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Intravoxel incoherent motion
(IVIM) imaging is a method the au-

thors developed to visualize micro-
scopic motions of water. In biologic
tissues, these motions include mo-
lecular diffusion and microcircula-
tion of blood in the capillary net-
work. IVIM images are quantified
by an apparent diffusion coefficient

(ADC), which integrates the effects
of both diffusion and perfusion.
The aim of this work was to demon-
strate how much perfusion contrib-
utes to the ADC and to present a
method for obtaining separate im-
ages of diffusion and perfusion. Im-
ages were obtained at 0.5 T with
high-resolution multisection Se-
quences and without the use of con-
trast material. Results in a phantom
made of resin microspheres demon-
strated the ability of the method to
separately evaluate diffusion and
perfusion. The method was then ap-
plied in patients with brain and
bone tumors and brain ischemia.
Clinical results showed significant
promise of the method for tissue
characterization by perfusion pat-
terns and for functional studies in
the evaluation of the microcircula-
tion in physiologic and pathologic
conditions, as, for instance, in brain
ischem ia.

Index terms: Brain, MR studies, 13.1214 #{149}Blood

vessels, MR studies, 9.1299 #{149}Magnetic reso-

nance (MR), contrast enhancement . Magnetic

resonance (MR), physics #{149}Magnetic resonance

(MR), pulse sequences #{149}Magnetic resonance

(MR), tissue characterization
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I NTRAVOXEL incoherent motion

(IVIM) is a term that designates

the microscopic translational motions

that occur in each image voxel in

magnetic resonance (MR) imaging

(1). In biologic tissues, these motions

include molecular diffusion of water

and microcirculation of blood in the

capillary network (perfusion). Molec-

ular diffusion refers to physical prop-

erties of tissue that allow tissues to be

characterized. Microcirculation of

blood or perfusion can also be con-

sidered an incoherent motion due to

the pseudorandom organization of

the capillary network at the voxel

level (Fig 1). Perfusion imaging has

the potential of characterizing tissues

by their perfusion patterns, but also

,permits functional studies.

IVIM imaging is a method we de-

veloped to quantitatively image these

motions (i,2). IVIMs were quantified

in each voxel on the basis of an ap-

parent diffusion coefficient (ADC).

The ADC was equal to the diffusion

coefficient D when diffusion was the

only type of motion present, as we

demonstrated in phantoms (1,2).

However, ADCs in vivo were often

higher than expected (1). These high

values have been ascribed to micro-

circulation of blood in capillaries.

The purpose of this work is to dem-

onstrate how perfusion contributes

to the ADC and to show how it is

possible to obtain pure and separate

images of diffusion and perfusion

with the IVIM imaging method and

without the use of any contrast

agent. The theoretic principles of the

method are explained, and evidence

from specially built phantoms is used

to support the validity of those prin-

ciples. Clinical applications are then

described and assessed.

THEORETIC BACKGROUND

Effects of IVIM on the MR Spin-
Echo Signal

In the presence of magnetic field gradi-
ents, displacement of spins during the

echo time (TE) of a spin-echo (SE) se-
quence produces a phase shift of the

transverse magnetization (Fig 2a).

If a given voxel contains spins with dif-
ferent velocity vectors (amplitude and/or

direction) during TE, a distribution of

phase shifts results (Fig 2b). This loss of

phase coherence in the transverse magne-

tization at the voxel level produces a
spin-echo amplitude attenuation B, in ad-

dition to that created by the spin-spin re-

laxation process, so that the echo signal

amplitude S in the voxel is

S(TE) = 5(0) . B . exp(-TE/T2), (1)

where T2 is the spin-spin relaxation time.

The average dephasing in the voxel may

be zero in the case of pure incoherent mo-

tions on different from zero if a net flow

is present through the voxel. The intra-

voxel incoherent motions are thus re-
sponsible for this signal amplitude atten-

uation B (B � 1), the degree of which de-

pends on the intensity of the IVIMs in

the voxel and on the magnetic field gradi-

ents present during the sequence. In stan-

dand MR imaging these gradients are usu-

ally not significant with respect to the

IVIM effects and B is close to unity (B

1), that is, no attenuation occurs from
IVIMs. However, a significant attenua-

tion of the echo signal will result from

IVIMs if gradient pulses are added in an

MR imaging sequence.

Molecular Diffusion

The attenuation term B is well known

in the case of the diffusion process (3,4):

B = exp(-b . D),

where D is the diffusion coefficient and b

is a factor depending only on the gradi-

ent pulse sequence, the gradient factor

being a function of the third power of
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gradient pulse duration and of the second

power of gradient strength, as described

in previous publications (1,2). Since diffu-

sion is a pure incoherent motion, the av-

erage dephasing of the transverse magne-

tization remains zero.

The diffusion coefficient D is related to

molecular mobility. By use of a statistical

approach, the Brownian motion can be
described by a series of molecular jumps.

If 1 is the mean length of these jumps and

1� the mean molecular velocity, the result-
ing diffusion coefficient V can be as-

cribed:

D = lz’/6.

Typical values for I and t� are about 10’#{176}

m and several hundred meters per sec-

ond, respectively.

