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INTRODUCTION TO 
RADIOFREQUENCY TAGGING 

Magnetic resonance imaging (MRI) is the optimal tool 
for the evaluation of ventricular function due to improved 
contrast, spatial resolution, and signal-to-noise perfor- 
mance over other imaging modalities. The ability to se- 
lect oblique tomographic planes allows long- and short- 
axis views of the heart to be obtained from any patient. 
With the advent of multiphase (cine), electrocardiogram- 
gated cardiac imaging, i t  became possible to evaluate the 
overall function of the ventricle. The desire for quantita- 
tive regional contractile performance information has led 
to the development of means to automatically encode the 
motion of the myocardium. These methods fall into two 
classes: phase velocity mapping and radiofrequency (RF) 
tagging methods. 

In RF-tagged ventricular function studies, the myocar- 
dium receives a selective saturation excitation immedi- 
ately on the R-wave trigger. This excitation, an example 
of which is shown in Fig. 1, produces a series of parallel 
saturation bands in the field of view (FOV) that appear 
as parallel dark lines. The direction of the lines is deter- 
mined by the direction of the applied tagging gradient. 
Delivering two such excitations (each using one of the 
in-plane gradients) will produce a tag grid (1-6). For the 
grid tag excitation, the second set of RF pulses is phase 
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shifted by 90 degrees relative to the pulses of the first 
excitation to prevent the formation of stimulated echoes 
that can lead to problematic artifacts. A spoiler gradient 
follows the tagging excitation to eliminate (by dephasing) 
residual transverse magnetization before the initiation of 
image readout. Tissue motion can then be assessed by 
observing the distortion of the tag lines. In addition, the 
tag lines fade in the course of the cardiac cycle as the 
result of longitudinal relaxation (TI). As a result of tag 
line fading, high-field imaging can offer an important ad- 
vantage in that myocardial TI increases with field 
strength. At 4.1 T, we have measured the TI of myocar- 
dium using inversion recovery (with TI = I ,  2, and 3 RR 
intervals) obtaining a value of 1200 msec (versus 800 
msec at 1.5 T). This increase in T1 over 1.5 T results in 
an improvement in tag line contrast ( ~ 3 8 % )  for image 
frames acquired 800 msec after the R-wave trigger. This 
comparison was based on images acquired using read and 
tag angles selected to maximize the sum of tag contrast 
across all image frames. Such a comparison is important 
because tagged images are typically intended for use in 
automated motion analysis programs. 

A common method of delivering tag excitations is the 
SPAMM (SPAtial Modulation of Magnetization) tech- 
nique (1,2). This method uses a train of RF pulses with 
binomial intensity distribution separated by gradient 
pulses as shown in Fig. 1. The total flip angle of the exci- 
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Figure 1. Example of a grid tag pulse sequence for tagging 
studies. After the six-pulse binomial tag excitation and spoiler, 
gradient-echo readouts were used for individual phases. Second 
set of tagging pulses are shifted in phase by 90 degrees to sup- 
press stimulated echoes. Typical parameters: echo time, 3.9 
msec; tag gradient duration, 1.5 msec; tag spoiler duration, 5 
msec; read excitation angle, 20 degrees; composite tag excita- 
tion angle, 150 degrees. In the common k-space method, only 
one tagging excitation is needed to produce a grid tag pattern. 

tation is equal to the sum of the individual flip angles. 
In frequency space (k-space), this excitation produces a 
series of delta (6) functions whose separation is deter- 
mined by the area under the tag gradient waveforms. This 
result, in turn, determines the tag line spacing, which is 
given as 

1 
A x =  

Y [ G(t)dt 

where T is the duration of the gradient pulse and y is the 
gyromagnetic ratio. A characteristic of SPAMM tagging 
is a lack of tag intensity falloff near the edge of the FOV. 
Because the k-space velocity is zero during delivery of 
RF excitations, rapid gradient switching is required dur- 
ing the interpulse interval to provide adequate k-space 
coverage. The SPAMM method has been implemented 
on most commercial scanners. 

