l / T l .  Therefore, for the case of no exchange, 
where T I ,  = TI,' and TI,, = TI,,', the tissue signal is: 

M =-_____ ss Mu TRR1  
1 - cos(a) 

where Mu' = Mo/l-cos(a) (sin(a)) and the difference be- 
tween the postcontrast and precontrast signal intensities 
is: 

Similarly, with fast-exchange: 

where Rltissue = fv R1, + fev Rl,". Therefore, the differ- 
ence between the postcontrast and precontrast signal in- 
tensities is: 

[A101 

Equations A8 and A10 are equivalent demonstrating that, 
under the conditions listed above, fv can be accurately 
determined from AStissue irrespective of whether the ex- 
change is zero or fast. When this is the case, the deter- 
mination of fv from AStissur is exchange-independent. 
Also, since the signal intensity is a monoexponentially 
increasing function of the exchange rate (23) ,  under the 
conditions listed above, this approach will be exchange 
independent for all exchange conditions. 
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