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Magnetization transfer effects induced by repetitive saturation

pulses employed in flow enhancement of signal intensity

imaging sequences currently prevent quantitative, in vivo, cer-

ebral perfusion studies. This study investigates the magnitude

of these effects and introduces a post-processing correction

protocol. The study shows that the magnetization transfer

effect is consistent across individuals, which enables the deri-

vation of a correction factor to be applied in post-acquisition.

Our results, obtained for cerebral flux in white and gray mat-

ter in rodent brains, are in agreement with cerebral blood flow

measurements previously reported in the literature. Magn

Reson Med 65:457–462, 2011. VC 2010 Wiley-Liss, Inc.
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Measuring perfusion is useful in the diagnosis and
treatment of a variety of conditions such as stroke (1),
tumors (2), or chronic cerebrovascular diseases (3).
Currently, there are two main methods for perfusion
imaging in magnetic resonance imaging (MRI):
dynamic susceptibility contrast (DSC-MRI) and arterial
spin labeling (ASL).

In dynamic susceptibility contrast (DSC-MRI) (4,5) a

bolus of paramagnetic tracer, such as gadolinium, is

injected intravenously and a series of images are

obtained as the tracer passes through the cerebral vascu-

lature. By monitoring the tracer concentration time

curves during the first passage, DSC provides informa-

tion about different physiologic parameters such as cere-

bral blood volume, mean transit time, and cerebral blood

flow (CBF) (6). Different imaging sequences allow access

to large vessels and capillaries through the total cerebral

blood volume or microvasculature pool (7,8). A precise

quantification of CBF requires knowledge of the arterial

input function, which can be obtained either by imaging

small arteries or by proceeding to different imaging tech-

niques such as positron emission tomography. Non-abso-

lute quantification is often used, due to the low reliabil-

ity of the arterial input function measurements (9,10).

The main drawbacks of DSC are that it is invasive, the

number of acquisitions per session is limited by the re-

sidual effect of the tracer (several hours), and it is com-

plicated by the fact that the signal may depend not only

on the tracer concentration but also on the tissue vascu-

lar composition.

Arterial spin labeling (ASL) is a completely noninva-

sive technique, which uses water as an endogenous con-

trast agent (11,12). In ASL the magnetization of blood is

manipulated at a distance proximal to the slice of inter-

est (this is referred to as tagging) and a tag image is

acquired after a certain time required for the blood to

travel to the imaging slice of interest. By performing a

subtraction of the tag image from the control image one

obtains an image of the blood that was delivered to the

imaging slice. ASL allows for noninvasive quantification

of CBF as perfusion or bulk delivery of blood to tissue.

The standard ASL techniques suffer from low SNR from

T1 decay during the transit time.

Recently, a new MRI technique known as flow

enhancement of signal intensity (FENSI) has been intro-

duced (13). As with the ASL, the principle is to label the

spins by manipulating the magnetization. The difference

is that in the case of FENSI one saturates the magnetiza-

tion in the slice of interest and then acquires the signal

from a thicker slice, containing the saturated slice, as

shown in Fig. 1a. The perfusion image is obtained by

subtracting the tag image from a control image (no satu-

ration). Compared with ASL, one expects FENSI to tag

spins closer to the microvasculature as tagged spins

moving fast in large vessels will exit the imaging slice

during the experimental time. Similar to the micros-

copy DESIRE technique (14) from which FENSI origi-

nates, by repeating the saturation pulses for an

extended amount of time one can obtain substantial sig-

nal enhancements, which allow thin-slice imaging

(hundreds of microns). The signal enhancement comes

only from the velocity component perpendicular to the

tagging slice which also renders FENSI as directionally-

sensitive.
Initially FENSI has been implemented as a functional

Magnetic Resonance Imaging technique and was used to
measure blood flow changes in response to a visual stim-
ulus (13). A recent study reports FENSI experiments,
which investigate the relationship between aging and
spatial memory (15). Quantitative perfusion measure-
ments using this technique are yet to be reported. As in
all sequences involving repeated saturation pulses, the
magnetization transfer (MT) effect can influence the sig-
nal intensity in the tag image and therefore hinder most
quantitative studies. In ASL, where the tagging plane is
located outside the saturation slice, one can compensate
for magnetization transfer effects by acquiring the refer-
ence image with a ‘‘control’’ saturation pulse with the
same frequency offset as the ‘‘tagging’’ pulse, but with
opposite sign or by using a separate RF coil to do the
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saturation. However, due to the position of the tag and
imaging slice relative to each other, none of these two
approaches can be used with FENSI. We have previously
shown that the influence of the MT effects in DESIRE/
FENSI based pulse sequences (16) is significant. In the
absence of flow, experiments performed on agar gels
showed that MT effects can lead to experimental signal
enhancements twice as high as those theoretically calcu-
lated (due to diffusion). Because MT effects are both
sample and pulse sequence dependent, these effects are
difficult to predict and have so far prevented the applica-
tion of FENSI to quantitative perfusion measurements
(17).

