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Magnetization transfer (MT) MRI and Z-spectroscopy are tools to study both water–macromolecule inter-
actions and pH-sensitive exchange dynamics between water and the protons of mobile chemical groups
within these macromolecules. Both rely on saturation of frequencies offset from water and observation of
the on-resonance water signal. In this work, an RF saturation method called Z-spectroscopy with Alter-
nating-Phase Irradiation (ZAPI) is introduced. Based on the T2-selectivity of the irradiation pulse, ZAPI
can be used to separate the different contributions to a Z-spectrum, as well as to study the T2 distribution
of the macromolecules contributing to the MT signal. ZAPI can be run at resonance for water and with low
power, thus minimizing problems with specific absorption rate (SAR) limits in clinical applications. In
this paper, physical and practical aspects of ZAPI are discussed and the sequence is applied in vitro to
sample systems and in vivo to rat head to demonstrate the method.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The effects of off-resonance radiofrequency (RF) irradiation on
the on-resonance magnetization in the NMR spectrum of a system
in which magnetization is exchanging between different pools
have been studied since the 1960s [1]. In 1990, Grad and Bryant
studied exchange between cross-linked BSA and water by
measuring the water magnetization as a function of the offset of
a presaturating radiofrequency field, naming the experiment
Z-spectroscopy [2].

A Z-spectrum records the z magnetization of water after some
period of RF irradiation as a function of the frequency used, and
typically contains three main components.

First, on resonance, virtually all of the water magnetization is
lost as a result of direct saturation (DS) of free water by the presat-
urating irradiation. The width of this approximately Lorentzian-
shaped direct saturation peak depends primarily on the relaxation
times (T1, T2) of water and on the amplitude of the RF irradiation
(B1).

Second, in systems with short T2, solid or semi-solid compo-
nents such as the macromolecular components of tissue, exchange
of magnetization between water and solid-like pools, causes a
broad decrease in signal over a range of tens of kHz. The shape of
this feature is determined by the structure and rigidity of the
ll rights reserved.
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macromolecular pool and by the relaxation properties of the spin
pools involved, as well as by the experimental parameters used.

Third, any exchange of magnetization that occurs on a suitable
timescale between water and other long T2 components creates
sharp dips in water signal at the chemical shifts of those compo-
nents, typically a few ppm from the water resonance.

For historical reasons, the second type of feature is generally re-
ferred to as magnetization transfer (MT); this is the main source of
contrast in magnetization transfer contrast (MTC) imaging. We use
here the complementary term magnetization exchange (ME) for
the third type, to denote exchange between water and long T2 com-
ponents. Although a topic of frequent debate, the general consen-
sus at present is that both cross-relaxation [3–5] and chemical
exchange [6–10] contribute to the MT, but that the small ME dips
observed in Z-spectra around 8.3 ppm in vivo [11] are a result of
the pH-dependent chemical exchange of water with amide
protons, found approximately 3.5 ppm downfield of the water
resonance, and that cross-relaxation does not contribute signifi-
cantly to this ME feature. As will be seen later, it is, however, likely
that cross-relaxation is implicated in some other ME features.

Several mathematical models for MTC have been proposed
[12–14], and the accuracy and stability of the solutions under dif-
ferent experimental conditions have been compared [15]. When a
saturation pulse is delivered far (several tens of kHz) from water
resonance, only resonances with very short T2s are significantly
affected, so the Z-spectrum in this region is dominated by MT.
The MT envelope for biological tissues is slightly asymmetric about
the water resonance [16], in part because the weighted average
chemical shift of tissue is typically slightly less than that of water;
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it is best described by a Gaussian lineshape where there is a solid-
like matrix, and by a super-Lorentzian in soft tissues with partial
ordering [17]. Ideally, it would be desirable to measure MTC on
resonance, where the influence of any difference in lineshape is
at a minimum and the effect itself is at its maximum. Unfortu-
nately, when using conventional methods for measuring MTC,
the closer to resonance the irradiating field is applied, the stronger
the DS of the water. The effects of any long-T2 magnetization pools
will also interfere with the measurement.