For pure water at 40#{176}C,D 2.5 . 1O�
mm2/sec. In biologic tissues, diffusion co-

efficients are lower, due to viscosity and

restricted diffusion effects, offering tissue

characterization possibilities (1).

Microcirculation

If we consider now the fraction of wa-

ter diffusing and flowing in the capillar-

ies of a given voxel, the spin-echo ampli-

tude attenuation B in the presence of field

gradients will include an additional term

F due to microcirculation, the value of
which will depend on capillary geometry

and blood velocity. Hence

B = exp(-bD) . F,

where F is less than or equal to 1. The val-

ue for the function F can be calculated on

a statistical basis because of the high
quantity of capillaries in a voxel (5,700

per cubic millimeter in the brain cortex

[5]). Assuming that the capillary network
can be modeled by a network made of

straight capillary segments, the expres-

sion for F will depend on the mean

length 1 of the segments, the mean veloci-

ty i� of blood in capillaries, and the mea-

surement time T (which is approximately

the echo delay TE). Two extreme cases

can then be distinguished (6) (Fig 3).

First model (Fig 3a).-When blood flow
changes capillary segments several times

during T, movement of water in the capil-
lary network mimics the diffusion pro-

cess, as in a random walk. The expression

(3) forFisthus

F = exp(_bD*), (5)

Figure 1. IVIMs designate the translational

microscopic motions of water, which, in

each voxel, involve a distribution of velocity

directions and/or amplitudes. In biologic

tissues, these motions are molecular diffu-
sion and perfusion. (a) Molecular diffusion

results from the random thermic molecular

motion, called Brownian motion. The diffu-

sion coefficient D characterizes the mobility
of molecules-that is, their mean square dis-

placement (R2) in a given time interval T.
The diffusion coefficient of pure water at

40#{176}Cis 2.5 . 10� mm2/sec, which corre-
sponds to a mean displacement of 22 �m in

100 msec. (b) Perfusion results from blood

microcirculation in the capillary network.

Perfusion can be considered an incoherent

(4) motion due to the pseudorandom orienta-

tion of capillaries at the voxel level. Water

flowing in capillaries involves only a frac-

tion of the total water content of the voxel.

This fractional volume is called here the

perfusion factor f, typically a few percent.

where D* is now a pseudodiffusion coef-

ficient. The value for D* can be approxi-
mated by equation (3), where 1 is now the

mean capillary segment length and 17 the
blood velocity. The literature (7) indicates
that 1 and i� are 57 j�m and 2.1 mm/sec re-

spectively, in the cat brain. We can thus
expect a value for D* as high as 2.0 . 102

mm2/sec, which is about ten times greater
than the diffusion coefficient D of water
measured in biologic tissues (8). The echo

H moving spin

2a.

H�H�
2b.

Figures 2, 3. (2) Effect of IVIM on the MR spin-echo signal. (a) Spin movements in the direction of a magnetic field gradient G produce

phase shifts F of the transverse magnetization, as compared with nonmoving spins, due to changes in their precession frequency. (b) If

spins present different movements in a given voxel, a distribution of phase shifts �+ results. This loss of coherence in transverse magnetiza-

tion decreases the echo signal amplitude, as a function of the differences in spin motions and of the field gradients used. In the case of mo-

lecular diffusion, for instance, the echo attenuation is an exponential function of the diffusion coefficient V. (3) For capillary flow, the spin-
echo amplitude attenuation F is a function of blood velocity z’ and capillarygeometry. Assuming that the capillary network can be described

by a succession of straight capillary segments, the mean length of which is 1, two situations can be considered to determine F. (a) If blood
flow changes segments several times during the spin-echo sequence, movement of water in capillaries looks like a diffusion process-that is,
a random walk-but at a more complex level. A pseudodiffusion coefficient D* can be defined, the value of which would be determined by I

and z’. (b) If blood flow does not change segment during the spin-echo sequence, the echo attenuation law becomes different. This situation

occurs when the capillary segments are longer, the blood velocity is slower, or the spin-echo delay is shorter. Nevertheless, the echo attenu-

ation F can be calculated by assuming a random orientation of the capillary segments at the voxel level. In both these cases, the echo attenua-

tion due to perfusion is always greater than that due to diffusion, potentially allowing them to be separated on a quantitative basis.
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Figure 5. Separation of diffusion and perfusion. In order to generate separate images of

diffusion and perfusion, three sequences are used. (a) Standard spin-echo sequence. Effects

of diffusion and perfusion are negligible (exp[-bo .D] � 1; F0 � 1). (b) Similar sequence,

with additional gradient pulses (intensity G1 and C1; duration d and d’). (c) Similar sequence

with stronger additional gradient pulses (intensity G2 and C2). The gradient strength in

b and c is strong enough so that the contribution of microcirculation to the echo signals S1

and S2 is fully eliminated (F � 0), while the contribution of diffusion is moderately reduced.

This differential effect is possible because of the greater echo attenuation occurring from

perfusion than from diffusion. Since the gradient strength in S� and S2 is different, the sensi-

tivity of these two sequences to diffusion differs. The IVIM image obtained from S1 and 52 is

thus a pure diffusion image. By combining this diffusion image and the IVIM image ob-

tamed from S0 and S1. which depends on both diffusion and perfusion, a pure perfusion im-

age can be extracted. b gradient factor.
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attenuation resulting from perfusion will

be thus always greater than that resulting

from diffusion.