In the current study, we measure the MT-induced
effects for a specially-chosen set of experimental parame-
ters and propose a post-processing protocol to correct for
these effects and to obtain quantitative, in vivo, blood
flux measurements using the FENSI technique. Our
results from measuring the cerebral blood flux in white
matter (WM) and gray matter (GM) are in agreement with
the existing literature.

METHODS

Animal Experiments

Sprague-Dawley male rats with weights between 275 and
300 g were obtained from Janvier (Saint Isle, France). All

experiments complied with French legislation and guide-
lines for animal research. For in vivo experiments, all
animals were anesthetized with 2% isoflurane/air
administered using a nose cone. The body temperature
was maintained at 37!C using an MR compatible, feed-
back controlled air heater system. The respiration was
continuously monitored. To estimate the MT in the ab-
sence of flow, the animals were euthanized 15 minute
before the MTR measurements. We used one animal to
study the influence of the total saturation duration (pro-
portional to the number of pulses) on the amount of MT
generated. Eight rats were used to estimate the possibil-
ity to quantify the effect of MT in WM and GM intro-
duced by the saturation pulses and to generate MTR
maps. We performed in vivo perfusion measurements on
10 animals.

MRI Acquisition

All scans were performed on a horizontal bore, 7T Phar-
maScan Bruker imaging system with a maximum gradi-
ent strength of 760 mT m"1. A 3.6 cm ID quadrature RF
coil was used for transmission and reception. Scout
scans were acquired in three orthogonal directions to
ensure similar localization in different animals. The
FENSI-SE sequence used was a standard Spin Echo
sequence (TE ¼ 8.3 ms, TR ¼ 3000 ms, resolution 200 $
200 $ 3000 mm, FOV 30 $ 30 mm; where TE is echo
time, TR is pulse repetition time, and FOV is the field of
view) preceded by a saturation module (150, 5 ms long
90! sinc shaped pulses, which saturate a 300 mm-thick
slice in the center of the 3 mm imaging slice (Fig. 1a,
total saturation duration 1500 ms). To obtain maps of the
magnetization transfer ratio the pulse sequence was
slightly modified to tag a 300 mm thick slice 1 mm away
(to avoid direct saturation effects) from the imaging slice,
chosen to be 1 mm thick. We performed two sets of MTR
measurements, corresponding to two different positions
of the tagging plane with respect to the imaging plane
(Fig. 1b): above (MTR measurement 1) and below (MTR
measurement 2). Two scans are required to calculate
MTR in WM and GM, with and without saturation (‘‘tag"
and ‘‘reference’’), the acquisition times remaining con-
stant. For perfusion measurements each data set con-
sisted of three images: a ‘‘control" image: 3 mm thick
slice with no saturation, a ‘‘tag’’ image: 3 mm thick slice
with saturation, and a ‘‘reference’’ image: 0.4 mm thick
slice (effective tagging thickness) used to calibrate for
static tissue. Segmentation of WM and GM regions was
performed using a T2-weighted FSE sequence (TE ¼ 60
ms, TR ¼ 3000 ms, NA ¼ 4, Rare Factor 8, FOV 30 $ 30
mm2).

The effective slice profile generated by the FENSI
module was experimentally measured using a water
phantom (to avoid magnetization transfer and flow
effects). We used the FENSI-SE pulse sequence described
above in which we oriented the imaging plane perpen-
dicular to the tagging slice and we increased the resolu-
tion across the tagging slice to 31 mm (FOV ¼ 0.8 mm;
np ¼ 256) for better accuracy. The tagging profile was
obtained by subtracting the ‘‘tag" image from the ‘‘refer-
ence’’ image.

FIG. 1. Localization scan depicting a: the positions of the imaging

and tag slices for FENSI protocol (imaging/saturation slice thick-

ness ¼ 3/0.3 mm) and b: the position of the tag slice and the

region used to estimate the effect of magnetization transfer intro-

duced by the saturation pulses (imaging/saturation slice thickness

¼ 1/0.3 mm).
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Selection of Experimental Parameters

