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Dynamic imaging of GIDTPA uptake has been used by several groups to characterise the permeability of blood- 
brain barrier and blood-retina barrier lesions, using both bolus and constant infusion rate injections. However, 
no consensus on which injection protocol is most efficient has been reached. To address this problem, we extend 
our Simplified Early Enhancement (SEE) theory, applicable to retinal lesions, to cover infusion injections, and 
demonstrate its application to published data. The two injection methods are compared using computer simu- 
lation. We find that, first, an infusion cannot produce a constant plasma concentration in an acceptable time 
(although a hybrid injection, consisting of a combined bolus and infusion, is able to do this). Second, at any given 
time after the start of injection, a bolus achieves a higher tissue concentration, and hence enhancement, than does 
the same dose given as an infusion. Conversely, a bolus achieves any given tissue concentration in a shorter time 
than the same dose given as an infusion. Consequently, a bolus uses a smaller dose to achieve a given enhancement 
at a particular time. Third, if renal function is reduced, the error in calculating the permeability from a particular 
value of enhancement is lower for the bolus than for the infusion. And last, the SEE method is more accurate 
for a bolus than for an infusion. We conclude that a bolus is always more efficient than an infusion, as well as 
being easier to administer, and should always be used in preference to an infusion. 
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INTRODUCTION 

Gadolinium-DTPA has been widely used to investigate 
abnormal leakage in the blood-brain barrier,132 and 
recently in the blood-retina barrier .3 In diseases such 
as multiple sclerosis,4*5 tumours,2 and retinal lesions,3 
Gd can leak out of the capillaries. The extent to which 
this happens may be an indication of the activity of the 
disease; alterations in the leakage could be used to in- 
vestigate the natural history of the disease, including 
staging of tumours, and its response to therapy.6 To 
achieve this characterisation of the leakage, a quanti- 
tative measure is needed that is precise and preferably 
accurate. Physiologists have characterised leaking mem- 
branes7 by their permeability, P (cm min-‘), defined 
as the flow of tracer (mmol min-‘) per unit concentra- 
tion difference across the membrane (mmol cmm3) and 
per unit surface area, S, of the membrane (cm2). The 

total leakage in a lesion is characterised by the PS prod- 
uct (cm3 min-‘), defined as the product of permeabil- 
ity P and the surface area S of the leaking membrane 
(in this case the capillary bed). A third useful param- 
eter is the PS product per unit volume of tissue, or 
transfer constant k (min-I).* Measurements of k can 
be made in vivo using MRI, and it this parameter that 
is considered in this paper. It will be referred to as per- 
meability for brevity. 

The permeability of leaking blood capillaries has 
been measured in the brain using a bolus injection of 
Gd-DTPA tracers-i2 and in the retina.13s14 Measured 
values of transfer constant k ranged from O.OOll- 
0.0016 min-’ in the retina,14 through 0.01-0.07 min-’ 
in multiple sclerosis,8T’5 to 0.01-1.5 min-’ in turnours 
A leakage space uI has been measured*; this is the frac- 
tion of the lesion volume that is accessible to the leak- 
ing Gd-DTPA tracer. We consider two kinds of lesion: 
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first, “partly water” lesions (e.g., multiple sclerosis, 
tumours) where vI < 1 (e.g., in MS vI = 0.18-0.49”); 
it probably corresponds to the extracellular space and 
in general its size is unknown. Second, “completely 
water” lesions vI = 1 (e.g., in the retina, where all of 
the vitreous humour is accessible to tracer). Since the 
value of vI is known a priori in completely water le- 
sions, this can be used to simplify the theoretical model 
used to estimate permeability. The Simplified Early 
Enhancement (SEE) methodi uses this prior knowl- 
edge to estimate permeability in the retina using sim- 
ple computation. 

Other workers have studied the dynamics of the 
uptake of Gd-DTPA without explicitly calculating per- 
meability values. Some have chosen to use a bolus 
injection,6 whilst others have used a constant infusion- 
rate injection. “J* There is clearly some uncertainty in 
the literature regarding the relative merits of bolus and 
infusion injections, and in this paper we compare the 
relative advantages of the two methods for measuring 
permeability. We concentrate on the lower values of k, 
in the range 10-4-10-1 min-‘, since this is where the 
time to reach an acceptable enhancement may be long 
(> 10 min), and an infusion injection might be thought 
worthwhile. At high values of k (>O.l min-‘), the 
time to peak enhancement is short (~10 min), and an 
infusion injection would not be considered, because it 
would have such a short duration as to be not signifi- 
cantly different from a bolus. 

