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Abstract

Alternate inversion recovery spatial modulation of magnetization (AIR-SPAMM) can be used either for doubling the number of

tags for a given tagging encoding gradient strength or for improving tagging contrast ratio. AIR-SPAMM requires only a single

acquisition and utilizes inversion pulses spaced throughout the gradient recalled echo (GRE) cine acquisition to ‘‘lock’’ the re-

covering magnetization at a desired level. The theory of AIR-SPAMM is presented along with simulations and results from

phantoms. AIR-SPAMM can be used either for imaging systole as demonstrated by initial in vivo results or potentially for imaging

the entire cardiac cycle in a slice-interleaved manner.
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1. Introduction

Myocardial tagging MRI methods have been avail-

able for more than a decade for evaluating cardiac

motion and strain [1,2]. With such methods, the image

contrast is altered so as to introduce either bands or a

grid of signal voids in the myocardium at the beginning

of the cardiac cycle. Subsequently, these signal-void

patterns are imaged over time as they deform with the
contracting myocardium. A qualitative assessment of

motion and regional contractility can be easily obtained

visually by observing the degree of deformation of the

tagging pattern. Quantitative assessment is more tedious

and involves user-assisted tag tracking over multiple

cardiac phases [3].

The first implementation of a tagging pattern was

accomplished with direct saturation of bands orthogo-
nal to the imaging plane [2,4]. This approach was limited

by the saturation profile and the number of tagging

bands that could be applied within a short amount of
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time. Spatial modulation of magnetization (SPAMM)
was introduced by Axel and Dougherty to overcome

these limitations [1]. With SPAMM, the magnetization

is brought to the transverse plane where it acquires

phase linearly proportional to its position by means of a

gradient pulse. The imaginary part of the transverse

magnetization is discarded while the real part is stored

along the longitudinal axis with its amplitude being si-

nusoidally modulated across space. This is a result of
both the acquired linear phase and the loss of the

imaginary part of the magnetization. This sinusoidal

modulation results in spatially varying signal voids when

the stored longitudinal magnetization is recalled for

imaging throughout the cardiac cycle. A variant of the

initial SPAMM method includes improved modulation

schemes via higher order binomial RF schemes to create

a rectangular tagging pattern [5].
The detection of the SPAMM myocardial tagging

pattern for quantitative analysis is hindered by tag

contrast deterioration throughout the cardiac cycle. The

sinusoidal modulation, which gives rise to the tagging

signal voids, decays according to T1, thus, reducing the

peak-to-peak amplitude of the tags in the image over
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time. The relaxed magnetization, which is restored along
the longitudinal axis, results in a background image that

lacks the tagging pattern. When imaging early cardiac

phases, the tag-modulated component of the image is

strong and the non-modulated component is weak. At

later cardiac phases the situation is eventually reversed.

As a result, the initial signal-voids are offset away from

zero by the progressively recovering background com-

ponent. This can complicate tag detection especially
with a receive coil that has an inhomogeneous B1.

CSPAMM was introduced by Fischer et al. [6] in

order to suppress the background component and im-

prove myocardial tagging contrast. With this approach,

two RF phase cycled acquisitions are performed or-

thogonal to each other by storing the sinusoidally

modulated magnetization either along þz or �z. As

such, a positive tagging pattern is collected in the first
acquisition while a negative pattern is collected in the

second. The background component, which is not de-

pendent on RF cycling, is recovering along þz in both

acquisitions. When the two acquisitions are subtracted,

the background component is suppressed and the tag-

ging patterns add constructively assuming that other-

wise the two acquisitions are identical. This suppression

results in improved tagging contrast since the signal
voids are no longer offset away from zero due to the

background component. However, even though breath-

held MRI is commonly performed, the assumption of

identical otherwise acquisitions is not always true due to

motion. This is particularly true if two breath-holds are

required. In cases where the improved contrast is needed

for imaging part of the cardiac cycle within a single

breath-hold, other alternatives have to be sought.
Another factor contributing to the tagging pattern

signal loss over the cardiac cycle is intravoxel dephasing.