In contrast to the MT component of a Z-spectrum, ME compo-
nents represent more specific types of interaction and are seen
where the RF saturation falls close to the resonance of a spin pool
with a relatively long T2 (ms to tens of ms), with a rate constant for
exchange with water protons typically in the range 10–100 s�1

[18,19]. The amide peak around 3.5 ppm from water is of particular
interest, as one of the factors determining the amide–water ex-
change rate is pH [11,20]. The amide proton transfer ratio (APTR)
has shown the potential to become a method for measuring pH
in vivo. It has been used as source of contrast in rat middle cerebral
artery occlusion (MCAO) [11] and in differentiating between tumor
and edema in humans with brain tumors [18]. APTR was also re-
cently applied in human brain at 7 T [21]. In the methodology pres-
ently used [11] the water signal is placed at exact resonance and
the APTR is calculated by taking the difference between corre-
sponding points either side of the water resonance, to produce a
spectral asymmetry plot.

The APTR method sets out to eliminate the dominant, but
approximately symmetric, effects of MT and direct water satura-
tion. However, the asymmetry curve has a sloping baseline under
the APTR signal, caused by the inherent asymmetry in the MT
bandshape. This can either be fitted as a varying baseline and sub-
tracted [22], which requires sampling the Z-spectrum at multiple
frequencies, or assumed constant, which may not be appropriate
for different tissue types and physiological conditions. A further
problem is that any error in the choice of the nominal water fre-
quency, and any asymmetric lineshape contributions from B0

homogeneity, will lead to strong DS features in the asymmetry
plot. Such features can be minimized by careful adjustment of
the nominal zero frequency, usually by acquiring additional points
near the expected position of resonance and finding the exact off-
sets by fitting a polynomial or an inverse Lorentzian to the central
area for every pixel. The data in the APTR region, and on the other
side, are then interpolated at the frequencies of interest. Acquiring
the central Z-spectrum in the same way as the APTR data is time-
consuming, as the saturation times are long. Another approach is
to determine the exact water resonance frequency in each voxel
by acquiring a narrow Z-spectrum containing only the DS compo-
nent, using short irradiation pulses with very low amplitudes [23].
This kind of WASSR reference spectrum can be run with shorter
repetition times, in a few minutes on clinical MRI scanners. The
water offset can also be estimated from a conventional B0 map
[21] but finding the exact resonance for each pixel is not trivial
[23].

It would be helpful not to have to rely on the asymmetry of the
Z-spectrum for determining the rate of amide proton exchange;
even better would be to be able to separate out all the different
contributions (DS, MT, ME) to the spectrum. The relative magni-
tudes of the components vary depending on the experimental con-
ditions (saturation power, details of the saturation pulse, duration
of irradiation) and the properties of the system (relaxation times,
linewidths and frequencies of the resonances involved, rates of dif-
ferent exchange processes, concentrations of the proton pools in-
volved), all of which can change under different physiological
and pathological conditions. There are mathematical models [11]
that can allow the different components of a Z-spectrum to be ex-
tracted, but they typically require a large number of assumptions
or a good deal of prior knowledge about the system. This is espe-
cially problematic when studying abnormal physiology or tissue
types, as many NMR parameters may change simultaneously. Blind
or semi-physical fitting and subtraction of components is another
possibility, but requires the acquisition of data over a broad fre-
quency range; this is generally too time-consuming, especially in
clinical applications.