For the constant infusion rate method, we derive ex- 
pressions for the plasma and tissue concentration of 
tracer as a function of time. We extend the SEE method 
to estimate permeability in retinal lesions from infu- 
sion data, and we demonstrate its application to pub- 
lished data. Using computer simulations, we investigate 
whether a constant plasma concentration can be ob- 
tained with an infusion injection, and we compare the 
two methods of injecting (bolus and infusion), accord- 
ing to the following criteria: 1) the tissue concentration 
that can be achieved in a given time after the start of 
injection; 2) the imaging time required to achieve an 
acceptable enhancement; 3) the total amount of tracer 
that has to be injected; 4) how the accuracy of the per- 
meability estimate is maintained in the presence of a 
reduction in renal function; and 5) how much error 
arises from the simplifying assumptions made in the 
SEE method for estimating retinal permeability. 

THEORY 

Bolus Injection 
After intravenous (IV) injection of a bolus dose 

Dbo’ mmol/kg body weight, given at time t = 0, the 
plasma concentration decays biexponentially’ 

,p( t) = Dbo’ 2 aie-‘W 

i=l 
(1) 

where i = 1 describes the early mixing phase between 
plasma and extracellular water, and i = 2 describes 
the later renal excretion phase. In humans, the data of 
Weinmann et a1.19 fit’ a, = 3.99 kg/liter, a2 = 4.78 
kg/liter, ml = 0.144 min-‘, m2 = 0.0111 min-‘. In 
rabbitsI al = 4.37 kg/liter, az = 2.59 kg/liter, ml = 
0.24 min-’ , m2 = 0.0094 mini . The resulting tissue 
concentration is* 

Cp”‘(t) = Dbo’k i ai(epm3’ - e-“Q’)/(mi - m3) (2) 
i=l 

where m3 = k/v,. In retinal lesions the permeability is 
small14 (k = lop3 mini), the lesion is completely wa- 
ter (vI = l), and mj L lop2 (see above), so k < m;. This 
implies that at realistic times (t c 100 min) kt < 1, so 
Eq. (2) can be simplified to 

i=l 

(kerni, kt< 1) (3) 

Thus, at short times (t -SK rnie’) the tissue concentra- 
tion in retinal lesions increases linearly with time: 

C?‘(f) =Dbo’ktka, (k<mi, t<m;‘) (4) 
i=l 

Note that the two strong conditions in Eq. (4) imply 
the weaker condition kt =K 1 in Eq. (3). 

Constant Infusion Rate injection 
Let the IV infusion rate be Binf mmol/kg mini, 

starting at time t = 0. This injection can be treated as a 
series of small doses (doselets) AD = binfAt’, each 
lasting time At’. The plasma concentration resulting 
from a doselet given at time t’ is then, from Eq. (l), 

AC,(t) = @“fAt, 5 a;e-mict-t? (5) 
i=l 

and the total plasma concentration is the sum of the 
contributions from each doselet: 

C,$“(t) = lim i AC,(t) 
At’-+0 f,=O 

2 

= ljinf C a;( 1 _ e-“tt)/mi 

i=l 
(6) 
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Shortly after the start of infusion, the plasma concen- 
tration increases linearly with time: 

C:‘(t) = dinft 5 Qi (mit < 1) (7) 
i=l 

and at long times the plasma concentration becomes 
constant: 

Cpf(t) = Binf i ai/t?Zi (mjt > 1) (8) 
i=l 

Similarly, using Eq. (2), the tissue concentration at any 
time is the sum of the contributions from each doselet: 

Cj”‘( t) = lY”fk,g * 
x 1 -e-w* _ 1 -e-“‘* 

( m3 1 (9) 
mi 

In retinal lesions we can make the same approximations 
as for Eq. (3) and then: 

Cpf(t) = Jjinfk 5 a,(m,t + e-“t* - 1)/m: 
i=l 

(k<mi, kt<< 1) (10) 

Thus, at short times the tissue concentration increases 
quadratically with time: 

cyf(t) = dinfkt2 i a*/2 (k << mi, t <g m,:‘) (11) 
i=l 

At longer times, the concentration increases linearly 
with time: 