The choice of the parameters for a FENSI experiment
depends on several factors. The signal enhancement
obtained with the FENSI sequence depends on the veloc-
ity, the longitudinal relaxation time T1, the tag duration
and the imaging slice thickness. For an imaging slice
thickness of 3 mm (1.5 mm on each side of the tag) and
to sensitize our technique to microperfusion at the level
of capillaries [average blood velocity of 1 mm s"1 (18)],
we chose a tag duration of 1.5 s. This value ensures that
spins labeled at the beginning of the tag do not leave the
slice before imaging. Ideally, to maximize the signal
enhancement one should continuously apply saturation
pulses during the tag period. However, due to gradient
duty cycle constraints, we separated our pulses by a 5
ms delay. Therefore, during our tag period we applied
150 saturation pulses of 5 ms length. Even though the
duty cycle of the tag was only 50%, given our experi-
mental parameters, effective tagging slice thickness 400
mm and interpulse delay of 5 ms we had very good tag-

ging efficiency up to velocities of 8 cm s"1. Therefore,
we concluded that, within the microperfusion regime
(average velocity 1 mm s"1) the duty cycle employed did
not affect the blood flux measurements.

Data Processing and Analysis

The MTR was quantified as a percentage of signal loss
according to the following equation: MTR ¼ 100* (S0 –
SMT)/S0 in which S0 is the signal intensity for a particu-
lar region obtained without the saturation pulse and SMT

is the signal intensity for the same region with the satu-
ration pulse. Pixel-by-pixel MTR maps were constructed.
The mean MTR for the WM and GM was obtained by
averaging the pixel values in the regions of interest
selected for each slice. The regions of interest selected
consisted of 500 6 40 and 156 6 30 voxels for GW and
WM, respectively, as shown in Fig. 2a. We measured
two MTR ratios for the two different experimental posi-
tions of the tagging plane, above (MTRa) and below
(MTRb) the imaging slice and computed the average
(MTR) for both the WM and GM regions of interest.

To obtain quantitative flow information based on
FENSI images we corrected for the magnetization transfer
effect present in the tag images. We performed this cor-
rection by using the following formula: SCOR ¼ STAG/(1 –
MTR), where STAG is the uncorrected signal and MTR is
the average value of the mean correction factors listed in
Table 1: 37.5 and 26.5 for WM and GM, respectively.
The intermediate parameter SCOR represents the signal
intensity enhanced by flow after the MT correction.
Brain microvasculature is characterized by calculating
the flux w (mL min"1 cm"2) defined by Eq. 1, where l is
the blood tissue partition coefficient [taken 0.9 and con-
sidered constant across the brain (19)], VTAG the volume
of one saturation voxel (mL), s0 the static tissue signal
(‘‘reference") from the ‘‘tagging’’ plane (400 mm slice),
and SCS the cross-section of a voxel (in cm2).

f ¼
S0 " SCOR

s0
" 1

! "

% l %
Vtag

Scs

60

Tsat
½1'

RESULTS

Magnetization Transfer Effect

To quantify the magnetization transfer effect dependence
on the number of the saturation pulses employed in the
FENSI presaturation module we varied the number of
saturation pulses from 25 to 150 and we calculated the

FIG. 2. a: Regions of interest used to calculate magnetization

transfer ratios in WM and GM; the corresponding numbers of pix-

els are 156 and 500, respectively. b: Magnetization transfer ratio

MTR as a function of the number of saturation pulses (N ¼ 25 to

150) for WM and GM. Results were averaged over four slices.

Table 1

Magnetization Transfer Ratio of White and Gray Matter Introduced by the FENSI Tag

MTRa map [%] rat1 rat2 rat3 rat4 mean

White Mattera 41.0 6 2.8 40.0 6 3.2 41.1 6 3.7 41.5 6 3.5 40.9 6 4.1

Gray Mattera 29.1 6 3.0 28.6 6 3.8 29.3 6 3.3 29.1 6 3.7 29.0 6 3.4

White Matterb 33.9 6 3.5 35.9 6 3.5 35.4 6 3.7 31.3 6 3.2 34.1 6 3.9

Gray Matterb 24.5 6 3.2 24.9 6 2.6 24.6 6 3.2 21.9 6 3.2 23.9 6 3.3

The results are averaged over four different slices in four rats.
aTag located above the imaging slice.
bTag located below the imaging slice.
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corresponding MTR as described in the methods section.
Figure 2b presents plots of the magnetization transfer ra-
tio, MTR versus the number of saturation pulses for WM
and GM, averaged on four slices. One can see that, as
expected, the magnetization transfer effect gets stronger
as the number of pulses increases. For the parameters
chosen in this study (150 pulses corresponding to 1500
ms saturation period) the magnetization transfer effect
accounts for a decrease in signal intensity (increase in
the FENSI enhancement) of up to 35% in WM and 24%
in GM, respectively.