Sc’co,id i,iodel (Fig 3b).-When blood

flow is slower or the capillary segments

are longer or the measurement time is

shorter, blood flow does not change seg-

ment during T. The expression for F thus

becomes different in this case, but may be

evaluated by a simple approach (see Ap-

pendix), assuming pseudorandom orien-

tations of the capillary segments. As for

the diffusion or the pseudodiffusion ap-

proach, the average dephasing of the

transverse magnetization remains zero in

this case, and the effect of the capillary

flow is a pure signal amplitude attenua-

tion. If a net flow should be present in

the voxel, probably related to small yes-

sels rather than true capillaries, an aver-

age dephasing different from zero would

be obtained, together with the signal am-

plitude attenuation. However, the IVIM

technique takes care only of the signal at-

tenuation. Other techniques, such as

phase-imaging, might be able to display

any dephasing. Furthermore, computer

Figure 4. Model of biologic tissue. A tissue

can be described by a volume fraction f of
water flowing (f) and diffusing (a) in capil-

lanes. This fraction involves only perfused

capillaries, which are a part of total capillar-

ies, depending on the current physiologic or

pathologic situations. The rest of the voxel

water, occupying a volume fraction 1 - f, is

involved in diffusion only. This volume

fraction corresponds to extracellular (h) and

intracellular (c) spaces. There are exchanges

between those two compartments (e). In a

simple approach, exchanges between water
inside capillaries and outside capillaries (d)
during the measurement time (100 msec) are

neglected. Another assumption is that the

diffusion coefficient in sectors a, b, and c is

nearly the same.

simulations showed that the first model

(pseudodiffusion) applied when blood

flow changed no more than four seg-

ments during the measurement time T.
Such a situation often occurs when T is at

least as long as 140 msec. These simula-

tions also showed that, even in the case of

the second model, the echo attenuation

due to microcirculation was always great-

er than that due to diffusion.

This differential effect of diffusion and

perfusion on the MR signal amplitude

will allow them to be separated on a

quantitative basis, as stated below.

Model of Biologic Tissue

In all cases, a biologic tissue includes a

volume fraction f (typically a few per-

cent) of water flowing in perfused capil-

lanes, and a fraction (1 - f) of static (dif-

fusing only), intra- and extracellular wa-

ter (Fig 4). In a simple approach, both

components are assumed to have similar

values for D and T2 and no net dephasing

of their transverse magnetization. The

echo attenuation in a single voxel can

thus be written

S(TE) = 5(0) . exp(-TE/T2)

. exp(-b . D) - [(1 - 1) + fF]. (6)

The purpose of IVIM imaging is to gen-

erate combined and/or separate images of

the diffusion coefficient D and the perfu-

sion factor f, regardless of capillary geom-

etry or blood velocity. Perfusion images

are thus images of the density of active
capillaries, that is, those in which blood is

flowing. Active capillaries represent only

a fraction of total capillaries, as a function
of physiologic states or pathologic condi-

tions (57% in rat brain [5]).

PRINCIPLE OF DIFFUSION!

PERFUSION IMAGING

IVIM Imaging

IVIM images are generated from twin
spin-echo sequences differently sensi-

tized to these motions, as previously re-

ported (1,2) (Fig 5). The first sequence (a)

(Fig 5) is a standard spin-echo sequence
in which the effects of IVIMs are negligi-

ble on the echo signals S0. The second Se-

quence (b) (Fig 5) contains additional gra-
dient pulses to increase the effects of

IVIMs on the echo signal S�. The IVIM
image is an image of the ADC obtained

from such a pair of images-(a) and (b)-
on a voxel-by-voxel basis:

ADC = Log(S0/S1)/(b1 - b0), (7)

where b1 and b0 are the gradient factors of
sequences Si and S�. The use of the signal

amplitude ratio So/Si allows the effects of

spin density, Ti, and T2 to be eliminated

in the IVIM image when the same repeti-

tion time (TR) and TE are used in So and

SI. The ADC becomes the diffusion coeffi-
cient D in a voxel if diffusion is the only

type of motion present in the voxel. In

the case of microcirculation, the ADC is
greater than D. The contribution of the

perfusion factor f to the ADC can be cal-

culated by combining the relations de-

fined in Equations (6) and (7).
A simple expression can be obtained

under two hypotheses. First, the effects of

diffusion and perfusion in So, the stan-

dard sequence, are negligible, as shown

in previous publications (1,2), so that

exp(-boD) � 1 and F0 _1; thus when

Equation (6) is used, the echo attenuation

in S� is

S(TE)0 � S(0) . exp(-TE/T2). (8)

H
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Figure 7. Choroid plexus tumor. (a) 12-weighted transverse section (SE 1,000/ 140, 9-mm

thickness, 256 X 256 resolution matrix). The tumor is clearly visible (arrows) inside the right

occipital ventricular horn, which is dilated. Except for its location, no other information is

provided regarding the tumor nature. (b) IVIM image of the same section. The anterior part

of the tumor (straight white arrows) exhibits a very high ADC, which can indicate only a

highly perfused, vascular tumor. The posterior part of the tumor is not visible, probably due

to presence of calcifications. The size of the uncalcified part of the tumor appears greater in

the IVIM image than expected from the 12 image. This case illustrates that information on

perfusion usually obtained with contrast-enhanced CT can be obtained with MR imaging
without using contrast agents. On the other hand, effects of the flow of cerebrospinal fluid