The presence of multiple contributions to Z-spectra thus both
complicates the interpretation and to some extent restricts the
application, of Z-spectroscopy. The degree of water saturation at
a given pre-irradiation frequency can depend on two or more dif-
ferent mechanisms, so experimental methods that offer some dis-
crimination between the different possibilities would potentially
be very valuable. In this paper we investigate the possibility of dis-
criminating experimentally between MT and other mechanisms,
and introduce a method called Z-spectroscopy with Alternating-
Phase Irradiation (ZAPI). This uses phase and/or amplitude
modulation of a continuous pre-irradiation field to exploit the very
different timescales of coherence loss between the MT and the DS
and ME effects, allowing the selective saturation of short T2

components. A fundamental distinction is drawn between
incoherent response to irradiation, in which the rate of saturation
is determined purely by the average of the square of the RF
amplitude, and the more complex coherent response. In this work
ZAPI was tested on egg white and tissue suspension phantoms at
high Z-spectral resolution, and as a preparation block for MRI of
rat head in vivo, and it is shown that the MT envelope can be
measured without interference from direct saturation of water
and other long-T2 components. It is also shown that ZAPI provides
a method for T2-selective saturation, enabling studies of macromo-
lecular T2-distribution.
2. Theory

Any periodic modulated irradiation with period s at a frequency
m0 is equivalent to a set of continuous irradiations (‘‘sidebands”) of
(complex) amplitudes ai and frequencies mi = m0 ± n/s Hz, where n is
zero or integer. In analyzing the effects of such irradiation on a net
nuclear magnetization, while general analytical solutions of the
Bloch equations exist [24–26], two useful special cases may be dis-
tinguished for which much simpler descriptions are available. The
first may be termed the sideband approximation: where the period
s of the modulation is small compared both to the inverse of the RF
amplitude and to T2 (x1s << 1, s << T2) then the response of the
spin system is coherent. Perturbation of the system is negligible
far from sidebands, and close to a sideband is equal to that for a
coherent radiation of amplitude ai at the sideband frequency. Con-
versely, for a coherent radiofrequency field of maximum amplitude
x1, if x1T2 << 1, i.e. if the timescale of the irradiation is much
slower than that of transverse relaxation (loss of coherence), the
response to the irradiation is incoherent: the system is over-
damped, and the approach to the steady state is exponential. This
incoherent approximation typically applies to the macromolecular
pool in Z-spectroscopy. Under these conditions the Bloch equations
for the Cartesian magnetization components in a frame of refer-
ence rotating at the angular velocity x of the radiofrequency
irradiation

dMx

dt
¼ �R2Mx � DMy ð1aÞ

dMy

dt
¼ �R2My þ DMx �x1Mz ð1bÞ

dMz

dt
¼ R1ðM0 �MzÞ þx1My ð1cÞ
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reduce to

Mx ¼ �DMy=R2 ð2aÞ

My ¼ �x1MzR2=ðR2
2 þ D2Þ ð2bÞ

dMz

dt
¼ R1ðM0 �MzÞ �x2

1R2Mz=ðR2
2 þ D2Þ

¼ R1M0 �Mz
R1ðR2

2 þ D2Þ þx2
1R2

R2
2 þ D2

" #
ð2cÞ

where R1 = 1/T1, R2 = 1/T2, D = cB0 �x and x1 = �cB1. T1 is the lon-
gitudinal relaxation time, T2 is the transverse relaxation time, c is
the magnetogyric ratio and M0 is the equilibrium magnetization;
B0 and B1 are the magnitudes of the static and RF fields, respectively.

In the incoherent approximation there is thus a simple monoex-
ponential approach to the familiar steady-state solutions [29]. The
rate constant for the approach of Mz to equilibrium is R1ðM0=Mss

z Þ,
where Mss

z is the steady-state solution for Mz. The first part of Eq.
(2c) shows that the rate is determined by two processes: spin–lat-
tice relaxation, with rate constant R1, and saturation, with rate con-
stant x2

1R2=ðR2
2 þ D2Þ, or x2

1T2 on resonance. The rate of saturation
is proportional to the square of the RF amplitude, and to the quan-
tity R2=ðR2

2 þ D2Þ, which is the natural lineshape of the spectrum, a
Lorentzian of width 1/(pT2) Hz. The observation that the rate of
spectral transitions is proportional to the square of the perturba-
tion multiplied by the spectrum is familiar from other forms of
spectroscopy as Fermi’s golden rule, and suggests that MT effects
in solid and semi-solid systems should be describable by analogy,
replacing the Lorentzian term in the saturation rate constant with
the appropriate Gaussian or super-Lorentzian lineshape. One inter-
esting corollary is that the shapes of Z-spectra are expected to
show a dependence on irradiation time, with shorter irradiation
times favouring central features.