The generation of signal in SPAMM is the result of

generating stimulated echoes as has been previously

described by Derbyshire et al. [7]. Therefore, signal loss

incurred in the sinusoidally encoded part of the

SPAMM signal is a result of intravoxel dephasing,

which occurs as the myocardium deforms over the car-
diac cycle. At endsystole where the peak of contractile

action exists, the pixel size dimensions are maximally

altered. As such, the tagging pattern gets distorted due

to the local and unpredictable signal loss [8]. Such an

effect is the result of strong position encoding gradient

pulses during the SPAMM preparation and as such it

gets amplified when small tag spacing is used in con-

junction with a large pixel size.
We propose alternative inversion recovery SPAMM

(i.e., AIR-SPAMM), a method for doubling the number

of tags across the field of view without increasing the

tagging encoding gradient strength, which results in in-

travoxel-induced tag signal loss. Also, AIR-SPAMM

can be used for improving contrast in tagged images.

AIR utilizes multiple inversion pulses interspersed
throughout the multiphase SPAMM acquisition in
order to ‘‘lock’’ the background component about a

desired value.
2. Theory

The magnetization at time zero (M0), which is stored

along the longitudinal axis immediately following a

SPAMM preparation (Fig. 1A), was described by Kuijer

[9] and is given by

M0 ¼ MFID;0 þMSINE;0: ð1Þ
Therefore, the stored longitudinal magnetization con-
tains an unmodulated (MFID;0) and a spatially sinusoi-

dally modulated (MSINE;0) term. MFID;0 is given by

MFID;0 ¼ M1 cos2 h ð2Þ
and MSINE;0 is given by

MSINE;0 ¼ M1 sin2 h
eikxþu1 þ e�ikx�u1

2

� �
; ð3Þ

where M1 is the initial net longitudinal magnetization

(which is assumed to be fully relaxed), h is the tagging
flip angle of each of the two SPAMMRF pulses, kxþ u1

is the phase imparted by the SPAMM position-encoding

gradient, k corresponds to the spatial frequency of the

tag lines and u1 determines the phase at x ¼ 0.

Typically, h is set at 45� and therefore Eqs. (2) and (3)

become, respectively,

MFID;0 ¼
M1

2
ð4Þ

and

MSINE;0 ¼
M1

2

eikxþu1 þ e�ikx�u1

2

� �
: ð5Þ

In this case, where h ¼ 45�, the magnetization oscillates

sinusoidally between 0 and þM1. This is the result of

the existing DC offset, which is added by MFID;0 There-

fore, the tags correspond to zero signal intensity in the

image, i.e., to the ‘‘valleys’’ of the sinusoid. Also, since

magnitude images are commonly acquired and sign in-

formation in lost, this scheme allows the sinusoidal

modulation to be correctly depicted in the images since
it contains positive magnetization values only.

If a tagging angle of h ¼ 90� per RF pulse is applied

then Eqs. (2) and (3) become, respectively,

MFID;0 ¼ 0 ð6Þ
and

MSINE;0 ¼ M1
eikxþu1 þ e�ikx�u1

2

� �
: ð7Þ

In this case, where h ¼ 90�, the magnetization oscillates

sinusoidally between �M1 and þM1 since the DC offset

is now absent and the entire magnetization is



Fig. 1. (A) Schematic diagram of conventional SPAMM pulse sequence with gradient recalled echo readouts. Tagging is performed as soon as the R-

wave of an EKG is detected. (B) Schematic diagram of the AIR-SPAMM pulse sequence with gradient recalled echo readouts. The AIR inversion RF

pulses are followed by crusher gradient pulses, which are not shown here. At the end of the AIR-SPAMM acquisition, the longitudinal magnetization

is crushed.
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modulated. When magnitude images are considered, this

results in rectification of the sinusoidal pattern and

therefore the frequency of the tagging pattern is doubled
[6]. It is interesting to note that (7) describes also a

typical preparation for a stimulated echo phase-based

experiments [7,10]. (7) represents magnetization that

contains its complex conjugate. Also, the twofold signal

loss incurred with stimulated echoes is shown.

