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Abstract

The influence of flip angle and flow velocity on the signal intensity achieved when imaging a hyperpolarized substance with a

spoiled gradient echo sequence was investigated. The study was performed both theoretically and experimentally using hyperpo-

larized xenon dissolved in ethanol. Analytical expressions regarding the optimal flip angle with respect to signal and the corre-

sponding signal level are presented and comparisons with thermally polarized substances are made. Both experimentally and

theoretically, the optimal flip angle was found to increase with increasing flow velocity. Numerical calculations showed that the

velocity dependence of the signal differs between the cases of hyperpolarized and thermally polarized substances.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

The polarization levels of 3He and 129Xe can be raised

with optical pumping techniques by a factor of �105

relative to that of thermal equilibrium at typical field

strengths of clinical MRI scanners [1–3]. With the cor-

responding rise in signal, lung imaging has been inves-

tigated using 3He [4,5] as well as 129Xe [6,7], and the

clinical potential of 3He in particular has been demon-

strated [8–10]. For study of the vascular system, hy-

perpolarized contrast agent techniques may form

interesting alternatives to those used in conventional 1H
MRI. Helium has a low solubility in blood, but has been

proposed for vascular studies using encapsulation tech-

niques [11–14]. Xenon, on the other hand, is directly

soluble in blood, and inhalation [7,15,16] of the gas is

one way of administering hyperpolarized xenon to the

human vascular system. Regrettably, 129Xe has a rela-

tively short longitudinal relaxation time (5–10 s) in

blood [17]. It has been proposed that xenon should be

dissolved prior to injection in a biocompatible carrier in

which the relaxation time is longer and the solubility

even higher than in blood [18]. Examples of such carriers
are lipid emulsions [19,20] and perfluorocarbon emul-

sions [21]. Recently, other nuclei suitable for hyperpo-

larization have also been proposed for vascular studies.

For example, the potential of hyperpolarized 13C for

angiography has been investigated [22].

MRI using hyperpolarized substances differs in many

respects from imaging with common thermally polarized

substances. For instance, when employing a spoiled
gradient echo sequence on a static sample, the longitu-

dinal magnetization does not reach a steady-state level

after a few RF excitations [23], as is the case for a

thermally polarized substance where T1 relaxation

causes a regrowth of magnetization. Instead, the longi-

tudinal magnetization is constantly decreased with every

RF pulse it experiences. However, if flowing nuclei are

considered, the decrease in magnetization in the imaging
slice will be counterbalanced by fresh magnetization.

The resulting signal will depend on flip angle and flow
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velocity, as in imaging of thermally polarized substances
[24,25], but the signal levels will differ due to the different

influence of longitudinal relaxation.

There have been few investigations of flow depen-

dence of the signal from hyperpolarized nuclei imaged

with a spoiled gradient echo sequence [19,26]. Gao et al.

[26] have derived theoretical signal expressions for the

plug flow case and M€ooller et al. [19] used a plug flow

model for experimental determination of flow values in a
rat model. To our knowledge, experimental verification

and evaluation of signal expressions for the laminar flow

case have not been presented before. The aim of this

study was therefore to investigate the influence of flip

angle and flow velocity on the signal when imaging a

hyperpolarized substance dissolved in flowing liquid

with a spoiled gradient echo sequence. The problem was

treated theoretically as well as experimentally in a
phantom model using hyperpolarized xenon dissolved in

ethanol. Signal equations and expressions for the highest

achievable signal in cases of plug flow and laminar flow

are presented, together with expressions for the corre-

sponding optimal flip angle. Comparisons with the case

of thermal polarization are made through numerical

calculation.

2. Theory

Signal expressions and expressions for the optimal

flip angle and the corresponding signal are derived for

the cases of plug flow and laminar flow. Relaxation is

included in a different way in the signal expressions,

compared with what was presented previously by Gao
et al. [26].