(CSF) in IVIM imaging are clearly visible here. The hyperintense area near the posterior

ventricular wall (short black arrows) could be ascribed to a laminar CSF flow, whereas the

hyperintense area posterior to the tumor corresponds to a CSF jet (curved arrows). The value

of the ADC in the eyes should be very carefully assessed because artifacts of eye motion may
significantly decrease or increase the ADC, as in this image. Usually, the ADC in the eyes is

close to that of static CSF.
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Figure 6. Phantom studies of (a) bottle

filled with acetone, (1) chromatographic col-

umn packed with a resin made of micro-

spheres in which a water flow was main-

tamed, and (c) bottle filled with water. The

logarithm of the echo attenuation So/S mea-

sured on images acquired with different ex-

tra-gradient strengths was plotted as a func-

tion of the gradient factor b. As expected
from Equations (7) and (10), the plot was lin-

ear. The slope gave the diffusion coefficient

D, whereas the intercept obtained by extrap-

olation was a function of the fractional vol-

ume occupied by the flowing component

only. Quantitative results are shown in Ta-

ble 2. Only Ii displays an intercept signifi-

cantly different from zero. No significant

difference was found for diffusion coeffi-

cients of water in the bottle (c) and in the

chromatographic column (b).

Second, if the additional gradient

pulses in sequences S� are long and/or

strong enough so that f . F, << (1 - f), the

contribution of the flowing component to

the echo signal may be neglected (F1
0), whereas the contribution of diffusion

is a moderate attenuation of the echo sig-

nal. This differential effect is possible ac-

cording to the large differences in echo

attenuation that result from perfusion

and diffusion (Table 1). The echo attenua-

tion in S1 is thus

S(TE)1 = 5(0) . exp(-TE/T2)

. exp(-b1 � D) . (1 - /). (9)

We obtain in these conditions for the

ADC, from Equations (7)-(9),

ADC = D + Log[i/(1 -f)]/b1. (10)

Since in most cases f << 1, we finally ob-

tam

ADC � D + (f/b1).

The ADC appears to reflect both diffusion
and perfusion. When typical values for f
and b, are used-5’T (5) and 100 sec/mm2

(1), respectively-the relative contribu-

tion of the perfusion factor to the ADC

is about 25%. The ADC thus appears to be

a sensitive index of perfusion. As shown

in Equation (11), the ADC sensitivity to

perfusion decreases when b, is high. The

correct value for h1 should be the minimal

value compatible with the second hy-

pothesis; that is, the contribution of per-

fusion to the echo signal S� is negligible.

On the other hand, since F does not ap-
pear in Equation (11), capillary geometry
and blood velocity need not be known.

Furthermore, IVIM imaging requires only

modified pulse sequences and not modi-

fied reconstruction software. Calculated

IVIM images are produced in a similar

way as calculated T2 images on many MR

imaging systems.

Separation of Diffusion and
Perfusion

According to the relation defined in

Equation (10) or (11), a separate determi-

nation of D and f can be obtained from

two IVIM images acquired with different

gradient factors b. In practice, separate
(1 1) and quantitative images of diffusion and

perfusion are calculated using a third se-

quence S2 (6) (Fig 5). This sequence (c)
(Fig 5) is identical to the S� sequence (b)
(Fig 5), except that the additional gradi-

ent pulses are stronger so that the echo at-

tenuation due to diffusion is greater in S2

than in S1. As the contribution of the

flowing component is negligible in S�

and 52, the ADC image obtained from S1

and S2-that is, (b) and (c) (Fig 5)-is, un-
der these conditions, a pure diffusion im-
age (ADC = D).

By combining the first IVIM image ob-

tamed from S0 and 51-that is, (a) and (b)

(Fig 5)-which depends on both diffu-
sion and perfusion, and the pure diffu-

sion image obtained from S� and S2-that

is (b) and (c) (Fig 5)-we extract a pure
perfusion image from Equation (10):

f = 1 - exp(-b1 . (ADC - D)}. (12)

Another way to get separate images of
diffusion and perfusion would be to use

the two IVIM images obtained from (a)
and (b) and from (a) and (c), respectively,
according to Equations (10) or (11), but

this would require more calculation steps.

Capillary geometry also does not need

to be known, since F is not used for any

expression. Furthermore, with the IVIM
technique perfusion images are obtained
without the use of any contrast agent.

MATERIALS AND METHODS

Diffusion and perfusion images were

obtained with a 0.5-T superconducting
whole-body MR imager (Thomson-CGR,

Buc, France). Images were acquired in a
high-resolution (256 X 256 matrix) multi-

section mode. The method was initially



Fluid
“Perfusion Factor”

I
Diffusion Coefficient

D(X10’3mm2/sec)

Acetone -2.0% ± 2% 4.97 ± 0.20
Water (bottle) -1.7% ± 2% 2.21 ± 0.10
Water (chromato-

graphic column) 9.2% ± 2% 2.27 ± 0.10

Note-McCall et al (9), and Cantor and Jonas (10) obtained a diffusion coefficient for acetone [D
(X l0� mm2/sec)] in the range of4.5-4.8.Jamesand McDonald(11)found one forwaterin the range
of 2.25-2.51.