C;‘“‘(t) = dinfkt $ ai/mi (m;’ < t < k-‘) (12) 
i=l 

Hybrid Injection 
The constant infusion rate injection does not pro- 

vide a constant plasma concentration until a time at 
least - l/mi after the start of injection [Eq. (8)]. This 
must be satisfied for both components, i = 1 and 2. For 
the long (i = 2) component, this is -100 min, which 
is unacceptably long. By using a hybrid injection, con- 
sisting of bolus and constant infusion injections in the 
correct proportion, a constant plasma curve can be 
reached much more quickly. From Eqs. (1) and (6), 
the plasma concentration after a hybrid injection is 

Cphyb(t) = h a*[(Db”’ _ Zji”f/mi)e-mi* + fii”f/mil 
i=l 

(13) 

and the amplitude of the slow exponential (i = 2) can 
be nulled by choosing an infusion rate of 

Ljinf = mZDbol (14) 

Dose Efficiency 
We compare the tissue concentration achieved by a 

bolus with that achieved by an infusion of the same 
amount of tracer over the same time. Suppose the en- 
hancement is observed from time t = 0 to time t = tinfe 
Then the amount of tracer used under the infusion 
procedure is dinf tinf, and we compare this to a bolus 
Dbo’ = Binfti”f. The ratio of tissue concentrations at 
tinf for a bolus and an infusion, in the case of a reti- 
nal lesion [Eqs. (3) and (lo)], is 

Rbol/inf = Cbo’( tinf) 

Cinf ( ti”f) 

= 

,$ ai(miti”f + e-“‘*‘n’ - 1)/m: 

(k < mi, kti”f << 1) (19 

and depends on time but not on the permeability. This 
is valid for k < mi = 0.01 min-‘. At short times, the 
bolus is twice as effective as the infusion: 

Rbo”i”f + 2 (tinf < rni’ < k-l) (16) 

and at longer times they are equally effective: 

Rbol’i”f -+ 1 (mi’ CK tinf < k-l ) (17) 

Thus, in retinal lesions the bolus is always more effec- 
tive than the constant infusion injection in reaching a 
particular required concentration. 

Reduction in Renal Function 
The accuracy of the permeability estimate relies on 

the plasma concentration being known [Eqs. (1) and 
(6)]. We have assumed normal values; however, a po- 
tential source of inaccuracy is a reduction in renal func- 
tion, through kidney malfunction, as this will alter the 
clearance of tracer from the plasma. The plasma curve 
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will then not be that predicted by inserting normal val- 
ues of the plasma parameters al, a2, m, , and rn2 into 
Eq. (1) or (6). Ideally, the estimate of permeability 
should be robust with respect to variation in the plasma 
parameters. All four of the parameters depend on the 
size of the plasma and extracellular spaces.8 In addi- 
tion, rn, is proportional to the permeability from cap- 
illary to extracellular space in the whole body, and rn2 
is proportional to the glomerular filtration rate. We 
therefore expect the main effect of a reduction in re- 
nal function to be a reduction in m2. The error in es- 
timating plasma concentration will increase with time 
(at short times C, is independent of m2). We therefore 
expect the resulting fractional error in permeability to 
increase with time for both methods, but to be inde- 
pendent of dose and permeability. 

Simplified Early Enhancement Method 
for Estimating Permeability-Extension 
to Infusion Injection 

In this section, we extend the Simplified Early En- 
hancement (SEE) method for estimating retinal perme- 
ability, previously only derived for a bolus injection,’ 
to the case of an infusion injection. The estimation of 
permeability k from the enhancement E can be sepa- 
rated into two processes. First, the tissue concentration 
is estimated from enhancement. We define enhance- 
ment to be the increase in signal after injection of the 
tracer, divided by the signal preinjection. For a spin- 
echo this is16 

x 1 - 2e- (TR-TE/~)(T,O’+R,CI) + e-TR(T,;‘+R,C,) 

1 _ 2e-_(TR-TE/2)T,$ + e-TR7-,$ 
-1 

(18) 

where ?‘r, is the T, before injection, and R,, Rz are 

the Tl and T2 relaxivities. A linear approximation to 
this is16: 

E = R,T,C, (R, C, << TR-‘) (19) 

where 

T = TRe-TR’T1O 
k 1 _ e-TR/r~o 

(TE < T,, TR) (20) 

and C, can be estimated from E using these two equa- 
tions. The linear approximation breaks down at higher 
values of tissue concentration (and hence enhancement), 
in which case Eq. (18) can be inverted exactly, for ex- 
ample by an iterative procedure.16 