A gradient echo sequence with repetition time TR,

complete spoiling of transverse magnetization between

repetition intervals, flip angle a, and slice thickness Dx is

assumed. For plug flow of a hyperpolarized substance

with the velocity v perpendicular to the imaging slice, the

amount of signal, Sp, acquired after each RF excitation

following a number of RF pulses larger than n ¼ Dx=
vTR can be expressed as follows:

SpðaÞ ¼ S0 sin a
1

n

XN�1

i¼0

cosi a

"
þ 1

�
� N

n

�
cosN a

#

¼ S0 sin a
1

n
1 � cosN a
1 � cos a

�
þ 1

�
� N

n

�
cosN a

�
: ð1Þ

Longitudinal relaxation regrowth of the flipped mag-
netization is disregarded, since the polarization level is

assumed to be many orders of magnitude greater than

that at thermal equilibrium. During flow, the spins in the

slice have experienced various numbers of RF excitation

pulses and the expression is simply a summation of their

contributions, as illustrated in Fig. 1. N is the truncated

value of n and S0 is the signal achieved from a hypo-

thetical single 90� RF excitation pulse. S0 is time de-

pendent in a hyperpolarized substance with longitudinal

relaxation time T1, i.e., S0 / e�t=T1. Gradient echo image

acquisition times are in general short compared with the

longitudinal relaxation time of hyperpolarized sub-
stances, making Eq. (1) also interpretable as the ex-

pected signal level in an acquired image. The signal

expression can be approximated by substituting N with

n, resulting in following equation

SpðaÞ ¼ S0

sin a
n

1 � cosn a
1 � cos a

: ð2Þ

To find the optimal flip angle (the flip angle giving the

highest value of the signal), Eq. (2) is differentiated with

respect to a and set to equal zero

cosn�1 a n sin2 a
�

þ cos a
	
� 1 ¼ 0: ð3Þ

The solution to Eq. (3) converges towards the expression
given in Eq. (4) as a decreases; kp is a dimensionless

constant, and a is expressed in radians

a ¼ kp

ffiffiffi
1

n

r
¼ kp

ffiffiffiffiffiffiffiffi
vTR
Dx

r
: ð4Þ

It can be shown that kp must be the solution to Eq. (5).

Solved numerically, this gives kp ¼ 1.585. . .

ek
2
p=2 � k2

p � 1 ¼ 0: ð5Þ

For a more detailed analysis of the steps leading to Eqs.

(4) and (5), the reader is referred to Appendix A. With

the substitution of a in Eq. (2) with Eq. (4), the ex-

pression for the highest achievable amount of signal, the

following equation is reached

Sp ¼ S0

2k2
p

1 þ k2
p

 ! ffiffiffiffiffiffiffiffi
vTR
Dx

r
: ð6Þ

In Eq. (6), two approximations have been made. Firstly,

N is assumed to equal n and secondly, the solution of

Eq. (3) is approximated by the flip angle value in Eq. (4),

which is the result of a low angle approximation.

Fig. 1. Illustration of plug flow perpendicular to the imaging slice, used

as motivation for Eq. (1), the signal expression. A hyperpolarized

substance enters the slice from the left and as it experiences an in-

creasing number of RF pulses (flip angle a) as it passes through the

slice, its contribution to the total signal is decreased. n is defined as

Dx=vTR, where Dx is the slice thickness, v the flow velocity, TR the

repetition time, and N is the truncated value of n.
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In the case of fully developed laminar flow of a hy-
perpolarized substance in the through-plane direction in

a vessel with circular cross-section, the signal expression

can be formulated as in Eq. (7), where f ðvÞ is the ve-

locity distribution function in a cross-section of the

vessel. In contrast to the plug flow case, the signal may

only reach this level asymptotically, since spins having

practically zero velocity might be included

SlðaÞ ¼
Z

f ðvÞSpðv; aÞdv: ð7Þ

The velocity distribution function (the function de-

scribing the density of spins with a certain velocity in the
slice), f ðvÞ, of laminar flow in a tube with circular cross-

section can be expressed as Eq. (8), where v0 is the mean

flow velocity of the fluid [27]

f ðvÞ ¼ 1

2v0

ð06 v6 2v0Þ: ð8Þ

A complicating factor emerges when a fluid is injected
into a flowing medium having a laminar flow profile.

