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OPTIMAL DETECTION OF BLOOD-BRAIN BARRIER DEFECTS WITH 
Gd-DTPA MRI-THE INFLUENCES OF DELAYED IMAGING AND 

OPTIMISED REPETITION TIME 

PAUL s. TOFIS 
NMR Research Unit, Institute of Neurology, National Hospital for Neurology and Neurosurgery, London WClN 3BG, UK 

A computer simulation of Gd-DTPA enhancement in blood-brain barrier defects was used to find the 
tissue concentration as a function of time after bolus injection for a variety of lesion permeability and 
leakage space values. High permeability lesions start to decay less than 10 min after injection; while low 
permeability lesions may not reach their maximum concentration until at least 2 h after injection. The 
minimum detectable permeability was calculated for a range of leakage space values. For a leakage space 
of 0.1, 2 h after a standard 0.1 mmol/kg injection a permeability surface area product as low as 0.0005 
min-’ still gives detectable enhancement, while 6 min after injection the permeability must be at least six 
times higher to give detectable enhancement. The simulation shows that the effect of triple dose compared 
to standard dose cannot be found using cumulative dose experiments where the triple dose is fractionated 
over a period of lo-30 min. 
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INTRODUCTION 

With the advent of nonionic Gd-containing contrast 
media, there is currently much interest in studying the 
use of increased doses (double or triple the conven- 
tional 0.1 mmol/kg) to improve the chance of de- 
tecting blood-brain barrier lesions.‘-9,28 Imaging usu- 
ally takes place within 3-5 min of injection; however, 
many lesions continue to enhance after that time, and 
some groups have looked for an increased yield of 
particular types of lesion by delaying the imaging 
time.6~10’” It is, therefore, important to have a concep- 
tual framework within which to study the effect of 
delayed imaging. 

An approach to optimising the chance of detecting 
blood-brain barrier lesions using T,-weighted imaging 
after injection of Gd-DTPA is presented. It is based 
on a compartmental model of Gd-DTPA distribution, ‘* 
and consists of three parts. First, the optimum time 
between injection and imaging is investigated. Second, 
the imaging parameters TR (the repetition time) and 
NEX (the number of excitations) are optimised for a 
given total examination time, for both spin echo and 

gradient echo sequences. Third, the minimum detect- 
able permeability is estimated for a range of lesion 
leakage space values and times after injection. The 
assessment of triple dose injections using a fractionated 
dose regime is found to be generally invalid. A prelimi- 
nary account of this work has already been presented.” 

MATERIALS AND METHODS 

The model of Gd-DTPA distribution and signal en- 
hancement used in this simulation was first applied to 
the estimation of permeability and leakage space in 
Multiple Sclerosis lesions.‘* Later, it was validated in 
blood-retina lesions.‘4 Permeability measured using 
the MRI signal enhancement in the vitreous humour 
was in agreement with that measured directly from the 
amount of Gd-DTPA that had leaked into the vitreous 
humour. Recently, the model has also been used to 
estimate permeability in breast tumours.‘5 It consists 
of a plasma compartment, into which a bolus dose D 
mmol/kg of Gd-DTPA tracer is injected at time t = 
0, an extracellular compartment that is in good contact 
with the plasma, a lesion connected to the plasma by 
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a leak, and renal extraction of tracer from the plasma. 
The lesion is characterised by its transfer constant k 
(units min -‘) , or PS (Permeability Surface area) prod- 
uct per unit volume, loosely referred to as its ‘perme- 
ability,’ and by its leakage space vi, which is the pro- 
portion of the lesion tissue volume that is accessible 
to Gd-DTPA (0 I vl 5 1). The leakage space is 
probably the extracellular space. 