Another tagging method is the DANTE (Delays Alter- 
nating with Nutations for Tailored Excitations) technique 
(7). This method differs from SPAMM in that a string 
of short RF pulses of equal amplitude is delivered in the 
presence of a constant gradient. Again, the tag lines are 
perpendicular to the direction of the applied gradient. In 
the DANTE case, the applied gradient results in a con- 
stant transit through k-space, allowing adequate coverage 
in less time than required for SPAMM. However, inten- 
sity falloff near the edge of the FOV can be evident with 

DANTE excitations. In addition, the tag line spacing and 
thickness are calculated in the same manner as for 
SPAMM. Because the tagging gradient does not vary 
during the excitation, it is more feasible to deliver a larger 
number of RF pulses, producing thinner tag lines. To in- 
crease the number of RF pulses in the SPAMM excitation 
requires increased gradient switching. 

A DANTE/SPAMM hybrid has been implemented 
that combines the advantages of both techniques (8). Us- 
ing this strategy, a binomial RF excitation is delivered in 
the presence of a gradient (intensity of which is selected 
to reduce tag line intensity falloff by reducing k-space 
velocity during excitations). The gradient is switched to 
a higher intensity between pulses to increase k-space ve- 
locity in the manner of SPAMM tagging. This hybrid 
delivers tag excitations in less time than a SPAMM exci- 
tation (because gradient ramp times are shorter). The ro- 
bustness of this technique depends on the performance 
of the scanner's gradient system and the degree of tag 
inhomogeneity that can be tolerated. 

For close tag line spacing ( I 5  mm), the use of 512' 
acquisitions is beneficial in improving tag contrast 
through reduced partial volume effects. The tag contrast 
in diastole is improved by partial inversion of tagged tis- 
sue at the start of the cardiac cycle. When close tag spac- 
ing is used, the contrast expected with partial tag inver- 
sion is generally not achieved at typical resolution (9). 
Improved contrast in 5 12' images compared with 256' 
images was noted in gel phantom images acquired with 
otherwise identical parameters. The k-space representa- 
tion of gel phantom images (Fig. 2) indicate that for 2.5- 
mm line spacing, the 256' acquisition does not capture 
some significant higher spatial frequency information 
found in the 5 12' example. Thus, acquiring data at 256' 
compared with 512' effectively introduces a blurring ef- 
fect to the tag lines. Under such circumstances, simply 
increasing the tag inversion angle will not generate the 
expected improvements in tag contrast and may actually 
decrease contrast. The use of more elaborate RF excita- 
tions will also fail to generate expected improvements in 
tag contrast under conditions in which significant high 
spatial frequency information is not bcing sampled. 

There are several schemes for encoding k-space with 
tag information using the above excitations. A grid is pro- 
duced by application of two excitations (using orthogonal 
in-plane gradients), with the resulting lines parallel to the 
image frame boundaries. Another method, described by 
McVeigh and Atalar (8), involves two line tag scans, each 
acquired with a reduced matrix of as little as 25%, as 
shown in Fig. 3 (because for a line tag data set most tag 
information is confined to a narrow region close to a k- 
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Figure 2. k-space representations of tagged gel phantom images with 2.5-mm line spacing and FOV of 160 mm. All acquisition 
parameters for the two examples are the same except the size of the acquisition manix. The center of the 512’ example (right) is 
identical to the 256’ example (left), as expected. Some information, however, is seen in the high-order k-space region, which was 
sampled only by the 5 12’ acquisition. Failure to acquire this higher spatial frequency information will compromise tag contrast when 
close tag line spacings are used. 

space axis). Typically, this method is designed for use 
with breathhold approaches. Such a technique requires 
switching of the read and phase-encode gradient assign- 
ments between the two line tag scans, which introduces 
constraints in the FOV to prevent foldover in the supe- 
rior-inferior direction. Orthogonal line tag images can be 
combined to form a grid tag image data set. A third tech- 
nique produces a grid, which appears as a “diamond” 
pattern because of the rotation of the tag grid by 45 de- 
grees, seen in Fig. 4. 