Second, permeability is estimated from tissue con- 
centration. The equations for tissue concentration in 
a retinal lesion [Eqs. (3) and (IO)] can be rearranged 
to give permeability for a bolus injection 

k= 
C?‘(t) 

2 

Dbo’ 2 a;( 1 - e-mir)/mj 
i=l 

(kKmi, t<k-‘) (3) 

and for an infusion injection 

k= 
c;‘“‘(t) 

2 

Binf C ai(mjt + epmit - 1)/m: 
i=l 

(k<mi, t<<k-‘) (22) 

Eq. (21), used in conjunction with Eq. (19) to obtain 
C, from E, is the Simplified Early Enhancement 
method given by Tofts and Berkowitz16; Eq. (22) rep- 
resents its extension to a constant infusion rate injec- 
tion. Notice that the denominators are the integral of 
the plasma concentration [see Eqs. (1) and (6)], and that 
these equations can also be obtained by ignoring back- 
flow and writing C, ( t ) = kS C, ( t ) dt. These equations 
both assume the permeability is small (i.e. k +z m, and 
kt << 1). We expect that the fractional error in k aris- 
ing from this assumption will increase with time and 
permeability, and be independent of dose. The size of 
the error is given below (see Results). If the error is un- 
acceptably high, exact iterative solutions to Eqs. (2) and 
(9) can be used, in place of Eqs. (21) and (22), to ob- 
tain k from Cj.” 

RESULTS 

Constancy of Plasma Concentration 
The time course of the plasma concentration and 

the tissue concentrations for bolus, constant infusion, 
and hybrid injections, predicted by the above theory, 
are shown in Fig. 1 for a range of permeabilities. The 
plasma concentration after a bolus injection decays bi- 
exponentially [Eq. (l)], whilst after theinfusion [Eq. (6)] 
it rises approximately linearly [as predicted by Eq. (7)] 
towards a plateau [Eq. (S)]. The bolus and infusion 
methods are both unsuccessful in achieving a constant 
plasma concentration in a reasonable time; however, 
the hybrid injection [Eqs. (13) and (14)] is effective, as 
can be seen in the figure. 

The tissue concentration for a low permeability 
(k = 0.001 mini), completely water lesion (uI = 1) is 
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Fig. 1. Time course of plasma and tissue concentrations in a human after a bolus injection (Dbo’ = 0.1 mmol/kg), a constant 
infusion rate injection (Bin’ = 0.00111 mmol/kg mitt-‘) and a hybrid injection consisting of the bolus followed by the infu- 
sion. Plasma constants are a, = 3.99 kg/liter, a2 = 4.78 kg/liter, m, = 0.144 min-‘, m2 = 0.0111 min-’ .’ (A) Plasma; 20 min 
after the start of the hybrid injection the plasma concentration is constant. (B) Tissue (low permeability k = 0.001 mix’). 
Twenty minutes after the start of the hybrid injection, the tissue concentration is rising linearly with time. (C) Tissue (medium 
permeability k = 0.01 mix’). (D) Tissue (high permeability k = 0.1 min-‘). Twenty minutes after the start of the hybrid 
injection, the tissue concentration is constant. 

shown in Fig. 1B. At short times it increases linearly 
with time for the bolus [Eq. (4)], and quadratically with 
time for the infusion [Eq. (1 I)]. At longer times the 
linear rise is seen for the infusion [Eq. (12)]. In con- 
trast, the tissue concentration after the hybrid injection 
rises linearly over the whole period of time. At medium 
and high permeabilities (k = 0.01 min-‘, Fig. 1C; k = 
0.1 min-’ , Fig. 1D) the tissue concentration rises in a 
nonlinear way for all injection types. For the high per- 
meability lesion (k = 0.1 min-‘), after a hybrid injec- 
tion the tissue concentration soon reaches the plasma 
concentration, and then remains constant. Curves for 
partly water lesions show similar features (data not 
shown). The accuracy of the hybrid injection will depend 
on how accurately the value of m2 is known [Eq. (14)]; 

however, if a constant plasma concentration is re- 
quired, then a hybrid injection is a more effective way 
to achieve it than is an infusion. 