The observation that the rate of saturation in the incoherent
case (x1T2 << 1) is determined by the square of the RF amplitude
multiplied by T2 has a number of useful consequences. First, it
means that different spin pools may be probed by using different
RF amplitudes. Thus the effects of high amplitude saturation are
dominated by MT (large spin pools with short T2), and the effects
of low-amplitude saturation by ME (small spin pools with long
T2). In vivo the spin pools contributing to MT are much larger than
the pools involved in ME, and significant MT is detected even with
low-amplitude saturation. Second, it shows that, within the inco-
herent approximation, the amount of RF energy required to effect
a given degree of saturation (and by extension, a given degree of
MT contrast) increases rapidly away from resonance because of
the decrease in rate of saturation. Third, again within the incoher-
ent approximation, the degree of saturation achievable in a given
time is determined by the average RF power deposition, irrespective
of the form of the irradiation. Thus for a given average RF power, any
modulation pattern that is slow on the timescale of decoherence
for a given magnetization pool (T2 for a Lorentzian bandshape,
more generally of the order of the inverse of the linewidth) will
give the same degree of saturation of that pool.

This is quite different from the coherent case (x1T2 >> 1; low
saturation amplitude, long T2), where a change in modulation pat-
tern can make the difference between negligible saturation and full
saturation. The problem of discriminating between MT and ME/DS
features in Z-spectroscopy can thus be addressed by seeking suit-
able modulation waveforms. The two cases examined here are
square wave modulation (ZAPI), in which the phase of the RF is
changed by 180� every s/2s, and sine wave (Z-spectroscopy with
Alternating-Phase Irradiation and Sine Modulation, ZAPISM),
where the amplitude of the RF waveform is given by x1 sin(2pt/
s). In both cases the DS effect of the irradiation on the water reso-
nance (i.e. at m0) is small, because over a full cycle s the water mag-
netization is simply rotated through a small angle away from
equilibrium and then returned intact except for slight T2 relaxa-
tion. Only at frequencies m0 ± n/s (ZAPI) or m0 ± 1/s (ZAPISM) is di-
rect saturation effective, because the water magnetization rotates
through an odd number of revolutions between phase changes of
the RF and the effects of successive periods s/2 are cumulative
[27]. The incoherent saturation of the macromolecular pool, how-
ever, which gives rise to MT, is unchanged except that the lower
root mean square (rms) amplitude means that the RF power used
for ZAPISM needs to be 3 dB higher for equal saturation. Comparing
the results of constant-phase (C/) and alternating phase (A/, ZAPI
or ZAPISM) experiments thus (a) allows the effects of MT and DS/
ME to be distinguished, (b) allows MT to be measured at exact res-
onance without interference from DS, and (c) allows the contribu-
tions of magnetization pools with different T2s to be probed by
varying the modulation period s. The ZAPISM method has the
advantage that both sidebands fall well within the envelope of
the macromolecular signal, and hence the SAR is kept to a mini-
mum. In contrast, related methods using binomial pulses [28] or
sequences of trains of rectangular pulses [29,30] have sideband
patterns which extend much further and contribute much less effi-
ciently to MT, increasing the SAR needed to achieve a given degree
of saturation, and typically have sidebands much closer to reso-
nance [31]. Compared to trains of binomials, ZAPISM offers im-
proved discrimination due to the low B1 used and the larger
separation between sidebands. Similarly, ZAPISM requires much
lower SAR than typical pulsed saturation patterns proposed for
clinical use, such as Gaussian pulses lasting a few ms applied in
bursts of several tens of pulses [32]. In those pulsed saturation
experiments the steady state of the system is a result of periods
of both irradiation and free precession, complicating the mathe-
matical modelling and quantification of different processes. How-
ever, pulsed MT experiments enable shorter imaging times and
can also be used to produce clear MT contrast at high field
strengths [33]. Pulsed on-resonance techniques have also been
used to study ME between water and exogenous lanthanide con-
trast agents resonating tens or hundreds of ppm from free water
[30].
3. Experimental