Table 3
Effect of Flow Rate on the Measured Perfusion Factor

Water Flow
(mL/min)

ADC

(X lO� mm2/sec)
“Perfusion Factor”

f

0 2.44�0.10 0%±2%
3.7 2.82±0.10 4%±2%
4.2 3.18±0.10 7%±2%

Note-The perfusion factor f is here the fractional volume of the column occupied by water flowing
between microspheres.

RESULTS

Phantom Studies

Volume 168 Number 2 Radiology . 501

Table I

Gradient Factors in IVIM Imaging

Sequence

Factorl;
(sec/mm2) exp(-b - D) F exp(-h . 0*)

Factorc
(rd ‘ sec/mm) F Isin(c . v)/(c -

First (S0) 1.16 1.00 0.98 0.38 0.90
Second (S,)

(C1 = 0.344 C/cm) 94.6 0.89 0.15 2.95 0.01
Third (S2)

(C2 = 0.486 C/cm) 179.9 0.80 0.03 4.02 0.09

Note-Diffusion: D 1.25 . lOl mm2/sec (water in biologic tissues, average value). Perfusion: D0 2.0 . l02 mm2/sec (model 1); v 2.1 mm/sec
(model 2).

Table 2
Phantom Results

used to evaluate both molecular diffusion
and microcirculation on phantoms. It was

then applied in patients.

Phantom Studies

A phantom was developed to demon-

strate how microcirculation and diffusion

contribute to the ADC in IVIM imaging

and how these values can be separately

determined. This phantom consisted of

two tubes containing “static” (diffusing

only) water and acetone at 25#{176}Cand a

chromatographic column packed with a
resin (Sephadex C100, Pharmacia, Uppsa-

Ia, Sweden) in which water flow was

maintained by gravity. The resin consist-

ed of porous microspheres, 80 �om in di-

ameter. Water inside the microspheres

was diffusing only. Water in the intersti-

tial volume between microspheres (vol-

ume fraction f) was assumed to flow in

random orientations, as a model of micro-

circulation.

The section thickness was 9 mm and

the spatial resolution was about 1 X 1

mm. The sequences were single-echo se-

quences with a TR of 1,000 msec and a TE

of 140 msec (TR/TE SE 1,000/140). Ad-
ditional gradient pulses were applied

along the readout gradient axis. The pulse

duration was 40 msec with a 28-msec gap.

Six values of gradient intensity were
used: 0.280, 0.344, 0.408, 0.488, and 0.568

G/cm corresponding to values of 1.1,
67.0, 95.7, 130, 181, and 240 sec/mm2, re-

spectively, for the factor b.
The logarithm of the ratios of the echo

signals of the standard sequence to the

other sequences So/S was plotted as a

function of (b - b0), according to Equa-

tions (7) and (10).

Human Studies

To demonstrate that the method could
be used in clinical studies, we applied it

to human subjects. A set of three to five

sections was obtained for each acquisi-

tion. Image position and orientation were

chosen according to lesion situation. The

section thickness was 9 mm with a 9-mm

intersection gap. The spatial resolution

was 1.1 X 1.1 mm (28 X 28-cm field of

view, 256 X 256 image matrix). Sequences

used were SE 1,000/140 single-echo se-

quences (8 minutes, 32 seconds acquisi-

tion time). The corresponding gradient

factors are given in Table 1. At the end of

the acquisitions, both the standard images
and the calculated images were displayed,

that is, the IVIM images and/or the diffu-
sion images and the perfusion images of

each section.

Diagnosis had previously been estab-

lished and results were correlated with

findings at contrast-enhanced computed

tomography (CT) and/or digital subtrac-

tion angiography.
We selected three cases to demonstrate

the effects of perfusion in IVIM imaging;

a choroid plexus tumor in a 35-year-old
woman, a case of chronic brain ischemia
in a 5-year-old boy with neonatal anoxia,

and osteosarcoma of the distal extremity
of the left femur in a 21-year-old woman.

In this last, the possibility of separating

diffusion and perfusion was also evaluat-

ed. Cardiac gating was used in all brain
studies to eliminate brain pulsation arti-

facts but was not used in the study of the

lower extremity.

As expected from Equations (7) and

(10), the plot of Log(S0IS) as a func-

tion of (b - b0) for several values of b

was linear (Fig 6):

Log(S0/S) = (b - b0)

.D+ Lo�1/(1 -f�]. (13)

The slope gave the diffusion coeffi-

cient D, which was consistent with

published data. The intercept gave

the “perfusion factor” f, here the in-

terstitial volume (Table 2). The value

obtained here (10%) is, however, sig-

nificantly lower than the expected

value (32%), as determined by chro-

matography.

These differences have been as-

cribed to a too-low water flow

through the column, since only the

fraction of water flowing in the in-

terstitial volume with a velocity

higher than 800 �tm/sec significantly

decreases the echo signal in Si (with

the gradient intensity used in our ex-

periments). In order to validate this

hypothesis, the water flow in the col-

umn was decreased (increasing it

would have led to deterioration of

the resin). The results in Table 3 yen-

fy this assumption: The measured

“perfusion factor” f decreases with

the water flow.



a. b.