The location of delta functions projections onto the k- 
space axes (k, = 0, k, = 0) are moved closer to the center 
by a factor of 6. allowing a reduced acquisition of k- 
space on the order of 40%. This approach produces the 
contrast-to-noise ratio (CNR) of the grid tag method but 
does not require switching in-plane gradient assignments. 
A fourth method is the common k-space technique (9). 
In this method, a single tag excitation is used to produce a 
grid tag pattern by exploiting tag information redundancy 
near the center of k-space. In the common k-space 

Figure 3. Left: Two short acquisitions may be used to obtain the orthogonal tag component information. Resulting images can be 
combined to produce grid tag information. Right: The “diamond” grid tag pattern as seen in the images at left is produced by using 
both tag gradients for each excitation to produce a 45-degree rotation of tag lines. 
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method, the tag gradient is applied in the read direction 
for the center 25% (typically) of k-space, for the re- 
maining k-space, the tag gradient is switched to the phase 
encode direction. The common k-space method results 
in an improvement in tag CNR compared with the two- 
excitation grid tag as only one tag excitation is applied 
per cardiac cycle (8,9). Thus, the contrast advantage of 
the line tag method is realized without the FOV con- 
straints imposed by the exchanging of the read and phase- 
encode gradient assignments of a two-acquisition ap- 
proach. This technique produces an undistorted grid 
pattern provided that the first tag delta function in k-space 
along the phase-encode direction lies outside of the re- 
gion in which the tag gradient is set in the read direction. 
If this requirement is not observed, the result is a grid in 
which one set of lines appears faded. The position of k- 
space tag delta functions is given by 

n(F0V) 
Ax 

6, = ___ 

where 6, is the position of delta functions in lines from 
the center of k-space, FOV is the field of view, Ax is the 
tag line spacing, and n = I ,  2, 3. . . . For example, if the 
tag line spacing is 4 mm and the FOV is 25 cm, the k- 
space delta functions will appear 63 and126 lines from 
the center of k-space in a 256* image. Thus, switching 
the direction of the tag gradient at 25% (232) lines will 
satisfy the sampling condition. As the tag lines spacing 
increases, delta functions will move closer together, with 
6 ,  moving closer to the center of k-space, which could 
require adjusting the tag gradient switch partition. In gen- 
eral, for clinical FOV and tag line spacings of 6 mm or 
less, the 25% boundary is suitable. A fifth method allows 
for variable tag spacing to tailor the initial separation of 
tag lines to the expected motion of the heart (10). For 
example, in regions experiencing tag separation over the 
course of systole, the tag lines can be initially closely 
spaced. Those regions in which circumferential shorten- 
ing is expected in systole would receive tag lines with 
increased initial spacing. This technique is adaptable to 
individual heart sizes. 

Tagging excitations are delivered at the start of the 
cardiac cycle (on the R-wave trigger) with the result that 
in a multiphase imaging study, the rcgional motion of the 
myocardium can be evaluated by following the distortion 

Figure 4. (A) Short-axis end-diastolic image with tags identi- 
fied. (B) Long-axis end-diastolic images with tags identified. 
(C) Short-axis end-systolic image with tags identified. (D) 
Long-axis end-systolic image with tags identified. 

of the grid lines as the myocardium moves. Multiphase 
image acquisitions typically use a gradient-echo readout 
(in which the ventricular blood pool appears bright). Typ- 
ically, phase intervals of 20-40 msec are used, with the 
number of phases selected to fill enough of the cardiac 
cycle to observe diastolic filling. Some recovery time will 
be allowed after the acquisition of the last cardiac phase 
to permit reliable triggering on every heartbeat in the 
presence of small heart rate variations. Acquisitions can 
be performed in which one k-space line per phase per 
heartbeat is acquired or in a segmented manner in which 
multiple k-lines will be taken to correspond to each car- 
diac phase. Use of segmentation will result in a shorter 
acquisition time, but at some sacrifice in tag contrast 
due to tagged and untagged tissue being driven closer 
to the steady state by the increased number of RF exci- 
tations within the cardiac cycle (5,6). In either case, the 
result is a series of images representing the position of 
the myocardium at time points across the cardiac cycle. 
The tag lines fade over the cardiac cycle as the result 
of longitudinal relaxation of the tagged tissue. Tag line 
persistence is proportional to T1. which increases with 
main magnetic field strength. In a multislice short-axis 
study, grid tagging can provide for hundreds of material 
points that can be automatically tracked by analysis 
programs to provide a whole-heart analysis of myocar- 
dial motion and thickening as long as the tag lines persist 
into the cardiac cycle with sufficient contrast for tracking. 
Validation of the ability of RF tagging to accurately 
measure material motion has been validated both in sta- 
tionary deforming phantoms and in moving phantoms 
(11-13). 