AS = S,,R,T,C (4) 

where Tk describes the T,-weighting of the sequence: 

The plasma concentration decays biexponentially after 
the bolus injection, in agreement with measurements.‘6 

For a spin echo [Eq. (3), 

2 

Cp(t) = D C. .iC”j 
i=l 

(1) 

T k(SEj = TR e-TR’Tlo (6) 

The signal from a spoilt gradient echo sequence I9 
is: 

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 al.,16 fit a, = 3.99 kg/liter, a2 = 4.78 
kg/liter, ml = 0.144 mm-‘, m2 = 0.0111 min-’ .I2 The 
resulting tissue concentration is the sum of exponen- 
tials with three time constants: I2 

where 0 is the tip angle, and the T,-weighting is given 
by 

2 

Ct(t) = D k Z ai(e-“3’ - e-“i’)l(mi - ml) 
i=l 

where m3 = k/v,. (2) 

In this simulation the lesion concentration was cal- 
culated for a variety of values of permeability; the 
range went from the lowest permeability lesion that 
appeared detectable (k = 0.001 min-‘) up to a value 
100 times higher. The latter (k = 0.1 min-‘) is high 
enough to keep the concentration in the leakage space 
in good equilibrium with that in the plasma. Two ex- 
treme values of leakage space vl were used, corre- 
sponding to the lowest (v, = 0.1) and highest (vi = 
0.8) values likely to be found in real lesions, although 
smaller values were also investigated. The concentra- 
tion in the plasma, and also in the lesion, is directly 
proportional to the injected dose. 

Assuming that to see leakage the signal must in- 
crease by at least three times the rms noise level, then 
the minimum detectable concentration of Gd-DTPA is 
[from Eq. (4)] 

C,” = 
3 

SNbR,T,& 
(9) 

The increase in signal caused by a particular con- 
centration of Gd-DTPA has been modelled.12 For a T ,- 
weighted spin echo (with negligibly short echo time) 
the signal is 

&, = So(l - f--m(T;OI+RIC) (3) 

where NEX is the number of excitations (averages) 
used to collect the image, and SNR,, is the signal-to- 
noise ratio in a single-average relaxed SE image (NEX 
= 1) . For a given examination time T,, that is available 
for imaging, the number of excitations NEX that can 
be used is the nearest integer to T,,/( N,TR), where 
N, is the number of phase encoding steps. Using Eqs. 
(9), (6)) and ( 8)) the minimum detectable concentra- 
tion of Gd-DTPA was calculated as a function of TR, 
for a given examination time. The T1 of white matter 
at 1.5T was used (600 ms).20 For gradient echo se- 
quences the optimum TR at each tip angle was also 
found, and the sensitivity of the sequence found by 
comparing the minimum detectable concentration of 
Gd with that obtained with the optimised spin echo 
sequence. 

where S, is the relaxed signal (i.e., at long TR), T10 The dependence of C,, on TR was also examined 
is the Ti before injection of Gd-DTPA, RI is the relax- analytically for the spin echo sequence. NEX was made 
ivity of Gd-DTPA (4.5 se1 n&-l at 1..5T17, and C a continuous variable (this is a reasonable approxima- 
is the tissue concentration of Gd-DTPA in mM. The tion when NEX is large). Using Eqs. (9) and (6), 
increase in signal caused by a small concentration of 
Gd-DTPA is I8 

setting NEX = T,/( N,TR) , and minimising C,, with 
respect to TR, the optimum repetition time is: 



Optimal detection of barrier defects l P.S. TOFTS 315 

and the optimised minimum detectable concentration 
is then 

l/2 

(11) 

At sufficiently high concentrations of Gd-DTPA the 
spins relax completely between pulses, so that the se- 
quence is no longer T ,-weighted. This effect was stud- 
ied for the SE sequence by plotting signal vs. Gd con- 
centration, using Eq. (3), for a range of repetition 
times. 

The minimum permeability that could be detected 
was calculated for a range of lesion leakage spaces (v, 
= 0.02-0.80) and times after injection for the optim- 
ised spin echo sequence, at both the standard ‘single’ 
dose (0.1 mmol/kg) and ‘triple’ dose (0.3 mmol/kg). 
This was carried out by increasing the permeability 
from zero, at a fixed leakage space and time, until the 
tissue concentration [ Eq. (2)] reached the optimised 
minimum detectable concentration [ Eq. ( 11) I. 