Figure 8. Chronic brain ischemia in a 5-year-old boy who presented with right motor defi-

ciency and central visual troubles associated with neonatal anoxia. (a) T2-weighted trans-

verse section (SE 1,000/ 120, 9-mm thickness, 256 X 256 resolution matrix). Except for the

shape of the ventricular cavities no abnormalities are clearly demonstrated. (b) IVIM image

of the same section. Two hypointense areas (arrows) are obviously displayed, one in the left
sylvian area, one in the right parietooccipital area. The dark areas on the IVIM image corre-

spond to areas of very low ADC and, since the tissue structure looked normal on the T2-
weighted image, they can be related to a low-perfusion effect rather than a low-diffusion co-

efficient effect. These findings correlate well with the clinical findings. The low perfusion

values could be a result of a partial deterioration of the active capillary bed. This case illus-

trates the aim of IVIM imaging to provide functional information. Reprinted, with permis-

sion, from reference 12.

Human Studies
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Effects of perfusion in IVIM images.-

In normal brain (Table 4), the ADC of

gray matter was significantly higher

than that of white matter (2.0 ± 0.1 -

iO_� mm2/sec and 1.7 ± 0.1 .

mm2/sec, respectively), as previously

reported (1). These differences come-

late well with differences in perfu-

sion between these two tissues, the

factor f being about 5% and 2% for

gray and white matter, respectively,

in the rat brain (5).

The vascular nature of choroid

plexus tumor (Fig 7) is well appreci-

ated with contrast-enhanced CT. The

IVIM image (Fig 7b) exhibits a high

ADC in the tumor, demonstrating its
vascular nature, whereas the stan-

dard T2-weighted image (Fig 7a) does

not provide information on the na-

tune of the tumor, except perhaps for

its intraventnicular location.

In cases of chronic ischemia (Fig 8)

CT scans and conventional MR im-

ages (Fig 8a) only showed a slight ab-

normality in the left sylvian area.

The IVIM image (Fig 8b) clearly ex-

hibited two low-ADC areas, one in

the left sylvian area, the other in the

parietooccipital area. These findings

correlated well with the clinical find-

ings of visual and motor deficiency

due to neonatal anoxia. These areas

of low perfusion may be the result of

a deterioration of the capillary bed.

Separation of diffusion and perfu-

sio;z.-In a patient with osteosarcoma

of femur (Fig 9), the significance of

both the T2-weighted (Fig 9b) and

the IVIM image (Fig 9e) was not clear

in characterizing the tumor. The

pure diffusion image (Fig 9f) showed

higher diffusion coefficients in the

posterior part of the tumor. This area

probably corresponds to edema, in

which water displacements are free.

The perfusion image (Fig 9g) showed

that perfusion is higher in the part of

the tumor close to the bone, where

capillary proliferation is the most ac-

tive.

DISCUSSION

Technical Limitations

Motion artifacts-Since the gradi-

ent moments used in the second and

third sequences are strong in the

readout gradient direction and the

TE is long, the IVIM method is very

sensitive to motion in this direction

such as organ motion related to respi-

ratory and pulsatile blood motion.

Motion artifacts along the phase-en-

coding direction may result from

random dephasings occurring at each

cycle from motions along the IVIM-

sensitized readout axis. Cardiac gat-

ing allows artifacts related to blood

pulsations to be eliminated, by en-

abling the dephasings to be always

the same at each cycle. Even for brain

imaging, cardiac gating considerably

increases the quality of IVIM images,

and it should be used in clinical prac-

tice for studies of the brain or cervi-

cal spine. The direction of the phase-

encoding gradient was chosen in

brain studies to reject eye-motion am-

tifacts outside the brain images. Car-

diac gating was not necessary in ex-

tremity studies. Thoracoabdominal

studies were not possible at the time

of this work, due to motion artifacts

and signal-to-noise ratio (S/N) con-

siderations.

S/N-Owing to the long TE used

(TE = 140 msec in our experiments),

which is necessary for long-duration

gradient pulses, the T2 dependence

of the source images is very strong.

The S/N of the source images can be

very low, for short T2. This situation
occurs especially for thoracoabdom-

inal tissues. One solution may be to

shorten the TE, provided gradient

strength does not get too large (the

gradient factor b is a function of the

third power of gradient duration and

of the second power of gradient

strength). The use of a strong gradi-

ent is possible only if gradient coils

are well-compensated for the effect
of eddy currents.

Another solution may be the use of

stimulated echo sequences, as previ-

ously suggested (13). In fact, we re-

cently developed a fast IVIM se-

quence using steady-state free pre-
cession (SSFP), which allows IVIM

images to be obtained in a couple of

minutes (14). This sequence would be
less sensitive to motion artifacts and

T2 effects.

Eddy currents. -As previously re-

ported (1), the addition of strong gra-

dient pulses on the readout gradient

axis may be a source of artifacts on

the IVIM images. These artifacts look

like shift artifacts and are related to
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Figure 9. Separation of diffusion and perfusion images in 21-year-old woman with osteos�ircoma of the distal ei.treniitv of the left femur.

Images were obtained with a surface’ coil. (a) Sagittal section (SE 500/28, 7-mm thickness) shows extension of tunior into soil tissues (arrows).