EXPERIENCE WITH VENTRICULAR 
FUNCTION STUDIES IN PATIENTS 

As discussed by McVeigh (14), the information to be 
extracted from tagged data sets relates to the six compo- 
nents of the strain tensor as a function of position in the 
cardiac cycle. This parameter permits analysis of the lo- 
cal deformations in the myocardium in the presence of 
bulk motion (rotation and translation) that may be greater 
in magnitude than local deformations but do not provide 
indications of regional contractile performance. The anal- 
ysis process begins with the identification of tag positions 
for each frame of the multiphase data set (10,11,15-17). 
Because a deforming tag line only gives displacement 
information perpendicular to the tag line direction, a grid 
tag pattern can be used to provide complete in-plane dis- 
placement information by tracking of the grid intersec- 
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tions. An additional consideration in RF tagging relates 
to the through-plane motion. Specifically, the material 
tagged and imaged in the first phase is not necessarily 
associated with that imaged in end systole. This problem 
can be addressed by imaging in the orthogonal direction 
(i.e., long axis) over the entire ventricle with tagging 
(18-20). with phase velocity mapping (21,22), or by a 
subtraction technique to isolate a tagged slice in a thicker 
reference (23). It is interesting to note that tag position 
resolution can be estimated to a resolution of 0.1 pixel 
provided the CNR > 10 and the tag has a full-width/ 
half-maximum of 1.5 pixels (1 1). 

In the ventricular function imaging of 10 normal vol- 
unteers, analysis of RF tagged images has shown that the 
pattern of circumferential shortening was consistent, with 
a low standard deviation of shortening when compar- 
ing corresponding regions among the 10 subjects (14). 
Significant differences were observed when comparing 
different regions, such as lateral wall versus septum. 
The study indicated that a typical regional ventricular 
function could be defined quantitatively for normal 
subjects. 

RF-tagged ventricular function imaging has been used 
for analysis of a number of conditions that produce wall 
motion abnormalities. An important example of such a 
condition is the compensatory increase in contraction in 
regions remote from an early infarct (24). In this study, 
which used aged-matched volunteers, an increase in the 
first principal strain of approximately 9% (possibly the 
result of the Frank-Starling mechanism) was noted in re- 
mote regions, whereas a decrease of 13% was seen in the 
early infarct regions. This study demonstrated the ability 
of RF-tagged imaging to delineate regions of normal 
function, dysfunction, and increased function in a quanti- 
tative manner using the parameters lengthening and 
shortening eigenvalues, direction of lengthening, and 
displacement. With adequate spatial and temporal reso- 
lution for motion analysis, it is possible to produce 
graphic renditions of the three-dimensional myocardial 
performance (13,25-29), examples of which are shown 
in Fig. 5. 

One example of clinical application would be in the 
diagnosis of left ventricular hypertrophy, which strongly 
predicts subsequent morbidity and mortality in patients 
with hypertension. Left ventricular hypertrophy is both 
a major adaptive response to chronic pressure overload 
and an important risk factor in patients with hypertension. 
Furthermore, conventional analyses of left ventricular 
pump function generally show normal to supernormal 
systolic function in patients with hypertensive left ven- 
tricular hypertrophy (30,3 1). However, numerous studies 

of myocardial contractile function of isolated papillary 
muscles taken from hypertrophied left ventricles in 
experimental animal models suggest that myocardial 
performance may in fact be depressed in left ventricular 
hypertrophy with normal ejection fraction (32). A similar 
analysis of segmental myocardial function in humans 
has been limited to date by dependence on highly 
invasive methods such as surgical implantation of 
sonomicrometry crystals or metallic markers in the myo- 
cardium. 