As time elapses from the tagging preparation, longi-

tudinal relaxation as a function of time t occurs ac-

cording to

MðtÞ ¼ M1 þ ½M0 �M1�e�t=T1 ; ð8Þ

where M1 is the magnetization following full longitu-

dinal relaxation. Substitution of M0 from Eq. (1) into
Eq. (8) yields the longitudinal magnetization at any time

after the SPAMM preparation to be

MðtÞ ¼ MFIDðtÞ þMSINEðtÞ; ð9Þ

where

MFIDðtÞ ¼ M1 þ MFID;0½ �M1�e�t=T1 ð10Þ
and

MSINEðtÞ ¼ MSINE;0e
�t=T1 : ð11Þ

Eq. (10) describes how the unmodulated longitudinal

component of the magnetization, MFID recovers along

the z-axis while (11) shows how the sinusoidally modu-

lated component, MSINE decays. Both exponential pro-
cesses follow the same time constant, T1 It is interesting
to note that because they both follow the same expo-

nential constant, it is guaranteed that, if h ¼ 45� (Eqs.
(4) and (5)), the modulated term will always be positive

and therefore will not be ill-rectified at any time if

magnitude images are collected throughout the cardiac

cycle. However, the recovery of MFID results in reduced

tagging contrast [6] as time elapses since the valleys of

the sine pattern are no longer at zero.

Any multiphase imaging method that is utilized to

map the tagged magnetization throughout the cardiac
cycle will further deplete both MFID and MSINE and will

therefore contribute to a reduced tagging contrast as

time elapses. Depending on the readout flip angle, MFID

can reach a steady-state but MSINE will always be de-

pleted. The effects of the selected sequence parameters

can be significant with respect to the contrast obtained

since the tagged images are acquired over several

heartbeats [11]. A commonly utilized readout for tag-
ging is that of a multiphase gradient echo, which is

shown in Fig. 1A [12].

To maintain tagging contrast, AIR inversion pulses

are applied at the end of every interval s, where s is a

multiple of TRs of the gradient echo readout used in

SPAMM imaging. In practice, s is set equal to the

temporal resolution of the multiphase cardiac acquisi-

tion. The effect of these inversion pulses on the longi-
tudinal magnetization can be better understood if

observed during two such consecutive intervals, i.e., 2s.
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The magnetization (Eq. (9)) at the end of the first s in-
terval is

MðsÞ ¼ M1 þ ½MFID;0 �M1�e�s=T1|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
FID

þMSINE;0e
�s=T1|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

SINE

: ð12Þ

The ensuing inversion pulse inverts the sign of M(s) and
therefore at the end of the second s interval the sinu-

soidal component is

Mð2sÞ ¼ �MFID;0e
�2s=T1 þM1 1� 2e�s=T1 þ e�2s=T1

� �zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{RES

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
FID

�MSINE;0e
�2s=T1|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

SINE

: ð13Þ

This residual term RES is approximately zero as can

be shown by Taylor series expansion of its terms. The

error in this approximation is of the order of ðs=T1Þ2.
Since s � 40ms and T1 ¼ 850ms for the myocardium,

this error is less than 0.003. Therefore, Eq. (13) is ap-

proximated by

Mð2sÞ ¼ �MFID;0e
�2s=T1|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

FID

�MSINE;0e
�2s=T1|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

SINE

: ð14Þ

Eq. (14) shows that in an AIR-SPAMM experiment

where the FID and SINE components start at the same

amplitude following the tagging preparation (i.e.,
h ¼ 45�, Eqs. (4) and (5)), as time elapses the FID and

SINE track each other with respect to their amplitudes.