Tissue Concentration Achieved 
In order to compare tissue concentrations from the 

two injection types, we suppose that a particular dose 
Dbol can be given either as a bolus at time t = 0 or as 
an infusion, starting at time t = 0, of duration tinf and 
dose rate dinf - - Db”‘/tinfe We compare the tissue con- 
centrations achieved [Eqs. (2) and (9)] a time tinf after 
the start of each injection type. Figure 2 shows the 
tissue concentrations after a dose of 0.1 mmol/kg for 
a completely water lesion with a range of permeabili- 
ties. The ratio of these concentrations (bolus:infusion) 
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Fig. 2. Comparison of the effect of delivering the same total 
amount of Cd-DTPA tracer by a bolus injection (at time t= 
0) and by a constant infusion-rate injection starting at time 
t = 0 and of duration tinf. Graphs of the tissue concentra- 
tion at time tinf after the bolus and at the end of the infusion 
are shown. The ratio of tissue concentration from a bolus to 
tissue concentration from an infusion injection (right hand 
axis) is always > 1 for realistic times. Db”’ = 0.1 mmol/kg; 
Ljinf = Dbo’/ti,f. Plasma constants as in Fig 1. (A) Permeabil- 
ityk=O.OOl min-‘. (B)k=O.Ol min-‘. (C)k=O.l min-‘. 

[Eq. (15)] is also shown. At low permeability (k= 0.001 
mm-‘; Fig. 2A) the ratio is 2 for short infusions, as 
predicted by Eq. (16). For infusions of duration up to 
1 h, a realistic upper limit, the bolus achieves a higher 
concentration at the low and medium permeabilities (at 
iinr = 60 min, the ratio is 1.7 for k = 0.001 mint and 
1.5 for k = 0.01 min-‘). The higher permeability le- 
sion (k = 0.1 min-‘; Fig. 2C) reaches its highest tissue 
concentration 16 min after a bolus injection, A 16 min 
infusion of the same amount of tracer produces a tis- 
sue concentration about 1.3 times lower; and infusions 
of any length produce lower tissue concentrations than 
that achieved 16 min after a bolus. The decline in the 
ratio of concentrations (bolus/infusion) seen in Fig. 2C 
to less than 1 at longer times is consistent with Eq. (17), 
since the condition for low permeability (k << mi) is 
not satisfied for the high permeability lesion. Curves 
for partly water lesions with the same range of perme- 
abilities show similar features (data not shown). 

Imaging Time Required 
The total imaging time required is generally de- 

termined by having to wait for a tissue concentra- 
tion, and hence an enhancement E, to build up that 
is sufficiently large that it can be measured precisely. 
The random error in the estimate of permeability 
ok/k = fi/(E SNRO), where SNRo is the signal-to- 
noise ratio in the preinjection image.16 Ideal values for 
enhancement are E = l-3 for retinal lesions and E = 0.5 
for MS lesions and tumours, since above this nonlin- 
earity of signal enhancement with tissue concentration 
becomes important [this was shown by simulations 
using Eqs. (I@-(20)]. Figure 2 shows that for a variety 
of permeabilities and a given amount of tracer, up to 
a time 140 min, any particular tissue concentration is 
always achieved faster if the tracer is given as a bolus 
thanif it is given as the equivalent infusion. 

The imaging time should not be allowed to become 
so long that variations in renal function affect the 
plasma curve significantly. We show below that this 
could produce an error of 10% at 40 min after injec- 
tion of a bolus. If an imaging time longer than about 
40 min would be required to achieve an acceptable en- 
hancement, then ideally the investigation should be re- 
designed to use a larger dose, so that an acceptable 
enhancement is achieved earlier. 

Total Amount of Tracer Required 
If we require to reach a particular tissue concentra- 

tion in a given scanning time, then the ratio of required 
infusion dose to required bolus dose is equal to the 
ratio of tissue concentrations for the same bolus and 
infusion dose, This follows from the fact that tissue 
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concentration is proportional to dose. This ratio is 
shown in Fig. 2, and is typically 1.3-l .7 at realistic times 
(up to 1 h), as stated above. Thus the bolus requires 
less total dose of tracer than does the infusion to achieve 
a useful enhancement in a given time. 