RESULTS 

The tissue concentration of Gd-DTPA achieved as 
a function of time is shown in Fig. 1 for a standard 
(single) dose. At the low value of leakage space (vI 
= 0.1, Fig. la), the high permeability lesion reaches 
maximum concentration almost instantly (within the 
plasma mixing time of less than 1 min) and then de- 
clines. However, lower permeability lesions take 
longer to reach their maximum concentration, and the 
k = 0.001 mm-’ lesion, which is just at the limit 
of detection, only reaches its maximum concentration 
about 80 min after injection. With a higher leakage 
space (v, = 0.8, Fig. lb) the times to peak concentra- 
tion are delayed (because it takes longer to fill the 
larger leakage space), and the tissue concentrations 
achieved are higher (because a higher proportion of 
the tissue is accessible to Gd-DTPA). Even after 2 h 
the concentration in the lower permeability lesion is 
still increasing. Leakage spaces smaller than 0.1 (i.e., 
v, < 0.1) have curves the same shape as shown in Fig. 
la, but scaled down in proportion to v,. Lesions that 
occupy less than a voxel will also be scaled down in 
proportion to their partial volume. 

The minimum detectable concentration of Gd- 
DTPA, as a function of repetition time, is shown in 
Fig. 2 for white matter. The discontinuities arise be- 
cause the number of excitations NEX is quantised to 
be integer. The curves of CminoP’ VS. TR are broad, and 
any value of TR between 0.5 and 1.7 times the opti- 

Time after injection (min) 

0 plasma - k=O.lOOmin-1 k=O.OlOmin-1 1 

.~~~~~~~.~ k=O.O03min-1 + k=O.OOi min-1 
I 

i; 0.1 

1 0.01 

Time after injection (min) 

Fig. 1. The concentration of Gd-DTPA in the plasma and 
in white matter lesions of various permeabilities k (min -’ ) , 
after a bolus dose of 0.1 mmol/kg of Gd-DTPA. (a) Lesion 
leakage space v, = 0.1; (b) v, = 0.8. 

mum can be used without increasing the minimum 
detectable concentration by more than lo%, for both 
the spin echo and gradient echo sequences [provided 
the total exam time T,, is unchanged; see Eq. ( 1 1 )]. 
For a spin echo, repetition times in the range 150-500 
ms are optimum, and any convenient value in this 
range can be used, depending on the number of slices 
required. For a signal-to-noise ratio of 100 in the re- 
laxed image, and 192 phase encoding gradients, the 
minimum detectable concentration of Gd-DTPA is 
0.011 mM for an examination time of 10 min. The 
analytic solution [Eqs. ( 10) and ( 1 1 )] confirms the 
values of optimum TR and Cmin obtained from Fig. 
2. This minimum detectable value for the optimised 
sequence (0.011 n-&I), lies near the bottom of Figs. 1A 
and B, and, therefore, any combination of permeability, 
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Fig. 2. The minimum detectable concentration of GQDTPA 
in white matter (TIo = 600 ms at 1.5 T) as a function of 
repetition time for spin echo (SE) and gradient echo (GE; 
0 = 50”) sequences (left hand axis). Also shown are the 
number of excitations NEX, decreasing as TR is increased 
(right hand axis). The total examination time is kept approx- 
imately constant at 10 min. The signal-to-noise ratio in the 
relaxed spin echo image (NEX = 1) is 100; 192 phase 
encodes were used. 

leakage space, and time after injection that appears in 
the figures gives sufficient enhancement to be detect- 
able. Increasing the dose simply increases the tissue 
concentration in direct proportion to the dose.” Hence, 
a dose of 0.3 mmol/kg raises all the curves in Fig. 1 
by a factor of 3, and allows lesions with lower perme- 
ability to be detected. 

Optimal tip angles for gradient echo sequences with 
various repetition times are shown in Fig. 3. The range 
by which the tip angle can vary without decreasing 
the sensitivity by more than 10% is also shown. The 
minimum detectable concentration is between 93 and 
100% of that for an optimised spin echo sequence. 