3.1. NMR methods and samples

3.1.1. Spectroscopy
All spectroscopic data were acquired at 9.4 T on Varian INOVA

400 MHz spectrometers (Varian Inc., Walnut Creek, CA, USA). Z-
spectra were measured at a range of RF amplitudes using a long
low amplitude pre-irradiation RF pulse followed by a small crusher
gradient and a detection pulse. In the ZAPI and ZAPISM sequences
the RF phase was inverted every 100 ls (s = 200 ls) so that on-res-
onance signals were saturated for T2 << s but unaffected for T2 >> s.
The repetition time was 33 s, irradiation time 20 s, and a low read
pulse flip angle (�10�) was used in order to ensure approximately
Lorentzian lineshapes irrespective of radiation damping [24].

Animal tissue samples were obtained from transcardially sal-
ine-perfused animals and homogenized with phosphate buffer (1
part tissue, 5 parts buffer). Experiments were performed on a Var-
ian INOVA 400 spectrometer using saturation RF amplitudes (cB1/
2p) of 33, 75, 150, and 300 Hz, for both coherent irradiation (C/)
and the ZAPI sequence (A/). The saturation frequency was varied
over ±100 kHz in 127 steps. Egg white ZAPISM spectra were ac-
quired from boiled egg white in a 5 mm NMR tube, using a 9.4 T
Oxford Instruments magnet interfaced to a Varian Direct Drive
console. Saturation RF amplitudes (cB1/2p) of 38 and 76 Hz were
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used with coherent irradiation (C/), and peak amplitudes 53 and
107 Hz (rms amplitudes of 38 and 76 Hz) with the ZAPISM se-
quence (A/). The saturation frequency was varied over ±30 kHz
in 151 steps.

3.1.2. Imaging
In vivo imaging was carried out using a Magnex 4.7 T (Magnex

Scientific Ltd., Yarnton, UK) magnet interfaced to a Varian INOVA
console (Varian Inc., Walnut Creek, CA, USA) with a volume coil
transmit, surface coil receive (Rapid Biomedical GmbH, Rimpar,
Germany). Z-spectra were measured using 7 s pre-irradiation and
a total time to repetition (TR) of 12 s with saturation RF amplitudes
of 30, 100 and 200 Hz. For sinusoidal irradiation the nominal B1

amplitude was increased by 3 dB to keep the same rms power as
in constant amplitude irradiation. The modulation period s was
200 ls, resulting in A/ sidebands at ±5 kHz, or ±25 ppm. Images
were acquired using a partial fast spin echo (FSE) acquisition (8
echoes/excitation, TE 6 ms, FOV 35 � 35 mm2, 1 mm slice,
128 � 128 pixels), with ZAPISM modulation periods s of 50, 100,
150, and 200 ls, using a peak RF amplitude of 200 Hz applied on
water resonance. As B1 homogeneity is important in Z-spectros-
copy, B1 maps were measured with a preparation block of 15 flip
angles, 45–540�, followed by an FSE readout block as above.

Wistar rats (350–500 g) were anesthetized with i.p. injection of
urethane (1.5 g/kg). Breathing frequency was monitored and re-
mained between 100 and 115 min�1 in all experiments, with no
tendency to change during the study. The core temperature was
maintained by a feedback-controlled heating element placed under
the animal.

3.2. Data processing

3.2.1. Spectroscopy
The pulse width calibration, T1 and T2 calculations, and peak

width and integral calculations were carried out using the manu-
facturer’s standard software. All high-resolution spectra were Fou-
rier transformed with 30 Hz line-broadening. The Z-spectral
asymmetry A(Df) = S(f0 + Df) � S(f0 � Df) was calculated by taking
a simple difference between the halves of the Z-spectrum S(f),
where f0 is the water frequency and Df is the offset from resonance
the surrounding frequencies. However, experimental determina-
tion of the exact water resonance frequency f0 is not straightfor-
ward. Exact zero frequencies for the experimental Z-spectra were
therefore found by fitting the central region to an inverted Lorentz-
ian shape and resampling the Z-spectra at the desired offset
frequencies by cubic spline interpolation. In this analysis, the
Mathematica 5.2 software package (Wolfram Research Inc.,
Champaign, IL, USA) was used.