Accuracy in the Presence of 
Reduced Renal Function 

The magnitude of the error produced by assuming 
normal renal function when it was in fact reduced to 
50% of its normal value is shown in Fig. 3 (upper 2 
lines). A normal value of m2 was used to calculate the 
tissue concentration [Eqs. (2) and (9)], and also to 
estimate permeability from this by the SEE method 
[Eqs. (21) and (22)]. A reduced value of m2 (50% of 
the normal value) was then used to calculate a second 
value of tissue concentration, from which permeabil- 
ity was again estimated using the normal value. The 
difference in these two estimates is caused solely by 
the reduction in actual m2 (i.e., GFR or renal func- 
tion), regardless of any other errors caused by the ap- 
proximations inherent in the SEE method. Other meth- 
ods of estimating permeability would show similar 
dependence on altered renal function since all methods 
are sensitive to alterations in 1 C, (t ) dt [the denomina- 
tor of Eqs. (21) and (22)]. As expected, the error increases 
with time, is independent of dose, and is approximately 

Time after stari of injection (min) 

- tzdus (low GFR) ~nfusbn (IcnvGFR) ---- tdus(SEE) ---- lnfusion(SEE) 

Fig. 3. Time dependence of errors in estimating permeabil- 
ity k from the tissue concentration. Curves are shown for 
the bolus and infusion injections, k = 0.001 min-' , for two 
sources of error: (1) the effect of using the Simplified Early 
Enhancement method assumption that permeability is small 
(keeping renal function normal) (SEE; lower 2 lines) and (2) 
the additional effect of an unexpected 50% reduction in re- 
nal function (low GFR; upper 2 lines). The effects are inde- 
pendent of dose. At lower permeability (k = 0.0001 min-‘), 
the error of the SEE method is < I % , and the error from re- 
duced renal function is unchanged. 

independent of permeability over the range k = O-0.01 
min-’ . 

Accuracy of the Simplified Early 
Enhancement Method 

The SEE method [Eqs. (21) and (22)] assumes that 
the permeability is small. Simulation shows that the er- 
ror increases approximately linearly with time and with 
permeability (we expect it to be proportional to kt). At 
any particular time it is approximately 60% higher for 
the bolus injection (since the bolus was given earlier 
than most of the infusion tracer) and is independent 
of dose. An example is given in Fig. 3 (upper 2 lines), 
for k = 0.001 min-‘. 

Relative Accuracy of Bolus and Infusion Injections 
The errors at a particular time (shown in Fig. 3) are 

higher for the bolus than for the infusion, and at first 
sight this suggests the infusion is preferable. For exam- 
ple, 50 min after a bolus injection, the error arising 
from the SEE assumption that permeability is small is 
2.9%) whereas 50 min after the start of an infusion it 
is only 1.8% (k = 0.001 min-’ in Table 1). However, 
we know from Fig. 2 that a particular tissue concen- 
tration, and hence enhancement, is reached earlier with 
a bolus than with an infusion of the same amount of 
tracer. A bolus therefore allows permeability to be mea- 
sured earlier than does an infusion (for a given total 
amount of tracer). Continuing the above example, after 
a 50-min infusion of 0.002 mmol/kg min-’ (total dose 
0.1 mmol/kg), the tissue concentration is 0.012 mM; 
a bolus of 0.1 mmol/kg reaches this tissue concentra- 
tion at the earlier time of 23 min, when the error from 
the SEE assumption of small permeability is only 1.3% 
(i.e., less than that of the 50- min infusion). Similarly 
the error arising from reduced renal function, for a par- 
ticular tissue concentration, is also lower for the bo- 
lus. Similar conclusions also apply for the medium 
permeability (k = 0.01 min-‘; see Table 1). At high 
permeability (k = 0.1 min-‘), the errors arising from 
reduced renal function are lower for the bolus. The SEE 
method is not applicable because the condition k < mi 
[Eqs. (21) and (22)] is not met; and a more accurate al- 
ternative is the Early Enhancement method.“j We have 
not evaluated this for an infusion injection, since the 
infusion becomes increasingly unattractive at high per- 
meabilities, as the time to peak enhancement decreases, 
as seen in Fig. 2C. 