In this case, the velocity distribution function of the

injected substance in the imaging slice will generally

not be identical to the velocity distribution function of

all fluid in the slice. The velocity distribution function

of the injected substance in the slice will vary with

time as the injected fluid passes by. Given that the

slice thickness is small compared with l, the distance
between the point of injection and the imaging slice,

and assuming an instantaneous injection at the time

t ¼ 0 the velocity distribution function can be ex-

pressed as Eq. (9). V is the injected volume and r0 the

vessel radius

f ðv; tÞ ¼
1

2v0
if l

v < t < l
v þ V

pr2
0
v
;

0 otherwise:

�
ð06 v6 2v0Þ ð9Þ

By integrating f ðv; tÞ over all velocities and differenti-

ating with respect to t, it can be demonstrated that the

highest amount of injected fluid in the slice is expected
just as the last spins with the highest velocity are leaving

the slice. The velocity distribution function at this par-

ticular moment is given by

f ðvÞ ¼
1

2v0
if 2v0

1þðV =lpr2
0
Þ < v < 2v0;

0 otherwise:

(
ð10Þ

Eq. (10) will be used later when comparisons with ex-

perimental results are made, but when deriving analyt-

ical expressions similar to Eqs. (4) and (6) for the

laminar case, Eq. (8) was used for the sake of generality.

Hence, the assumption was made that the whole vessel
consisted of the injected substance. In order to obtain

the optimal flip angle, Eq. (7) was differentiated with

respect to a and solved for zero as in the plug flow case,

leading to the following equation:

Z 2v0

0

cosn�1 a sin2 a
��

þ cos a
n

�
� 1

n

�
dv ¼ 0: ð11Þ

With the same approximations as in the plug flow case,

Eq. (11) can be solved for the optimal flip angle: Eq.
(12). For further details, see Appendix A

a ¼ kl

ffiffiffiffiffiffiffiffiffiffi
v0TR
Dx

r
: ð12Þ

The dimensionless constant kl is the solution to Eq. (13)

and can be determined numerically to kl ¼ 1:652 . . .Z 1

0

e�k2
l
=4z k2

l

2

��
þ z
�
� z
�

dz ¼ 0: ð13Þ

Under the assumptions stated above, the signal achieved

when employing the optimal flip angle in the laminar

case is given by Eq. (14)

Sl ¼ S0

8

3

1 � e�k2
l
=4

kl

ffiffiffiffiffiffiffiffiffiffi
v0TR
Dx

r
: ð14Þ

So far, relations for achieving the highest amount of

signal have been derived for the through-plane situation.

If the vessel is oriented within the slice, the formalism

can still be applied with Dx taken as the vessel path

length in the imaging plane. Note that the path does not

have to run straight through the slice. In-plane images

will have a noticeable signal gradient in the direction of
the flow, since spins in the outflow part of the slice have

experienced more RF pulses. This signal loss will be

independent of other imaging parameters when the flip

angles derived earlier, Eqs. (4) and (12), are used. The

drops in signal are calculated for plug flow (jp) and

laminar flow (jl) in Eqs. (15) and (16). These are defined

as the ratio between the signal from the hyperpolarized

substance having just entered the slice and of that just
about to leave it. In the derivation, Eq. (3) is used in the

plug flow case, and Eq. (11) in the laminar case

jp ¼ cosn�1 a � 1

1 þ k2
p

¼ 0:285 . . . ; ð15Þ

jl ¼
1

2v0

Z 2v0

0

cosn�1 adv � 4

3

1 � e�k2
l
=4

k2
l

¼ 0:242 . . . ð16Þ

3. Materials and methods

Xenon of natural abundance was polarized using a

commercial polarizer (IGI. 9600 Xe, Amersham Health,

Durham, NC). The polarized gas was stored in a 200 ml
glass cell at a pressure of about 3 atm. The polarized

xenon was dissolved in ethanol (95%), which has high

solubility of xenon (Ostwald coefficient 2.5 at 20 �C
[28]), low viscosity (1.2 m Pa s) and in which xenon has
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long T1 relaxation time (estimated to 50 s at 2.4 T in a
non-deoxygenized solution). By vigorous shaking, 30 ml

of the high-pressure gas was mixed with 30 ml of ethanol

in a syringe.