3.2.2. Imaging
Image data were analyzed in Matlab using the Aedes software

package (in-house MRI image analysis tool; aedes.uku.fi) and other
in-house Matlab routines. As with the spectroscopic data, the con-
ventional Z-spectra were shifted to their exact zero resonances by
spline interpolation. In most Au experiments the number of data
points was too small for such a procedure, but as the curves follow-
ing the MT envelope near the points of interest (zero and a few
ppm) are virtually flat this was not a problem. As with all other
data, images were normalized to a reference scan with saturation
offset well beyond the MT range. ROIs in different brain tissue
types and muscle were drawn in Aedes. The MT contrast between
gray and white matter (GM and WM, respectively) achieved in con-
ventional MT and ZAPISM was characterized by calculating the dif-
ference in signals from ROIs drawn in corpus callosum and internal
capsule (WM ROI) and in cortex (GM ROI). The differences were
compared using a pair-wise t-test in which Cu at 37.5 ppm was
compared to Au at 3 ppm and Cu at �37.5 ppm was compared
to Au at �3 ppm, for all three RF powers used.
4. Results and discussion

4.1. Phantoms

Z-spectra of boiled egg white obtained at 9.4 T using coherent
irradiation (Cu) and the ZAPI and ZAPISM sequences (Au are
shown in Fig. 1 for two rms RF amplitudes. As expected, the con-
stant-phase irradiation results in a conventional Z-spectrum.
With alternating-phase (Au irradiation only MT between the
short-T2 protons of the immobilised protein and water contrib-
utes to the signal near the water resonance. The amount of MT
is dependent on the RF amplitude, as seen in the C/ experiment.
The ZAPI Au experiment displays the expected characteristic pat-
tern of sidebands appearing symmetrically on either side of the
water resonance. With ZAPI (blue curve), sidebands appear at
±n/s Hz; when the modulation is changed to sinusoidal (ZAPISM),
only the innermost sideband pair is seen (red). Even though the
spins at the resonance frequencies of the sidebands experience
a lower effective B1 field than those at the central dip in the Cu
experiment, giving a narrower line shape, increasing the RF
amplitude still broadens the DS pattern of the sidebands, and
the inner sidebands contribute slightly to the saturation at the
water frequency. This is seen as increased curvature of the A/ line
around the zero frequency for the higher RF amplitude, and may
introduce a small non-MT component to the Z-spectral signal at
0 Hz. This can be avoided either by limiting the RF amplitude
(narrowing the DS features) or by moving the sidebands further
from zero by shortening the modulation period s. For both ap-
proaches there are limiting factors: B1 must be high enough to
produce the desired effects (MT and possibly long T2 saturation
in Cu data), and s must be long enough that the macromolecular
pool is saturated effectively. On the other hand, if T2-selective sat-
uration is of interest, values of s are naturally shorter, enabling
higher RF amplitudes to be used.

Although the MT envelope obtained between sidebands using
the A/ ZAPI sequence follows quite closely the envelope obtained
with C/ irradiation, there are some discrepancies between the
two. These may arise because of a distribution of macromolecular
T2s in this phantom, with some components for which the assump-
tion of short T2 is not completely fulfilled. However, as we will
show, in the in vivo system studied such discrepancies are negligi-
ble. The ZAPISM data, with only two sidebands, follow the Cu
much more closely.