The potential for application of RF  tagging studies in 
electrophysiologic studies has been demonstrated in im- 
aging of the left ventricular mechanical activation during 
paced studies (33). Such a technique could be applied to 
the detection of abnormal conduction pathways and test- 
ing the efficacy of pacing techniques. In canine studies, 
an MR-compatible pacing system was used with filtered 
leads (to eliminate potentials induced by RF signals and 
gradient switching) placed on the heart. Multiple tag data 
sets (to obtain three-dimensional motion information) 
were acquired with temporal resolution as short as 13 
msec using a segmented k-space acquisition and - 
breathholding. In this study, right atrial pacing was found 
to produce a uniform ventricular activation. When paced 
from a ventricular site, a heterogeneous and asynchro- 
nous mechanical activation pattern was observed. These 
abnormalities were visible both in cine loops and in left 
ventricular strain evolution maps. - 

HIGH-FIELD TAGGING 

RF tagging studies are compatible with surface coil 
use in animal research protocols, particularly when adia- 
batic tagging is used to reduce tag contrast dependence 
on the B ,  distribution of the surface coil (34). Figure 6 
shows a 12-phase data set taken with a 20-cm surface 
coil at 4.1-T with 512’ resolution and a 30-msec phase 
interval (heart rate, 125 bpm). For a myocardial TI of 
1200 msec (our measurements, using double-gated inver- 
sion recovery with TI = 1, 2, 3 RR intervals), the opti- 
mum tag contrast for the entire cardiac cycle is achieved 
using a read flip angle of approximately 10 degrees and 
a composite tag flip angle of 140 degrees (based on phan- 
tom studies in which overall contrast was defined as the 
sum of tagluntag CNR across the multiphase data set). 
In these studies, the peak CNR was as high as 100, with 
peak CNR of 75-100 typical over the cardiac cycle from 
the proximal region of myocardium. Distal myocardium 
typically had a peak tag CNR of 20-30. This gradient- 
echo acquisition (nonsegmented) used a low-high phase- 
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Figure 5. (A) Finite element model at end diastole, as seen from posterior wall with septum to the right. Surface is shaded at 
endocardium. FE model fitted using a previous method (23). (B) FE model at end systole, note longitudinal shortening and ventricular 
torsion. (C) FE model at end diastole with an LA and an SA texture mapped onto their respective planes in 3D. (D) As with ED 
FE model with principal strains between ED and ES marked as cross hairs. Note maximum contraction strain is in the direction of 
the epicardial muscle fibers. FE, finite element; LA, long axis; SA. short axis; ED. end diastole; ES, end systole. 

encode acquisition order. The distribution of high spatial 
frequency information in k-space has important implica- 
tions for the use of certain respiratory motion compensa- 
tion methods such as respiratory ordered phase encoding 
(35,36) in which higher order phase-encode lines are ac- 

quired during periods of substantial diaphragmatic dis- 
placement. This phase-encode reordering is done under 
the assumption that the higher order lines contain very 
little signal and thus contribute minimally to observed 
image quality. AS shown in Fig. 2, however, high-resolu- 
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Figure 6. In vivo canine images (zoomed regions) taken with 
a surface coil at a heart rate of 125 bpm, phase interval 30 msec, 
tag spacing of 2.5 mm. Pixel resolution is 0.46 mm (5 12? acqui- 
sition, 240 mm FOV). 

tion tag studies do produce significant information at the 
higher spatial frequencies, and because their omission af- 
fects tag line definition to a noticeable degree, their reor- 
dering to periods of high respiratory motion could com- 
promise the tag information. 

CONCLUSION 

Availability of reliable tracking and analysis software 
will permit increased use of RF-tagging techniques in re- 
search and clinical ventricular function studies. MRI tis- 
sue tagging permits precise analysis of deformation of 
myocardial tissue by monitoring the motion of identifi- 
able material points distributed throughout the myocar- 
dium. Although left ventricular ejection fraction and esti- 
mated mean midwall end-systolic stress are normal in 
compensated hypertensive left ventricular hypertrophy, 
direct studies with MRI tissue tagging demonstrate re- 
duced intramural deformation, even in patients with only 
mild echocardiographic left ventricular hypertrophy, nor- 
mal electrocardiogram, and normal ejection fraction (37). 

The identification of abnormal myocardial deformation 
in the setting of a normal left ventricular ejection repre- 
sents a biologically important event that may herald the 
transition to heart failure. 

A significant milestone in the clinical applicability 
of RF tagging for ventricular function studies will be 
the inclusion of on-line analysis programs as a part of 
clinical scanner software (38). Such analysis packages 
will permit quantitative diagnosis of regional ventricular 
function while the patient is in the magnet, allowing for 
carefully targeted imaging protocols on an individual 
basis. 
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