To estimate the variability of the MTR ratio across ani-
mals, we repeated the MTR measurements on four differ-
ent animals (4 slices, using the same saturation period of
1500 ms). The results from these measurements are pre-
sented in Table 1. The decrease in signal due to the MT
effect found in WM/GM was [34.1 6 3.9%]/[23.9 6

3.3%] when the tagging plane was placed below the
imaging slice and [40.9 6 4.1%]/[29.0 6 3.4%] when the
tagging plane was placed above. No significant difference
was observed among the slices taken for the same indi-
vidual or for different individuals. We thus concluded
that the MT effect can be quantified once a particular set
of experimental parameters was selected.

Effective Pulse Profile

The effective thickness of the tagging plane was meas-
ured as the full width at half maximum of the curve rep-
resenting the saturation profile. We found an effective
saturation thickness of (400 mm (Fig. 3). The difference
between the effective and the nominal saturation thick-
nesses, 400 versus 300 mm, is due to repetitive satura-
tion. In a FENSI experiment, unless taken into account,
this effect will lead to an apparent signal enhancement
higher than the true flow enhancement, which will
result in a higher blood flux. We corrected for this error
by using a 400 mm slice thickness as reference for the
static tissue of the tagging slice when computing the
blood flux (s0 in Eq. 1).

Perfusion Characterization After MT Correction

For ten animals, we obtained volumetric blood flux
maps using the FENSI technique with and without the
MT correction. The MT correction coefficients used are
the mean values listed in Table 1. The WM and GM
regions were segmented using the mask illustrated in
Fig. 4a, and were found to agree well with the corre-
sponding regions as seen in a typical MTR map (Fig. 4b).
Given the strong effect of the magnetization transfer on
the FENSI enhancement, as presented in the Magnetiza-
tion transfer effect section, we expect that the uncor-
rected flux maps will not lead to accurate results.
Indeed, the uncorrected maps (Fig. 5a) behave like MTR
maps with hyperintense signals in the WM, blood flux
value of 3.8 6 0.4 mL min"1 cm"2, compared with 3.1 6

0.3 mL min"1 cm"2 in GM. However, the corrected maps
(Fig. 5b) yield results, which agree with those previously
reported in the literature. Specifically, we obtained blood
flux values of 0.30 6 0.35/0.74 6 0.32 mL min"1 cm"2

in WM/GM, resulting in a ratio wWM/wGM of 0.4, in good
agreement, as illustrated in Table 2, with the CBF ratio
of obtained with other techniques such as ASL (20), DSC
(4), positron emission tomography (4,21) or CT (22).

DISCUSSION AND CONCLUSIONS

The goal of this work was to investigate the magnetiza-
tion transfer effect on FENSI cerebral perfusion images
and to introduce a correction strategy. Our study shows

FIG. 3. FENSI tagging slice profile obtained by orienting the imag-

ing plane perpendicular to the tag direction. The imaging resolu-

tion across the tag was 31 mm.

FIG. 4. a: MTR mask generated and used for post-processing. b: Ex vivo MTR map of a rat brain obtained with the FENSI-SE sequence

(200 $ 200 $ 1000 mm) and 150, 5 ms long tag pulses.
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that the effect of the magnetization transfer, for a particu-
lar set of experimental parameters, can be as high as
40% and 29% of the signal enhancement in WM and
GM, respectively. We showed that this effect stays rela-
tively constant across animals and across different brain
regions and therefore can be measured and accounted
for. Upon correction we obtain perfusion maps showing
relative blood flow ratio WM/GM consistent with values
reported in the literature. Direct comparison between the
measurements made with FENSI and those made with
other perfusion techniques such as ASL and DSC is com-
plicated by the fact that ASL and DSC measure different
aspects of blood flow; specifically, ASL and DSC mea-
sure bulk delivery of blood in mL/100 g of tissue/min
while FENSI measures localized volumetric blood flux
in units of mL min"1 cm"2.

Even though the exchange rate between the macromo-
lecular spins and the liquid pool is field independent
the magnetization transfer ratio for a tissue increases as
the field strength increases due to the increase in the
longitudinal relaxation time (23). Therefore, for identical
FENSI modules (the same number of pulses, power,
shape, and duration) the MTR will be different at differ-
ent field strengths. As a result, the correction factor can-
not be transferred from one magnetic field strength to
another and should be measured in each particular case.

In summary, we have attempted to tackle the magnet-
ization transfer effects, a major obstacle to using the
FENSI technique for brain perfusion measurements. We

present here a protocol, which allows for MT correction
in a post processing step and which can be used for
quantitative CBF images. Another possible area of
application is FENSI functional Magnetic Resonance
Imaging where this protocol should improve the robust-
ness of the acquired data through the removal of MT
effects. In regards to the limitations of this approach,
we emphasize that it should only be used in situations
in which the magnetization transfer is not expected to
change. It will therefore not be applicable to longitudi-
nal studies in which the MTR ratio changes (e.g. angio-
genesis); for these situations, other correction techni-
ques are needed.
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