As discussed earlier, in the analysis of long T2 features (includ-
ing those arising from amide protons) the use of the asymmetry of
the Z-spectrum can be problematic. In Fig. 2, homogenized rat
brain at 9.4 T is used to demonstrate the balance of Z-spectral
components near the water resonance. The apparent ME observed
between water and aliphatic pools around �5 to �1 ppm on the
Z-spectrum is strongly dependent on the RF amplitude used, to
the extent that the sign of the asymmetry reverses at the amide
resonance as the RF amplitude is increased from 33 Hz to 300 Hz
(Fig. 2B). The shape and position of the maximum of the asymme-
try curve also change as the irradiation amplitude is varied. The
optimum RF amplitude for APTR experiments has been shown to
be around 100 Hz [34], as the balance between direct saturation
and the amplitude and width of the amide signal is optimal at rea-
sonably low power.

It has been shown previously that at low RF amplitudes, the de-
gree of saturation as a function of pre-irradiation frequency closely
parallels the directly-observed spectrum [35]. This suggests the
presence either of a non-specific through-space interaction (i.e. a
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direct intermolecular nuclear Overhauser effect, NOE) or, more
probably, of chemical exchange tightly coupled to efficient
intramolecular spin diffusion. However, at higher RF amplitudes
(B1 = 150 and 300 Hz) there is no apparent intensity drop in the
aliphatic region (Fig. 2B). Here the Z-spectrum is dominated by di-
rect saturation of the water resonance and chemical exchange with
the amide protons, as shown in numerous other studies [16,18,
22,36,37].
4.2. In vivo

The ZAPISM irradiation block was used as a preparation for a
fast spin echo MRI sequence. Fig. 3 shows in vivo C/ and A/ Z-spec-
tra for rat brain cortex and cheek muscle, for cB1/2p = 30, 100, and
200 Hz and a range of offset frequencies. The spectra show the ex-
pected dip to zero on resonance in the C/ images, and only short-T2

MT attenuation in the ZAPISM Au data. The sidebands in the latter
data fall at ±25 ppm (no data points measured, but the structure of
the spectrum is similar to those in Fig. 2) and the direct saturation
from the sidebands contributes to the Au signal at ±12.5 and
±37.5 ppm when higher irradiation amplitudes (100 and 200 Hz)
are used, giving slightly lower signal than on resonance. In brain
the two irradiation types coincide very well at ±37.5 ppm, but in
muscle tissue MT is greater (partly due to the higher B1 at the
edges of the image) and the C/ and A/ intensities differ even at
±37.5 ppm. As previously discussed, this may be due to the pres-
ence of some medium-T2 components in muscle, for which a s of
200 ls is too short to meet the requirement of incoherent
saturation.

As clearly shown in Fig. 2, not only are there additional features
in the Z-spectra due to exchange with long-T2 amide protons, but
there is also evidence of interaction between the aliphatic compo-
nent of the macromolecules and free water at low RF amplitudes.
Fig. 4 shows that this is also the case with the brain in vivo. The dif-
ference between the aliphatic saturation (around �3 ppm from
water C/) and on-resonance MT (ZAPISM A/), and the amide satu-
ration (around +3 ppm from water C/) and on-resonance MT (ZAP-
ISM A/) at a range of B1 amplitudes is presented. The asymmetry is
calculated by subtracting the C/ images at +3 ppm from the C/
images at �3 ppm. At the lowest RF amplitude (30 Hz) it is clear
that there is also a significant signal from the aliphatic component
(negative asymmetry, blue), whereas at the higher RF amplitude,
the amide signal is more intense (red). Interestingly, the asymme-
try obtained with a B1 of 100 Hz is stronger than that seen with
200 Hz irradiation. This may be a consequence of the different
underlying MT asymmetry, as well as the B1-dependent line shape
of the amide feature in the Z-spectrum. Indeed, as was mentioned
previously, the optimal RF amplitude for APT studies has been
shown to be around 100 Hz [36]. In conclusion, these results rein-
force the message that the use of simple Z-spectral asymmetry to
monitor pH-dependent changes in exchange may conceal compet-
ing contributions from other sources.