The behaviour of the spin echo sequence at high 
concentrations is shown in Fig. 4 for white matter ( T10 
= 600 ms). Concentration values up to 1 mM, ex- 
ceeding that found in the plasma (see Fig. 1) were 
investigated. The signal increase has been divided by 
the noise after NEX averages (assuming NEX is a 
continuous variable). At low concentrations, the curve 
with the greatest slope (i.e., the highest sensitivity) is 
that for TR = 300 ms, as expected. At higher concen- 
trations all the curves still show reasonable TI- 
weighting, although those with lowest TR plateau out 
last, as expected. Thus the repetition time that is opti- 
mum for detection of low concentrations (i.e., TR = 
300 ms in Fig. 2) still performs well at high concentra- 
tions, with little loss of T,-weighting. 

The minimum permeability leakage that can be de- 

80 - 

0 0.1 0.2 0.3 0.4 0.5 
TRKlO 

Fig. 3. The optimum tip angle (VP’; left-hand axis) for gra- 
dient echo sequences with a range of repetition times TR, 
expressed as a fraction of T10 (the T1 in the tissue before 
injection of Gd-DTPA) . The tip angle can be altered within 
the range fYow to t9ugh without increasing the minimum detect- 
able concentration of Gd-DTPA by more than 10%. The 
minimum detectable concentration of Gd-DTPA at this op- 
timised repetition time, Ctmin(GE), is shown as a fraction 
of Ctmin ( SE), the minimum detectable concentration for an 
optimised spin echo sequence (right-hand axis). 

tected is shown in Fig. 5, for standard and triple dose. 
Lesions with small leakage space ( v1 = 0.02)) or those 
that occupy a small fraction of a voxel, only attain a 
low tissue concentration of Gd-DTPA. For these le- 
sions the highest concentrations are achieved with a 
high permeability, and these can be seen soon after 
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Fig. 4. The behaviour of spin echo sequences at high con- 
centrations of Gd-DTPA in white matter (Tlo = 600 ms at 
1.5 T). The optimal TR (300 ms) has the greatest slope, 
and maintains reasonable linearity up to the highest Gd- 
DTPA concentrations found in lesions (0.4 rnM, see Fig. 
lb). Total examination time is 10 mm. The signal-to-noise 
ratio in the relaxed spin echo image (NEX = 1) is 100; 192 
phase encodes were used. 
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injection (because these lesions are in good contact 
with the plasma, their concentration vs. time curves 
have the same shape as those for the plasma; see also 
Fig. 1). After 10 min this lesion (vl = 0.02) is unde- 
tectable with a standard dose, regardless of how great 
its permeability; however, triple dose enables it to be 
seen even with a relatively low permeability, provided 
delayed imaging is used. As the leakage space is in- 
creased, higher concentrations can be achieved, pro- 
vided time is allowed for them to fill up (see also Fig. 
l), and lower permeabilities can be detected. For a 
very watery lesion (vl = 0.80, in Fig. 5) sensitivity is 
still improving after 2 h. Because the permeability is 
low, the concentration in the leakage space is still be- 
low that in the plasma, and the direction of flow is still 
into the lesion. 

DISCUSSION 

Depending on the nature of a lesion (i.e., its perme- 
ability and leakage space), this simulation shows that 
the optimum time to detect it may be immediately 
after injection (as for the vascular or high permeability 
tumours), or it may be much later (up to 1 h or more, 
for low permeability lesions). This conclusion is sup- 
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0 20 40 60 80 loo 120 140 

Time after injection (min) 
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Fig. 5. The minimum detectable permeability for a range of 
lesion leakage space values (vt) and times after injection. 
Bolus doses of 0.1 mmol/kg of Gd-DTPA (upper data: vI 
= 0.80, 0.10, 0.05, 0.02) and 0.3 mmol/kg (lower data: vI 
= 0.10,0.02) are shown. With a standard 0.1 mmol/kg dose 
lesions with small leakage space (or those occupying a small 
fraction of a voxel) can only be detected if they have high 
permeability, and if they are imaged early after injection. 
Lesions with large leakage space can be detected even if 
they have low permeability, provided delayed imaging is 
used. The signal-to-noise ratio in the relaxed spin echo image 
(NEX = 1) was 100. One hundred ninety-two phase en- 
codes, a TR of 300 ms, and 10 NEX (averages) were used. 
The total examination time was 10 min. 