On the other hand, if the FID starts at zero (i.e.,

h ¼ 90�, Eqs. (6) and (7)), it will oscillate about zero

with a period of 2s. Thus, in both cases, if the sign of the

magnetization is not considered, the AIR-SPAMM in-

version pulses ‘‘lock’’ the FID magnetization about its

initial value M0. Each inversion pulse results in conju-
gation of the existing SINE magnetization, i.e., it

changes the sign of the sinusoidal pattern. Since mag-

nitude images are reconstructed, this does not affect the

resulting image. However, for any cardiac phase, if k

space is filled from acquisitions straddling AIR inver-

sion pulses then the appropriate conjugation has to be

applied prior to Fourier transformation.

AIR-SPAMM is well suited for using a progressively
higher GRE flip angle as data are sampled throughout

systole in order to equally distribute the available sinu-

soidally modulated magnetization across the systolic

cardiac phases. This has been previously described by

Fischer et al. [13].
3. Methods

Simulations of the tagging experiment were per-

formed and the effect of the inversion pulses in AIR-

SPAMM was studied. The tagging preparation (Eqs.

(1)–(3)) described in Section 2 were simulated in IDL
(Research Systems, Boulder, CO) and applied to an
axial slice of a simulated spherical phantom with a T1 of

850ms, i.e., equal to that of normal myocardium. The

longitudinal magnetization was tracked every 1ms. In

order to demonstrate the underlying process, the GRE

flip angle was simulated at 1�. This ensured that the

readout scheme itself would not significantly deplete the

SINE component. Simulations [9] for both SPAMM

and AIR-SPAMM were also performed to examine the
effects of intravoxel dephasing to the tagging pattern.

These simulations were evaluated against in vivo data

acquired from a canine experiment.

All experiments were performed with a General

Electric Medical Systems (Waukesha, WI) 1.5 T car-

diovascular magnet. Phantom data were acquired with

the standard birdcage head resonator. The T1 of the

cylindrical phantom (3% agar in saline doped with
CuSO4) was 720ms. The human experiment was done

with a standard four-element receive-only phased array

coil. Similar imaging parameters were used for both

types of experiments.

For conventional tagging, the 1-1 SPAMM prepara-

tion was applied immediately following the R-wave of

the EKG. The tagging angle for each of the two RF

pulses was either h ¼ 45� or h ¼ 90� as noted. The tag-
ging gradient area was adjusted for a tag wavelength of

7 pixels. Since magnitude images were acquired and the

tagging waveform was rectified in some experiments,

this occasionally resulted in a tags with spacing of 3.5

pixels and a tagging profile very similar to a 1-2-1

SPAMM preparation [6]. For quantitative analysis,

images with a larger tag spacing (wavelength of 30

pixels) were also acquired. The entire tagging prepara-
tion lasted approximately 9.8ms. GRE multiphase im-

aging followed the SPAMM preparation in order to

map cardiac motion. The following parameters were

used: 3-lobe sinc RF pulse 0.6ms long, flip angle 10�,
field of view 36� 28 cm, slice thickness 8mm, bandwidth

�62.5 kHz, echo time (TE) 2.2ms, repetition time (TR)

4.9ms, data matrix of 256� 120. The temporal resolu-

tion was 39.2ms since eight consecutive k-space lines
(views) were ascribed to each cardiac phase imaged

(views-per-segment 8). Therefore, the total acquisition

time was 16 heartbeats. An interleaved k-space sampling

scheme was applied to smooth transitions in the kY di-

rection. With this type of interleaving, views were

grouped according to their acquisition order in k-space.