In the experiments, a flow of ethanol was established

through the magnet (2.4 T, Bruker Biospec 24/30; Bru-

ker Medical GmbH, Ettlingen, Germany) using gravity

fall from a reservoir and a soft PVC tube with an inner

diameter of 4 mm. During each experiment, 25 ml of the
xenon solution was injected 65 cm upstream of the

magnet isocenter. Through-plane images were acquired

with three different mean flow velocities: 14, 21, and

36 cm/s. The velocities were estimated with a stop clock

and measuring glass. A gradient echo sequence,

TR=TE ¼ 12=6 ms, with gradient spoiling was used to

acquire axial slices with a slice thickness of 10 mm. The

FOV was 6 	 4:5 cm and the matrix 64 	 32, resulting in
a voxel size of 0:9 	 1:4 	 10mm3. The total acquisition

time was 384 ms.

The flip angle dependency was investigated by ac-

quiring consecutive images with different flip angles on

the same injection. Since the amount of xenon present in

the imaging slice varies with time if laminar flow is as-

sumed, it was of importance that the separation in time

of images acquired with different flip angles was limited.
As a consequence, only three different flip angles were

acquired from each injection in two repeated flip angle

sets, 10�–30�–50� and 50�–70�–90�. Imaging was per-

formed continuously as the injected fluid passed through

the magnet and three adjacent images at the maximum

signal-to-noise-ratio (SNR) were selected retrospec-

tively. Ideally, at the time-point when these images are

acquired, the velocity distribution function of the hy-
perpolarized xenon in the slice is described by Eq. (10).

In each image, the mean intensity of the pixels in the

tube and the mean intensity of the pixels in a large area

outside of the tube were calculated. The SNR in the tube

was calculated using the formalism for low SNR values

[29]. The SNRs of the selected images were normalized

to the image in each of the two series acquired with the

flip angle 50�. The results of the experimental measure-
ments were also compared with theoretical signal ex-

pressions for the laminar flow case. The flip angle

dependency of the signal relative to S0 for the three

mean flow velocities was calculated using Eq. (7) to-

gether with the laminar velocity distribution function of

the injected hyperpolarized substance from Eq. (10).

A series of in-plane images was also acquired. In this

case, isotopically enriched xenon (75% 129Xe) was used.
The FOV was 6 	 6 cm, 64 	 32 matrix, flow velocity

18 cm/s, TR=TE 10/6 ms, flip angle 25�, and the vessel

radius was 3 mm.

The velocity dependences of the signal from a hy-

perpolarized substance with long T1 and a thermally

polarized substance with short T1 were compared by

numerical computation. T1 was set to 50 ms in the

thermal case, corresponding to that of blood when using
a typical contrast agent in standard 1H CE-MRA,

whereas the only assumption regarding the hyperpolar-

ized case was that T1 was long compared with the image

acquisition time. The exact value of T1 is not of im-

portance since with this assumption, the signal relative

to S0 does not depend on T1. The signal was calculated

using Eq. (7) for the hyperpolarized substance and the

signal equations described in [24] for the thermally po-
larized substance. The comparisons were performed

assuming a tube with full laminar flow (Eq. (8)),

Dx ¼ 10 mm, TR ¼ 12 ms, and flip angle 30�, corre-

sponding to a through-plane imaging situation. The

signal relative to S0 was calculated in a mean flow ve-

locity interval of 0–50 cm/s, where again S0 is defined as

the signal achieved from a hypothetical single 90� RF

excitation. The optimal flip angle in the same velocity
interval was also calculated using Eq. (12) in the hy-

perpolarized case, and by stepping the flip angle in small

increments for a given mean flow velocity and evaluat-

ing the signal in the thermal case.

4. Results

The correspondence between measured and theoreti-

cal signal values as a function of flip angle for the three

different mean velocities is shown in Fig. 2, and the

optimal flip angle is increasing experimentally as well as

theoretically for increasing flow velocity.

For the in-plane case, the expected signal drop in the

direction of the flow is visible in Fig. 3. The image is the

Fig. 2. The experimentally and theoretically determined signal relative

to S0 dependency on flip angle at 14, 21, and 36 cm/s, when imaging

hyperpolarized xenon dissolved in ethanol with a spoiled gradient echo

sequence. The experimental results are scaled to the corresponding

theoretically acquired result at flip angle 50�. The slice thickness was

10 mm and the repetition time 12 ms. Eq. (7) and the laminar velocity

distribution function described by Eq. (10) were used to calculate the

theoretical dependence.
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result of raw-data averaging of 21 consecutively ac-

quired coronal images.