ported by the work of Kermode et al., *’ who studied the 
time course of enhancement in 102 enhancing multiple 
sclerosis lesions. They found that maximum signal in- 
tensity was reached between 4 and 120 min after injec- 
tion, with a great majority of lesions reaching it around 
the mean time of 29 min. Many smaller and uniformly 
enhancing lesions had disappeared by 80 min, while 
larger ring lesions remained bright 5 h after injection. 
At 5 min the concentration of Gd-DTPA in multiple 
sclerosis lesions may be only 30% of its maximum 
value.‘* The failure to detect leakage in some Multiple 
Sclerosis and HIV positive patients may be caused by 
a low permeability and, hence, the long time required 
to reach maximum enhancement. Increasing the dose 
will enable lesions with still lower permeability or 
leakage space to be seen; its benefit is in addition to 
any obtained from delayed imaging (see Fig. 5). 

Delayed imaging need not consume more imaging 
time. Two approaches are possible. First, if only low 
permeability lesions are sought, the subject is injected 
and them imaged about 60 min later. Second, if lesions 
with a wide range of permeabilities are sought, the 
imaging takes place immediately after injection; the 
subject is removed while another study takes place; 
then the subject is replaced for delayed imaging. 

The gradient echo sequence is able to detect the 
same concentration as the spin echo, by using a shorter 
TR (see Fig. 2). Spin echoes are usually to be preferred 
to 2D gradient echo sequences, because the longer TR 
allows more slices to be collected, and the signal is 
not diminished by T2 * losses. With a 2D gradient echo 
sequence the number of slices may be increased by 
using several acquisition blocks, but the sensitivity will 
be reduced because any particular slice is not being 
interrogated for the whole examination time, as has 
been assumed in this simulation. However, 3D gradient 
echoes may have useful advantages over the spin echo 
sequence if good 3D resolution is required (e.g., for 
spatial registration in software, see below), or if im- 
aging the vitreous humour (T,= 4 s) , when the opti- 
mum TR with a spin echo (i.e., 2 s) could require a 
prohibitively long exam time. For example a 128 X 

128 X 256 3D acquisition in white matter with TR = 
30 ms would take 8 min and the optimum tip angle 
would be 31” (range 22 to 44”). A 128 X 128 X 256 
3D acquisition in the vitreous humor with TR = 40 
ms would take 11 min and the optimum tip angle would 
be 14” (range 10 to 20”). The reduction in slice thick- 
ness will give a signal-to-noise disadvantage, which 
could be recovered by reformatting into thicker slices 
before viewing. Gradient echo sequences may also suf- 
fer a reduction in sensitivity, by a factor of probably 
no more than 12, arising from the use of fractional 
echo and increased bandwidth during acquisition. 

The ability to detect small concentrations of Gd- 
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DTPA may be improved, particularly if the lesion is 
hypo-intense in the preinjection T,-weighted image, by 
subtracting the preinjection image, where such image 
manipulation facilities are available.** This is collected 
with the same parameters as the postinjection image. 
The images must be registered, preferably to within 
less than a pixel. If the subject is not removed from 
the imager between the pre and postinjection images, 
then injection can be via a catheter, and the subject 
can be assisted in keeping still with a nose ring.23 
Alternatively, if the subject is removed between the 
pre- and postinjection images, then oblique pilots can 
be used to align each multislice image set with respect 
to internal landmarks.24 In-plane movement can be cor- 
rected by movement of the images in the computer to 
achieve a better registration. If there is substantial out- 
of-plane movement, a 3D collection may be preferred, 
enabling the datasets to be accurately registered to 
within less than a pixel in all directions.25 The preinjec- 
tion image should not be allowed to contribute noise 
to the difference image; this can be achieved in two 
possible ways: first, by using sufficient number of aver- 
ages (several times the number used in the postinjec- 
tion image, if there is time). Second, by lightly 
smoothing the preinjection image (preferably with an 
edge-preserving algorithm). A further possible way of 
improving the sensitivity would be to measure the sig- 
nal at several time points, if it were possible to keep 
the patient in the MR machine for long enough. The 
signal intensities could then be combined to provide a 
time-correlation measure that is more sensitive than 
that obtained from a single postinjection signal inten- 
sity value.26 