For AIR-SPAMM acquisitions, additional non-slice-

selective inversion pulses to suppress the FID were
inserted every 8 TRs in a synchronous manner to the

cardiac-phase time boundaries. The inversion pulse du-

ration was 0.5ms. In order to avoid the creation of stim-

ulated and/or spin echoes by any imperfection of these

inversions, crusher gradients were applied immediately

following each RF pulse with an area of 3240 lsG/cm

along all three axes. To ensure proper crushing, the sign of
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the gradient pulse along X was changed every two inver-
sions, along Y every four inversions, and along Z every

eight inversions. To avoid stimulated echoes across

heartbeats, at the end of the systolic data acquisition with

AIR-SPAMM a 90� RF pulse and a gradient crusher

pulse were applied (Fig. 1). Progressively higher GRE flip

angles during readout [13] were used for both SPAMM

and AIR-SPAMM acquisitions.

Image reconstruction was performed with the stan-
dard software available on the magnet system. For es-

timating tagging contrast difference (CD) and contrast

difference ratio (CDR), signal intensity (SI) profiles

perpendicular to the tagging pattern were analyzed in

the phantom images acquired with a tag spacing of 30

pixels. Four pixels at the minimum SI of one valley as

well as four pixels at the maximum SI of one top were

averaged to yield, respectively, the minimum (IVALLEY)
and maximum (ITOP) values of the tagging SINE in each

profile. CD and CDR were computed according to Eqs.

(15) and (16), respectively,

CD ¼ ITOP � IVALLEY; ð15Þ

CDR ¼ ITOP � IVALLEY

IVALLEY

: ð16Þ
Fig. 2. Simulated k-space matrices (columns i and ii) and simulated magnitu

preparation (columns i and iii) and 300ms later (columns ii and iv). SPAMM

Simulated AIR-SPAMM data with h ¼ 45� and h ¼ 90� are shown in rows
4. Results

Fig. 2 shows a simulation of k-space and magnitude

images for conventional SPAMM and AIR-SPAMM at

0 and 300ms after a 1-1 preparation with either h ¼ 45�
or h ¼ 90�. Note that changing the tagging angle per

pulse from 45� (Fig. 2A) to 90� (Fig. 2B) effectively

doubles the tag density at t ¼ 0ms. However, with

h ¼ 90� the tag density decreases atmost by half by
t ¼ 330ms even though this is a static, non-deforming

phantom. AIR-SPAMM also effectively doubles the tag

density when going from h ¼ 45� (Fig. 2C) to h ¼ 90�
(Fig. 2D). However, this occurs not only at time

t ¼ 0ms but consistently throughout systole (Fig. 2D).

These simulations also depict, in a qualitative manner,

the CDR between tagged and untagged tissue, which

diminishes as time passes with conventional SPAMM
with h ¼ 45� (Fig. 2A). The corresponding AIR-

SPAMM (Fig. 2C) preserves CDR across systole as seen

by the consistently dark tagged lines. Fig. 3 shows the

time intensity curves for the FID (solid) and SINE

(dotted) components of the magnetization for SPAMM

and AIR-SPAMM simulated data presented in Fig. 2.

For AIR-SPAMM, Fig. 3C shows how the FID and
de phantom images (columns iii and iv) immediately following tagging

data with h ¼ 45� and h ¼ 90� are shown in rows A and B, respectively.

C and D, respectively.



Fig. 3. (A) Simulated SPAMM (h ¼ 45�) signal recovery of the FID (solid line) and decay of the SINE modulated component (dotted line) of the

longitudinal magnetization. (B) Simulated SPAMM (h ¼ 90�). (C) Simulated AIR-SPAMM (h ¼ 45�). Note that the two signals track with each

other while the inversion pulses are played out during the first 300ms. (D) Simulated AIR-SPAMM (h ¼ 90�). Note that the FID is ‘‘locked’’ about

zero while the inversion pulses are played out.
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SINE track with each other when h ¼ 45� while Fig. 3D
shows how the FID is ‘‘locked’’ close to zero when
h ¼ 90�. Fig. 4 shows the time evolution (0, 150, and

300ms) of the horizontal signal profile at mid-level of

the simulated phantom shown in columns iii and iv of

Fig. 2. When using h ¼ 45�, note the difference over time

between SPAMM (first row) and AIR-SPAMM (third
Fig. 4. Signal intensity profiles over three time points (0, 150, and 300ms) for

with h ¼ 45� (first row) the tag valleys are not consistently at zero over time

valleys are always at zero. When SPAMM is used with with h ¼ 90� (second r

this motionless object. AIR-SPAMM with h ¼ 90� (last row) results in cons
row) with respect to signal nulling within the tag valleys.