The velocity dependence of the signal relative to S0 in
a typical through-plane situation with laminar flow is

more pronounced in the case of the hyperpolarized

substance (Fig. 4) than in the case of a thermally po-

larized substance. At low velocities, the signal from the

hyperpolarized substance increases rapidly when the

velocity is increased. The optimal flip angle for the hy-

perpolarized fluid is found to be lower than that of a

thermally polarized fluid, but the difference decreases

when the mean flow velocity is increased; see Fig. 5.

The expressions derived for optimal flip angle and

signal for plug flow (Eqs. (4) and (6)) and laminar flow
(Eqs. (12) and (14)) differ by a constant factor. In gen-

eral, a slightly higher flip angle (4%) is required to image

laminar flow optimally and the resulting signal strength

is slightly lower (12%) compared with imaging of plug

flow with the same mean flow velocity. In both cases, the

signal depends on the square root of the flow velocity

and the repetition time. For through-plane flow, S0 itself

is linearly dependent on the slice thickness, and if this is
taken into account, the signal also depends linearly on

the square root of the slice thickness.

5. Discussion

Imaging with hyperpolarized substances in the vas-

cular system is attractive for a number of reasons,
mainly due to the high contrast expected between vas-

cular structures and background tissue. Implementation

of the hyperpolarization technique may lead to funda-

mentally new methods for performing MR angiography

[12,22], quantitative flow measurements [19] and perfu-

sion measurements [14,20,30]. The success of the tech-

niques will depend largely on the achieved level of

polarization of the nuclei and, when carriers are needed,
their properties [18]. However, the search for suitable

imaging sequences and their basic flow properties are

certainly also important.

In this study, we have investigated the signal acquired

with a spoiled gradient echo sequence when imaging a

flowing hyperpolarized substance. Experimental work

has been performed on xenon dissolved in ethanol, but

the results of this study apply to all hyperpolarized

Fig. 4. The calculated velocity dependence of the signal for a thermally

polarized substance (T1 50 ms) and a hyperpolarized substance (long

T1). The signals relative to S0 (defined as the signal achieved from a

hypothetical single 90� RF excitation) are plotted against the mean

flow velocity assuming laminar flow. The assumed slice thickness was

10 mm, the repetition time 12 ms, and the flip angle 30�.

Fig. 5. The calculated optimal flip angle as a function of mean flow

velocity assuming laminar flow, slice thickness 10 mm, and a repetition

time of 12 ms for a thermally polarized substance (T1 50 ms) and a

hyperpolarized substance (long T1).

Fig. 3. In-plane image of flowing (18 cm/s) hyperpolarized dissolved

xenon. The image was obtained by averaging 21 consecutive gradient

echo images with TR 10 ms and flip angle 25�. The direction of flow is

from top to bottom.
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substances whose movements can be characterized as
either plug or laminar flow. The key assumption in the

derivation of the relations is that the polarization level is

several orders of magnitude greater than that of thermal

equilibrium. When this requirement is fulfilled, regrowth

of spoiled magnetization can be ignored, making Eq. (1)

valid. Note that for a thermally polarized substance with

a long T1, the same argument can be claimed, making

the results of the derivations valid also in this case.
For through-plane flow, by making multiple mea-

surements on the same injected hyperpolarized liquid

within a short period of time, it was possible to compare

the signal in consecutively acquired images with theo-

retical values of the optimal flip angle. Except for the

time separation between measurements, additional

possible error sources in the measurement procedure are

imperfect spoiling of transversal magnetization between
excitations, imperfect slice selection, and the influence of

noise. The experimental results agree with those ex-

pected according to theory, indicating rather high opti-

mal flip angles even at moderate flow velocities, as have

been reported earlier for the plug flow case [26]. For in-

plane flow, the signal drop in the flow direction of an in-

plane image is unavoidable when a constant flip angle

approach is used. With the flip angle yielding the highest
possible total signal in the image, the signal drop is

substantial. By decreasing the flip angle, this effect can

be mediated at the cost of a lower total amount of signal

in the image.