For the low and medium permeabilities, it is more 
valid to compare errors, for both injection methods, 
at the same tissue concentration, not at the same time 
(for the same total dose), and this is done in Fig. 4 for 
k = 0.001 min-‘. For any particular tissue concentra- 
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Table 1. Example of errors and imaging times required for bolus and infusion injections 

Time after start 
of injection 

(min) Type of injection 
SEE error 

(Q) 
GFR error 

(070) 

Tissue 
concentration 

(mM) 

Low permeability 
(k = 0.001 mitt-‘) 

Medium permeabiiity 
(k = 0.01 min-r) 

50 
50 

23 

50 
50 

21 

Bolus 0.1 mmol/kg 2.9 11.8 0.021 
Infusion 0.002 mmol/kg min-’ 1.8 7.2 0.012 
(total 0.1 mmol/kg) 
Bolus 0.1 mmol/kg 1.3 5.0 0.012 

Bolus 0.1 mmol/kg 25 10 0.16 
Infusion 0.002 mmol/kg mini 16 6 0.10 
(total 0.1 mmol/kg) 
Bolus 0.1 mmol/kg 11 4 0.10 

tion, the bolus has less error arising from reduced re- 
nal function (low GFR) than does the infusion, and it 
provides a more accurate estimate of k using the SEE 
method. The time to achieve a particular tissue concen- 
tration is also shown, and is lower for a bolus (as also 
deduced above from Fig. 2). 

Measurement of Permeability From 
Constant Infusion Rate Data 

Wu et a1.18 have published enhancement curves for 
several retinal lesions in rabbits after constant infu- 
sion rate injections. Using our exact model [Eqs. (9) 

al 

8 

b 
2 10 

0 

Tissue concentration (mM) 

.‘. -.. infusion (low GFR) - bolus (low GFR) l --- infusion (SEE) 

- bulus (SEE) D infusion time * b&s time 

and (1 S)], the rabbit plasma parameters of Berkowitz 
et a1.14 and measured relaxivities2’ we are able to fit 
their data. We used a Tr, value for the vitreous humor 
of 4 s.r4 Because their data do not pass through the or- 
igin as they should (in fact they report E = 0.36 at t = 
0), we made a small correction by subtracting 0.36 from 
all the E values. Figure 5 shows data from a rabbit vit- 
reous 2 days after retinal cryotherapy (their animal 
#19419). The quadratic rise in enhancement at early 
times [predicted by our Eq. (ll)] can be clearly seen. 
Our exact model with k = 2.78 x 10e3 min-’ produced 
a curve that fits their corrected data. At later times the 
rise of enhancement with time is linear up to high val- 
ues (>5), even though the rise of tissue concentration 
rise is not linear (see Fig. 5). This is because the qua- 
dratic rise in tissue concentration is offset by the less- 
than-linear rise of enhancement with concentration. 

The SEE method can be used to estimate an approx- 
imate value of permeability from a single enhancement 
value at a particular time. Using the corrected value of 
E=1.81attimet=30min,weobtaink=2.94x10-3 
min-’ , in good agreement with the fitted value (2.78 x 
10e3 min-‘). Modelling of the data taken 2 days after 
laser photocoagulation (animal #19420) showed simi- 
lar effects, and gave k = 1.11 x 10e3 min-‘. 

The PS product for a lesion where the leakage is con- 
tained within the slice thickness SLT is14,16 

Fig. 4. Magnitude of error in estimating permeability k from 
tissue concentration, as a function of tissue concentration, 
given the same total amount of tracer used by the time the 
enhancement is measured. Curves are shown for the bolus 
and infusion injections, with k = 0.001 min-‘. Curves are: 
(1) the error arising from using the Simplified Early Enhance- 
ment (SEE) assumption that permeability is small; (2) the 
error arising from reduced renal function (low GFR); and (3) 
the time to reach the specified tissue concentration (right hand 
axis). 

PS = kARorSLT (23) 

where ARor is the area of the region of interest used to 
measure the enhancement (this must be large enough 
to contain all the enhancing vitreous). This product 
is independent of the particular slice thickness and re- 
gion used, and is a true physiological measurement 
of permeability. Using the data of Wu et al.‘* (AR01 = 
20 mm2, SLT = 2 mm), we estimate that for the cryo- 
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6, 

5 
I 

(-0.4 

0 
0 10 20 30 40 50 60 70 so0 

Time after start of injection (min) 

+ E-data - E -model ---- tissueconc 

Fig. 5. Enhancement data (E-data) from Wu et al.ls (fiinf = 
0.015 mmol/kg min-I) using a SE300/12 sequence fit our 
model (E-model) using r,,, = 4 s; RI = 4.5 s-l mM-‘, R2 = 
5.5 s-l mM-’ (measured at 1.5 T, 21°C; see Ref. 20) and 
give k = 2.78 x lop3 min-' , PS = 1.11 x lop3 cm-2 min-' . 
The model shows that the tissue concentration (tissue cone) 
rises nonlinearly with time. The data have been corrected by 
subtraction of a constant offset of 0.36 to make them pass 
through the origin. 

therapy lesion PS = 1.1 x 10e4 cm3 min-’ , and for the 
photocoagulation lesion PS = 0.44 x 10e4 cm3 min-’ . 