Also, when h ¼ 90�, note that SPAMM (second row)
yields variable tag spacing, which renders this imple-

mentation useless. In contrast, AIR-SPAMM (last row)

results in double density tags of fixed spacing.

Fig. 5 shows phantom images acquired with con-

ventional SPAMM and AIR-SPAMM with either
the simulated images shown in Fig. 2. Note that when using SPAMM

in contrast to using AIR-SPAMM with h ¼ 45� (third row) where the

ow) the recovery of the FID results in variable tag spacing over time for

istent double density tags over time.



Fig. 5. Even set of four (out of eight) acquired images acquired equitemporaly during 330ms (columns i–iv, respectively) following the tagging

preparation. Conventional SPAMMwith h ¼ 45� and h ¼ 90� (rows A and B, respectively) and AIR-SPAMMwith h ¼ 45� and h ¼ 90� (rows C and

D, respectively) are shown. Note that with h ¼ 45� AIR-SPAMM (C-iv) results in consistent suppression of the non-tagged background relative to

SPAMM ( A-iv). Also, that with h ¼ 90� AIR-SPAMM (D-iv) results in correct tag spacing, whereas with SPAMM (B-iv) tag spacing is half of what

was initially observed (B-i). The circular void observed in the phantom is an air pocket, which acts as a spatial marker.
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h ¼ 45� or h ¼ 90� over 330ms (every other acquired

image is shown). The same observations with respect to
tag density and contrast can be made as with Fig. 2,

when comparing the two methods. CD and CDR for

SPAMM and AIR-SPAMM with h ¼ 45� are reported

in Fig. 6 for each time frame over all its profiles within

the phantom as means� standard deviation. Human

images acquired from a normal volunteer over systole to
Fig. 6. Contrast difference ratio, CDR (A) and contrast difference, CD (B

(h ¼ 45�) (stripped gray bars) CD is higher than with AIR-SPAMM (h ¼ 45�)
CDR is generally higher (images 3–8) with AIR-SPAMM as a result of hav

standard deviation (both p < 0:01).
demonstrate improved CDR with AIR-SPAMM

(h ¼ 45�) are shown in Fig. 7.
Fig. 8 shows simulated endsystolic short axis images

with SPAMM (top left) and AIR-SPAMM (top right),

respectively. Note the tagging pattern blurring at areas of

high strain in the SPAMM image (top left, arrow). This

effect is not present in the simulated AIR-SPAMM image

(top right, arrow). The bottom row of Fig. 8 shows
) measurements from phantom images. With conventional SPAMM

(solid black bars) as a result of losses described in Section 5. However,

ing the �valleys� of the tags �locked� at zero. Error bars correspond to



Fig. 7. AIR-SPAMM magnitude images acquired equitemporaly over systole from a normal volunteer. The effective tag spacing was 6 pixels.

Progressively higher flip angles were used as described in Section 2 with a nominal T1 of 850ms for the myocardium.

Fig. 8. Simulated (top row) and in vivo (bottom row) images with SPAMM (left column) and AIR-SPAMM (right column) show that the tag fading

and blurring with SPAMM due to intravoxel dephasing in areas of high stain (left column, arrows) is not present in AIR-SPAMM images (right

column, arrows). The in vivo images have identical circular regions delineated so as to define the epicardial surface and about 1mm away from the

endocardium. With SPAMM, intravoxel dephasing causes blurring and loss of the tagging pattern (arrow). With AIR-SPAMM, the endocardium is

more distinctly visualized.
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similar data from images obtained in vivo. In vivo, where
strain is highest in the subendocardium, tag blurring is

seen with SPAMM (bottom left, arrow) while the same

heart shows more distinct tagging patterns in the same

region with AIR-SPAMM (bottom right, arrow).
5. Discussion

AIR-SPAMM can be used either for doubling the

number of tags for a given tagging encoding gradient

strength or for improving tagging CDR.