From Figs. 4 and 5 it can be seen that the relative

signal at a fixed flip angle, as well as at the optimal flip

angle as a function of flow velocity, in the hyperpolar-

ized and the thermal cases, resemble each other at higher
flow velocities. The signal in the hyperpolarized case

drops to zero when the flow velocity is decreased,

whereas for v ¼ 0 in the thermal case, the signal is

governed by the signal equation for stationary matter

with the assumed relaxation and imaging parameters.

This may seem erroneous, since imaging of a non-

flowing hyperpolarized substance is by no means im-

possible. However, it should be pointed out that Fig. 4
illustrates the signal acquired after n ð¼ Dx=vTRÞ RF

pulses emitted and the theory given above is not appli-

cable in the case when the velocity approaches zero.

An additional observation can be made from the

derived signal expressions for hyperpolarized nuclei.

Consider the situation where it is of interest to achieve

the highest SNR in a specified amount time. The SNR is

proportional to the square root of the number of times a
measurement is repeated, which is proportional to TR�1.

Consequently, for a fixed readout time, according to the

derived signal expressions the maximal signal level will

be independent of TR as long as the optimal flip angle is

employed. Since a long TR allows a longer readout time

and thus a lower bandwidth, a long TR might be ad-

vantageous as long as T2
 relaxation is not too severe.

6. Conclusion

This study discusses one of the most basic MR im-

aging sequences, the gradient echo, for which basic flow

dependence was investigated theoretically and experi-

mentally in a simple phantom model, using hyperpo-

larized 129Xe dissolved in ethanol. For the cases of plug

and laminar flow, basic equations were used to derive

analytical expressions for optimal flip angle and signal.
Although the experimental part of this study was per-

formed with 129Xe, the conclusions are applicable to the

general case of flow of hyperpolarized nuclei such as 3He

and 13C.
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Appendix A

In the plug flow case, we seek the solution to

cosn�1 aðn sin2 a þ cos aÞ ¼ 1, which can be rewritten as

e�nlncosa � 1 � n
sin2 a
cos a

¼ 0:

By setting k ¼ �nlncosa, and dividing by k

ek � 1

k
þ sin2 a

cos a ln cos a
¼ 0

is reached. The trigonometric term can be Taylor ex-

panded as

sin2 a
cos a ln cos a

¼ �2 � a4

12
þ Oða6Þ;

where a is expressed in radians. We have thus shown
that when a is small, the solution sought is given by

k ¼ �n ln cos a, where k is defined by ððek � 1Þ=kÞ � 2

¼ 0. This can be determined numerically to 1:256 . . .
We introduce the relation kp ¼

ffiffiffiffiffi
2k

p
¼ 1:585 . . ., and

k ¼ �n ln cos a can be approximated further using

ln cos a � �a2=2, into the simplified expression a ¼
kp

ffiffiffiffiffiffiffiffi
1=n

p
.

Regarding laminar flow, we begin with the relationZ 2v0

0

cosn�1 a sin2 a
��

þ cos a
n

�
� 1

n

�
dv ¼ 0;

where n is velocity dependent as it is defined by n ¼
Dx=vTR. By assuming

k ¼ � Dx
v0TR

ln cos a

and with the substitution z ¼ v=2v0, the expressionZ 1

0

e�k=2z sin2 a
cos a ln cos a

k

��
� 2z

�
þ 2z

�
dz ¼ 0
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is reached. Again, we use the same Taylor expansion
and conclude that when a is small, k ¼ � Dx

v0TR
ln cos a

is the solution sought, where k is a constant found by

solvingZ 1

0

½e�k=2zðk þ zÞ � z
dz ¼ 0:

The rest of the derivation is identical to that of the plug

flow case.

The validity of the derived expressions for the opti-

mal flip angle and signal in the cases of plug and laminar

flow was also investigated, since approximations were

performed to obtain these expressions. This was done by

comparing the derived expressions for optimal flip angle
and signal with values found by evaluating the signal

expressions, Eqs. (1) and (7), for varying mean flow

velocity and flip angle. The derived expressions and

those obtained by evaluating the signal expressions only

differ at high velocities (Fig. 6). When more relevant

parameter settings are considered, i.e., conditions in

which a flowing nucleus experiences multiple RF exci-

tations, the difference is decreased.
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