This analysis has focused on detecting Gd-DTPA 
in white matter at 1.5T. However, it is equally applica- 
ble to other tissues (e.g., the vitreous humour, where 
Gd-DTPA can be seen accompanying blood-retina 
barrier breakdown), l4 and to other magnetic field 
strengths, provided the appropriate values of T10 and 
R, are used. For a spin echo sequence Eqs. (10) and 
( 11) can be used to predict the optimal TR and mini- 
mum detectable concentration of Gd-DTPA. For white 
matter at 1.5T they predict an optimum TR of 300 ms 
and a minimum detectable concentration of 0.011 mM, 
in agreement with Fig. 2. For blood-retinal leakage, 
where T10 = 4 s, the optimal TR is 2 s. Other renally 
excreted Gd-labelled contrast agents have recently 
been introduced. The plasma concentration of these 
will follow the same form as for Gd-DTPA, and the 
above analysis is equally applicable. 

The effect of increased dose of contrast agent com- 
pared to a standard dose has been studied using injec- 
tions made within a few minutes of each other.1,2”,5*7*8 
In all of these studies there is an implicit assumption 
that the dose under study can be ‘fractionated’ into 

subdoses, whose sum is equal to the dose under study, 
without altering the pattern of enhancement. Niendorf 
et al.’ gave injections of 0.05, 0.05, and 0.1 mmol/kg, 
each separated by 15 min, to compare doses of 0.05, 
0.1, and 0.2 mmolfkg. Schubeus et a1.2 gave two injec- 
tions of 0.1 mmol/kg separated by 25 min to compare 
doses of 0.1 and 0.2 mmol/kg. Yuh et a1.4 gave doses 
of 0.1 and 0.2 mmol/kg 30 min apart to compare the 
dose of 0.1 with a higher (unspecified) dose (the cu- 
mulative dose was 0.3 mmol/kg). Runge et al5 gave 
doses of 0.1 and 0.2 mmol/kg 30 min apart to compare 
doses of 0.1 and 0.3 mmol/kg. Lee et al7 gave injec- 
tions of 0.05, 0.05, and 0.1 mmol/kg, each separated 
by 10 min, to compare doses of 0.05, 0.1, and 0.2 
mmol/kg. Vogl et al.* gave doses of 0.1 and 0.2 mmol/ 
kg 10 min apart to compare doses of 0.1 and 0.3 mmol/ 
kg. The signal enhancement arising from the two indi- 
vidual doses is clearly different from that arising from 
one combined dose because the effect of a particular 
dose on the signal enhancement depends on how long 
before the image data acquisition the injection was 
given. For high permeability lesions (see Fig. l), 
where the concentration arising from the first dose is 
decaying away rapidly in the first few minutes, the 
total enhancement arising from the cumulative doses 
will be less than if the same dose had been given as 
a single bolus. Conversely, for low permeability le- 
sions the total enhancement will be greater than if 
the cumulative dose had been given as a single bolus, 
because the earlier doses will have the benefit of de- 
layed imaging. An example of this is given in Fig. 6, 
where the effect of fractionation, 6 min after comple- 

0.5 

0 10 20 30 40 50 60 
Time affer first injection (min) 

- fractionated dose (rapid) -triple dose (rapid) 
* fractionated dose (slow) - triple dose (slow) 

Fig. 6. The effect of dose fractionation. A triple dose given 
as a single bolus at time 20 mm produces the tissue concen- 
trations shown by the solid lines for a rapidly enhancing 
lesion (k = 0.1 min-’ v, = 0.1) and a slowly enhancing 
lesion (k = 0.01 rnin-’ v, = 0.8). I f  the dose is fractionated 
so that a single dose is given at time zero followed by a 
double dose at 20 min, the tissue concentration (symbols) 
is lowered for the rapid lesion and raised for the slow lesion. 
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tion of a triple dose, is to reduce the concentration by 
14% in a rapidly enhancing lesion and to increase it 
by 56% in a slowly enhancing lesion. Thus cumulative 
dose studies as a way of investigating the benefits of 
increased single boluses are fundamentally flawed. In 
addition the use of two closely timed doses prevents 
the benefits of delayed imaging of these doses from 
being evaluated. 