(b-d) Transverse sections (SE 1,000/140, 9-mm thickness). With sequence S� (b) extension of the tumor in soft tissues is visible, hut its aspe.t

IS quite homogeneous (arrows). Fumor is unIv slightly less homogeneous with sequence S� (C 0.344 C/cm) (c) and sequt’nc � (C 0 486

C/cm) (d). (e) IVIM Image’ of the same section calculated from So and Si. The tumor extension is also clearly visible in this image (arrows).

However, precise identification of respective contributions to the AI)(’ of diffusion and perfusion i n this part ot tIn’ tumor is d i ft icti It.

(f) Pure diffusion image of the same section calculated from Si and S2. The diffusion coefficient L) is significantly higlu’r iii the postt’rior part

of th�’ tumor (arrows). l’his could he related to free displacement of water in edema, whereas in the tumor itself miilt.’ctilar displacement is

limited h� diffusion barriers (restricted diffusion). (g) Perfusion image calculated from images e and f. Fin’ perfusion factor 1. or the capillary

densi tv, is obvioi.islv h ig1�’r i ii the anteri(ir p,irt of the tur�or (arrosvs), which is contiguous ss’ith hone’, i rid icating that capi 1lar� prol i f&’ration

is nlort’ intense in this ��irtion (if the tumor.

variations of the image size for each

of the source images as a result of su-

perimposition of the induced grad i-

ents with the readout gradient. The

artifacts can be successfully eliminat-

ed by ad hoc timing and shaping of

the gradient pulses inside the se-

quence and, if necessary, by postpro-

cessing of the source images.

Models for Microcirculation

In microcirculation imaging it is

assumed that blood water stays in the

capillary network, at least during the

measurement time (less than 140

msec in our experiments). Exchange

between extra- and intracapillary wa�

ter may be a source of mistakes in the

evaluation of the fractional volume f.
Haynor et a! (15) have suggested the

use of fluorinated blood substitutes

to evaluate perfusion. Perfluorocar-

bons are assumed to remain in the

bloodstream during the measure-

ment time. However, the S/N in MR

imaging of fluorine-19 is very low,

due to low concentration, and there

are large chemical shift effects. It

could result in errors in measure-

ments greater than that expected for

the method proposed here when Wa-

ter exchange is neglected. Moreover,

this exchange rate seems to he small

(16), since the exchange flow is less

than 0.1% of capillary flow.

Another assumption concerns the

biphasic voxel model described: Both

the flowing component (f) and the

static component (1 - f) of water are

assumed to have similar diffusion co-

efficients and T2 relaxation times.

This assumption does not limit ob-

taming diffusion images since the

flowing component is not included

in the two source images (S1) and

(S2). The apparent diffusion coeffi-

cient ill a voxel is, in these condi-

tions, the diffusion coefficient of Wa-

ter in the “static” component of the

voxel. Only the perfusion factor

could be affected if this hypothesis is

1lt�)t true. When Equations (6) and (7)

are used, it appears that only an esti-

mation f or the perfusion factor f is

obtained, depending on the differ-

ence in ‘12 between the static and the

flowing component. Differences in

‘12 may he significant if thev are

large enough. The effect of ‘[2 could

he limited by using shorter iTs with

stronger gradient pulses or h�’ using

stimulated echoes.

The effect of blood pulsation dur-

ing the cardiac cycle need not be con-

sidered when this approach is used,

since it has flO effect on the factor �.

Furthermore, variations of blood ye-

locity in the capillary network in re-

lation to the pulsed blood pressure

are known to he very small (17). On

the other hand, dramatic changes can
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be observed: Circulation in a given

capillary can be stopped or inverted

in direction within seconds (7). Mi-

crocirculation is thus better ap-

proached with the first model of mi-

crocirculation than with the second

one. Cardiac gating may, however, be

useful for eliminating motion arti-

facts, particularly for structures con-

tiguous with blood vessels.

Comparison with Other
Perfusion MR Imaging Methods

Only methods showing the capil-

lary flow are assessed here. Several

methods can be found in literature

that demonstrate flow in small yes-

sels (18) but not in the capillary bed.

Several studies have demonstrated

the possibility of perfusion studies

using contrast agents such as gado-

linium complexes (19) or perfluoro-

carbons (15). Setting aside the poten-

tial toxic effects of these drugs, one

drawback of applying contrast agents

is that it is difficult to know precisely

the quantity of agents fixed in bio-

logic tissues, on which the MR signal

amplitude can dramatically depend.

When possible, pure physical and

quantitative methods must be pre-

ferred.
An important point of the method

proposed here is that perfusion imag-

ing does not require any assumption

on capillary geometry. Models pro-

posed here were only to point out

that the echo attenuation due to per-

fusion is always greater than that due

to diffusion. If the expression for the

function F is related to capillary ge-

ometry and blood velocity, this ex-

pression does not need to be known

here, since only extreme values are

used, that is, F 1 or F 0. This

method thus appears more powerful

than methods assuming even-echo

rephasing (20). Rephasing of spins

supposes that the capillary flow does

not change in direction and/or am-

plitude during the TE of the spin-

echo sequence. As stated above, in

several tissues, such as brain, changes

occurred in direction and amplitude

of capillary flow (7). Furthermore, for

phase images no net flow should oc-

cur from capillaries, meaning that

phase images would be sensitive to

blood flow in small vessels rather

than in true capillaries.