DISCUSSION 

The quadratic rise in enhancement seen at short 
times in the infusion data of Wu et a1.18 (Fig. 5) sup- 
port our model. The close agreement of the SEE esti- 
mate with the exact model supports the use of SEE, 
which is convenient to compute and requires only a sin- 
gle measurement of enhancement. We have used Wu 
et al.? data to demonstrate our exact model and the 
SEE method; however, the estimates may be inaccu- 
rate for two reasons. Firstly, the enhancement in parts 
of the region of interest may be large enough to leave 
the linear part of the enhancement vs. tissue concen- 
tration curve. Our simulations, using Eqs. (18)-(20), 
show that for retinal lesions (T,, = 4 s), a SE300/10 se- 
quence, as used by Wu et al.” gives a 10% nonlinear- 
ity at an enhancement E = 2.3. Even though the exact 
relationship between concentration and enhancement 
is known for a homogenous region of tissue [Eq. (18)], 
it is not possible to estimate the relationship for a het- 
erogeneous region of tissue, unless the distribution of 
enhancement values within the region is known. Ide- 
ally, the peak enhancement within the region should 
not exceed about 2. Secondly because the capillaries 
may be occluded by the laser, the functional form of 

the Gd-DTPA plasma curve may differ from the arte- 
rial form,‘l and erroneously low values of permeabil- 
ity may be estimated. 

Although modelling of the distribution of labelled 
DTPA has been undertaken previously,22-25 our work 
represents several important advances in the applica- 
tion of tracer methodology to MRI. This is the first 
time that a constant infusion rate injection has been 
explicitly considered, and that it has been compared 
to a bolus according to the criteria of this paper. 
Fenstermacher22 states in his review that “the bolus in- 
jection method of administration is simple and almost 
always generates usable experimental results, whereas 
the constant plasma activity approach employs fairly 
complex infusion schedules, which often fail to produce 
reasonably steady plasma concentrations and accept- 
able data.” Blasberg et a1.24,25 concluded that “bolus 
intravenous administration of the test-solute yields the 
optimal plasma concentration-time relationship,” al- 
though no detailed analysis was given. Thus, our find- 
ings are consistent with previous work. The emphasis 
of the earlier work22-25 was on radioactively labelled 
tracers, including DTPA, injected into animal models, 
where plasma concentrations can be monitored as a 
function of time to determine 1 C, dt. In this paper we 
have focused on Gd-labelled DTPA injected into hu- 
man subjects and monitored by MRI. Direct monitor- 
ing of plasma concentration is then invasive and 
inconvenient, and we have used analytic expressions for 
the plasma concentration. A noninvasive method for 
monitoring the plasma concentration has been pub- 
lished,26 but this requires MRI examination of the 
aorta, which cannot usually be carried out simultane- 
ously with imaging of the brain or retina. The earlier 
work used more elaborate models, including four ex- 
ponential terms for the plasma concentration.25 We 
have found a simple model, with two exponential terms 
for the plasma, fits the data.8 

We have demonstrated that the bolus injection of 
Gd-DTPA is a more efficient and a more accurate pro- 
cedure than a constant-rate infusion, providing a result 
with less total tracer or with less imaging time. Al- 
though the hybrid injection achieves a constant plasma 
concentration most quickly, variations with time of the 
plasma concentration can be taken into account in the 
calculation of permeability by the SEE method [Eqs. 
(21) and (22)], and therefore constancy of plasma con- 
centration need no longer be a criterion by which to 
judge an injection procedure. The bolus is more prac- 
tical, because no special equipment is needed, the only 
requirement being that the time of injection is accu- 
rately noted. It may also allow the measurement of 
blood volume, by tracking the bolus with a gradient-echo 
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for the first 30 s after injection.6y27 This is a “free” 
measurement, requiring no extra tracer or scanner time. 
Although we have used human plasma parameters in 
our simulations, those in experimental animals are not 
substantially different, and our conclusions apply as 
much to investigations into experimental lesions as they 
do to clinical measurements on human subjects. 
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