When AIR-SPAMM is used for acquiring tagged

images with double tag density, the goal is FID sup-

pression. Then, it is possible to properly rectify the si-

nusoidal waveform via magnitude reconstruction and

acquire images with a consistent doubled tag density, as
described in Section 2. If conventional SPAMM is used

with a tagging angle of h ¼ 90� then the entire magne-

tization is utilized and the sinusoidal modulation is in

the range of �MZ to þMZ With magnitude reconstruc-

tion, the rectification of the sinusoidal waveform, in

early times following the tagging preparation, results in

the doubling of the tagging frequency (Fig. 5B). Here,

the tag lines coincide with the zero-crossings of the sine
waveform (Fig. 5Bi). As T1 relaxation sets in, less and

less of the sine gets improperly rectified since a pro-

gressively rising DC offset (i.e., the recovering FID) is

added to it (Fig. 5Biv). This results in a variable tagging

spacing with conventional SPAMM as time elapses even

in the absence of phantom motion or deformation

(Fig. 4, second row). This essentially renders SPAMM

useless with a tagging flip angle of h ¼ 90� and magni-
tude reconstruction. When AIR-SPAMM is applied

with h ¼ 90�, the initial SINE waveform is bracketed by

�MZ (Fig. 3D). The AIR inversion pulses keep the FID

magnetization ‘‘locked’’ about z ¼ 0 (Fig. 3D, solid

line). Here, the zero crossings of the sine modulation

correspond to the tagging signal voids (Fig. 5D)

throughout time therefore resulting in consistent double

density tags (Fig. 4, last row). This increased tag density
with AIR-SPAMM is achieved without the need to in-

crease the strength of the tagging gradient (Fig. 1). As a

result, for a given pixel size, the intravoxel dephasing

incurred by the sinusoidal pattern is reduced as its

components fall within the sampled k-space area [8].

This is visible in areas of high strain, such as the endo-

cardium, in both simulated and in vivo data (Fig. 8).

Even in non-extreme cases such as the latter, AIR-
SPAMM always shifts in k-space the high frequency

content of the SINE components by half when com-

pared to SPAMM. As such, it has potential to result in a

more defined tagging pattern, which should be easier to

track via software [14].

In its alternative implementation, AIR-SPAMM with

a tagging flip angle of h ¼ 45� results in improved CDR.
With conventional SPAMM (h ¼ 45�) the FID con-
tributes to the overall image as a background unmod-

ulated GRE image, which degrades CDR as time elapses

from the tagging preparation (Fig. 4, first row). The

inversion pulses in AIR-SPAMM cause equal amounts

of signal to be contributed to the image from the FID

and the SINE throughout systole (Fig. 3C). In this case,

the ‘‘valleys’’ of the sine coincide with zero consistently

over time (Figs. 5C and Fig. 4, third row) and therefore
they represent consistently dark signal tagging voids. In

this manner, tagging CDR is improved without requir-

ing a second acquisition, as is the case with C-SPAMM.

This suppression is effective also in the case of highly

inhomogeneous receive coil profiles, where windowing

and leveling cannot be uniformly applied to visualize the

background consistently dark.

The successful imaging of a rectified tagging pattern
was introduced originally by Tsekos et al. [15] albeit

based on a different premise than that of AIR-SPAMM.

In their work, the use of a tandem pair of adiabatic

DANTE inversion sequences results in a tagged pattern

that is rectified per se and therefore is not dependent on

the magnitude reconstruction for the rectification as

with AIR-SPAMM. Since the tagging pattern is rectified

even before data acquisition begins, the FID longitudi-
nal recovery no longer results in variable tag spacing

with their method. However, since the FID recovers,

neither the increased CDR nor the intravoxel dephasing

insensitivity is present. On the other hand, since their

method is based on adiabatic excitation, there is a clear

advantage for using it with transmit/receive surface coils

that possess highly inhomogeneous B1.