Single and triple dose can only be realistically com- 
pared by injecting on different days and by using a range 
of delays between injection and imaging to see whether 
any benefits from increased dose can also be obtained 
by using standard dose with delayed imaging. Yuh et a1.3 
looked at a range of doses, though never in the same 
patient. Haustein et al6 gave doses of either 0.1 or 0.3 
mmol/kg to paired patients; this method overcomes the 
problems of the cumulative dose method, but introduces 
the large interpatient variability that may overwhelm the 
effects of the increased dose, and in this study a large 
number (199) of patients were used. The most sound 
investigation to date is that of Filippi et a1.,9,‘8 who stud- 
ied doses of 0.1 and 0.3 mmol/kg in the same patients 6- 
24 h apart and found more enhancing lesions in multiple 
sclerosis with the increased dose. 

In this simulation it has been assumed that the T, of 
the leaking white matter before injection of Gd-DTPA 
(i.e., T,,) is not significantly raised compared to the 
normal value of 600 Ins. From this, an optimum TR 
of 300 ms was predicted. Because blood-brain barrier 
leakage usually precedes other pathologic changes, this 
is a reasonable assumption. If T,,) is higher than the 
normal value, there will be two consequences. First, the 
minimum detectable concentration of Gd-DTPA [Eq. 
( 1 1 )] will be reduced (i.e., the optimised sequence will 
be more sensitive). Second, the optimum TR is increased 
[ Eq. ( lo)]. Given that minimum in the cp’ vs. TR curve 
is shallow (Fig. 2), and that TR can be increased to 
1.7 TR”!” without losing more than 10% sensitivity (see 
Results section), the TR could be increased to 500 ms. 
This would then cover T10 values in the range 600- 1000 
ms. Two more simplifying assumptions are implicit in 
the model.12 First, the plasma volume is assumed to be 
negligibly small, so that enhancement arising from Gd- 
DTPA in the capillaries can be neglected. In normal white 
matter blood is thought to occupy about 2-4% of the 
total volume, which is much smaller than the extracellular 
space (at least 16%), and it is known that no signal 
enhancement is seen in normal white matter. This as- 
sumption is then justified in pathologies where the vascu- 
lature is not enlarged, such as multiple sclerosis. In tu- 
mours with an enlarged vasculature there would be rapid 
enhancement following the time course of the plasma 
curve (similar to the k = 0.1 min-’ curve in Fig. la); 
this will be in addition to the effect of any leakage into 
the extracellular space, which will have a time course 

appropriate to the permeability and leakage space of the 
defect (Fig. 1 a and b) . Second, the permeabilities in both 
directions (i.e., from plasma to extracellular space, and 
from extracellular space back to plasma) have been as- 
sumed equal. This is reasonable for any passive form of 
transport that is driven by the concentration difference 
across the capillary wall, such as diffusion, and in the 
absence of evidence to the contrary this simplest situation 
has been used. In tumours the transfer constants in each 
direction (k, and k2) may be unequal;27 however, at- 
tempts to determine them directly are unsuccessful, be- 
cause k, cannot be determined directly, but only as part 
of the product k,v,.‘7 

In conclusion, this simulation has shown that: 

1. 

2. 

3. 

4. 

5. 

6. 

Small leakage space lesions may only be detectable 
within 10 min of injection. 
Large leakage space lesions are more easily detected 
with imaging delayed up to 2 h, when permeabilities 
as low as 0.0005 min-’ produce detectable enhance- 
ment with a standard 0.1 mmol/kg dose. 
Increasing the dose enables lesions with lower perme- 
abilities and smaller leakage spaces to be detected. 
Comparison of single and triple dose sensitivity in 
detecting lesions cannot be made using the cumulative 
dose procedure, where the triple dose is fractionated. 
Spin echo sequences are most sensitive with a TR 
equal to half the T, of the unenhanced tissue (i.e., a 
TR about 300-500 ms for white matter). 
Gradient echo sequences are at least as sensitive as 
spin echo sequences, provided an appropriate tip angle 
is used. 
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