Clinical Applications

IVIM inia#{231}i�i#{231}.-Clinical applica-

tions of IVIM imaging have previ-

ously been reported (1), and its po-

tential use in the study of restricted

diffusion effects and tissue perfu-

sion-both for tissue characterization

and functional studies-have been

discussed. As regards diffusion and

restricted diffusion, the measured

diffusion coefficients in biologic tis-

sues are lower than the diffusion co-

efficient of pure water (2.5 . i0�

mm2/sec at 40#{176}C).This low value can

be ascribed to the limitation of water

displacements by microscopic obsta-

des in relation to physical tissue

properties (8,21). These obstacles can

be cellular membranes, as well as

myelin fibers in brain white matter.

On the other hand, other structures

such as edema or cysts present diffu-
sion coefficients close to that of pure

water due to their free displacement

of water. Edema and cysts can easily

be recognized in IVIM images, even

when T2-weighted images are con-

fusing.
In these cases, separation of diffu-

sion and perfusion need not be made,

since no blood microcirculation ef-

fect hides the contribution of diffu-

sion to the ADC in IVIM images. Sep-

aration of diffusion and perfusion is

not necessary in cases in which the

ADC is higher than the diffusion co-

efficient of pure water. Such a high

value can only be the result of perfu-

sion, as is demonstrated in this work.

IVIM images can be interpreted for

perfusion in a similar way that con-

trast material-enhanced CT scans are:

Areas of hyperintensity correspond

to highly perfused areas. Tissue char-

acterization can thus be done by

studying perfusion patterns, that is,

intensity and/or degree of homoge-

neity in perfusion.

Separation of diffusion and perfu-

sion . - Because separation of diffusion

and perfusion requires the use of a

third sequence and is thus more cost-

ly in time, it should be used only

when necessary-that is, when con-

tribution of diffusion and perfusion

in IVIM images is unclear, as in the

case of the osteosarcoma presented

here or when quantitative data are

useful.

The fact that the capillary bed is

demonstrated not through the uptake

of a contrast medium, but directly,

explains some observed differences

between IVIM perfusion images and

contrast-enhanced CT scans. Abnor-

mal structures in brain, for instance,

should be visible on IVIM perfusion

images, whether the blood-brain bar-

rier is disrupted or not, allowing

both low-perfusion and high-perfu-

sion lesions to be detected. Perfusion

imaging has many other potential ap-

plications, including staging of ma-

lignant tumors or follow-up exami-

nation of patients treated with che-

motherapy or radiation therapy. It

may also provide functional imaging

in a similar way that positron emis-

sion tomography does. In the case of

chronic ischemia reported here, IVIM

perfusion imaging already appears

very promising, since the images
show abnormalities not visible with

either CT or standard MR imaging.

Only active capillary beds are dem-

onstrated-that is, beds in which

blood is really flowing, depending

on pathologic conditions or physio-

logic states, such as in brain cortical

activation with sensonial stimula-

tions. Work is now in progress to de-

fine areas in which the IVIM method

is applicable for the detection of

brain dysfunctions related to micro-

circulation abnormalities, such as

stroke or arteriovenous malforma-

tions.

APPENDIX

The following explains how to deter-

mine the echo attenuation F for perfusion

in the case of the second capillary geome-

try model.

The phase shift 4 of the transverse
magnetization due to spin displacements
during the TE of a spin-echo sequence is

r rTE/2

cF=�yI I -j��.t.dt

LJO
1TE

+ I ji.�.t.dt
JTE/2

where ‘y is the gyromagnetic ratio, �i is the

instantaneous velocity vector, and G is
the instantaneous magnetic field gradi-
ent.

In the case of the second model of cap-
illary geometry, blood flow does not

change segment during TE and blood ye-
locity is assumed to be constant, so that

the velocity vector remains constant dur-

ing TE. Considering the angle 0 between
the direction of a given capillary segment
and the field gradient direction, the de-
phasing can be calculated from Equation
(Al):

where

4(v,O) C . V . cosO, (A2)

I �TE/2 im 1
c=�yI I -G#{149}t#{149}dt+� G.t.dtl. (A3)

LJo JTE/2 J

When we take into account the distri-

bution of orientations p(O,�) of the capil-
lary segments at the voxel level and the
distribution of velocity p(v), we obtain for
the attenuation factor F:

(� �2ir ‘ir

F = � j I �

Jo Jo Jo

. p(O,�)p(z’)sinOdOd�dv�. (A4)

This expression for F simplifies for an iso-
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tropic distribution of capillary segments
and for a plug flow velocity v:

FIsin(c.v)/(c.v)�. (A5)

In our experiments, c was 2.95 rd.sec/mm

and 4.02 rd-sec/mm in the second and

third sequences, respectively (Table 1).

The corresponding attenuation factors F

were 0.01 and 0.09, respectively (v 2.1
mm/sec). By comparison, the value of
exp(-bD) for diffusion was 0.89 and 0.80,
respectively. The echo attenuation due to
perfusion was thus much larger for perfu-
sion than for diffusion. U
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