The suppression of the FID (when h ¼ 90�) with
AIR-SPAMM has implications for imaging that is per-

formed across multiple RR intervals. If imaging persists

throughout the entire cardiac cycle then during the

subsequent cycle no longitudinal magnetization exists

due to the AIR inversion pulses. Thus, imaging cannot

commence anew unless sufficient time is allowed to pass

for T1 relaxation to occur. One could potentially image

another slice during the subsequent cardiac cycle as-
suming that the inversion pulses are slab selective and

that they track only the slice being imaged at any time.

However, this approach results in long breath-holds,

similar to those of C-SPAMM, since two slices at least

need to be acquired interleaved. The approach taken in

this paper was to image with AIR-SPAMM the same

slice in consecutive cardiac cycles throughout only sys-

tole and allow for T1 recovery of the FID during dias-
tole. This shortened the breath-hold to 12–16

heartbeats.

When compared to conventional SPAMM, imaging

only systole with AIR-SPAMM results in signal loss

(approximately 12%) since approximately 300ms of the

cardiac cycle is no longer used for FID recovery. From

simulations, if the effect of the GRE flip angle (com-
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monly set at 10�) is accounted for then, after the first RR
interval, conventional SPAMM tagging samples ap-

proximately 41% of the available magnetization. This is

a result of the steady-state, which sets in between con-

secutive cardiac cycles under the assumptions that my-

ocardial T1 is 850ms and h ¼ 45�. Under these

conditions, the amount of magnetization sampled dur-

ing each TR is about 7% of the available maximum.

The AIR RF pulses, which are used with AIR-
SPAMM, can result in signal loss for two main reasons.

First, any deviation from a perfect 180� RF pulse di-

rectly translates in depleting the sinusoidally modulated

longitudinal magnetization. As such, the pulse�s excita-
tion profile becomes important. It is also crucial to use

inversion pulses that are either calibrated to the proper

flip angle or that are more insensitive to the calibration

itself. Indeed, adiabatic pulses could potentially solve
this problem. In practice however, it was determined

that the length of the adiabatic pulses (on the order of

3ms) resulted in attenuation of the sinusoidally modu-

lated signal due to T2 losses [16]. This second mecha-

nism (i.e., spin–spin interactions) of signal loss

prompted the use of non-slice-selective inversion pulses

with a short length (0.5ms). The loss measured from the

data as a result of the inversion pulses alone was 12%.
The application of a progressively increasing flip angle

scheme for the GRE readout results in uniform signal

intensity over the phases sampled throughout systole

(Fig. 7).

In the described implementation, one AIR inversion

was applied for every 8 TRs in a synchronous manner to

the cardiac-phase time boundaries. This time interval of

approximately 40ms was dictated by the necessity to
keep temporal resolution at a rate acceptable for cardiac

imaging. While feasible, applying AIR inversion pulses

at a higher rate complicates image reconstruction since

the k-space data for a given cardiac phase straddle in-

version pulses. Also, as mentioned earlier, T2 losses in-

curred during each AIR inversion would accumulate

faster and thus degrade image quality. More frequent

application of AIR inversion pulses would also raise the
specific absorption ratio (SAR). However, in this im-

plementation, even when applied every two TRs aver-

age, SAR never exceeded 2W/kg.

In conclusion, AIR-SPAMM was developed in order

to either increase the number of tags or improve con-

trast in tagging experiments. This method can image

systole while keeping at desired levels the unmodulated

component of the longitudinal magnetization over time.
This type of FID manipulation could also prove to be
useful in phase-based motion tracking methods such as
DENSE [10] for improving their spatial resolution when

used in a multiphase manner.
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