In Fig. 5 the differences between Au and Cu data in the MT re-
gion (±12.5 and ±37.5 ppm) are shown. In theory, these should re-
sult in zero signal but here it is apparent that the direct saturation
influences the Cu data at 12.5 ppm. The sidebands in Au fall at
±25 ppm, but as they have a narrower DS pattern (lower effective
B1), they have negligible effect. As previously shown, there
may also be a contribution from longer-T2 macromolecular
components.

A feature that is not apparent in the in vitro samples, but is clear
in the in vivo data and has been discussed in various other studies
[16,22], is the asymmetry of the MT envelope. Fig. 6 shows nega-
tive intensity for images of C/ asymmetry at all offsets, suggesting
increased saturation weighted toward the resonance frequencies of
the aliphatics. However, in asymmetries calculated from Au data,
negative asymmetry is seen at 37.5 ppm while the asymmetry at
12.5 ppm is positive. This may be a result of asymmetry of the
macromolecular spectrum at the sidebands at ±25 ppm. Data are
shown for a B1 of 200 Hz, as all saturation amplitudes result in sim-
ilar behavior.

One key feature of ZAPI is its ability to function as a T2 filter
through appropriate choice of the modulation period s. In order
to saturate the whole macromolecular pool efficiently, s should
be longer than the longest macromolecular T2; on the other hand,
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located in cortex (A) and cheek muscle (B) are shown.
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Fig. 4. Images of saturation of long-T2 components near the water resonance. Top row: difference between the aliphatic C/ saturation (�3 ppm) and on-resonance MT
(0 ppm, A/). Middle row: subtraction of amide saturation in C/ (+3 ppm) from on-resonance MT (0 ppm, A/). Bottom row: ME asymmetry in C/ at 3 ppm. Note the negative
asymmetry with low irradiation amplitude of 30 Hz.
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37.5 ppm but reversed at 12.5 ppm.
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s must be shorter than the T2 of the components that are to be left
unsaturated. In brain and phantoms an appropriate compromise is
around 200 ls, corresponding to 5 kHz modulation of the irradia-
tion pulse. The longest T2 values of the macromolecules which con-
tribute to a MT component in Cu are in this range. Using longer ss
in the Au experiment does not lead to any additional MT, but the
Au experiment still follows the same MT envelope as Cu (9.4 T,
data not shown). Shortening s makes the T2 filter stricter and re-
duces the degree of saturation, as fewer protons in the macromol-
ecules meet the criterion for saturation. This allows investigation
of the macromolecular composition of tissues, as well as changes
in macromolecular structure and relaxation properties. When s is
shortened to 20 ls, the MT detected is roughly a quarter of that
seen in Cu. Studying e.g. the ratio between long-s data and
short-s data can produce a contrast dependent on the distribution
of the motional states of macromolecules, potentially providing
unique information on tissue status and dynamics.
The variation of MT contrast with s in rat head is illustrated in
Fig. 7, for an RF amplitude of 200 Hz. It is clear that the T2 filter has
different effects for muscle and for brain tissue: changing s from
200 ls to 50 ls decreases the MT by 50% in muscle while in brain
the drop is about 70% (bottom row of Fig. 7; muscle is indicated by
white arrow). This suggests that the distribution of proton T2s
involved in MT is weighted more to short components in muscle
tissue than in brain. This is consistent with the Cu and Au image
intensity difference in muscle at ±37.5 ppm, seen in Fig. 3, suggest-
ing a quite different T2 distribution compared to brain. It should
also be noted that the B1 distribution of the RF coil used here is
optimized for the brain region and the B1 tends to be slightly
higher in the peripheral regions, like muscle. This may change
the T2 filtering slightly, as the saturation and MT dynamics are
dependent on B1. Another feature in Fig. 7 is the contrast between
grey and white matter; white matter tracts in the cerebellum are
highlighted (green arrow). This contrast arises from high myelin
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content increasing the proportion of the macromolecular pool with
short T2. ZAPISM measured at 3 ppm shows significantly better
GM/WM contrast than conventional MT at 37.5 ppm (p = 0.02 in
a pair-wise t-test), which is as expected since ZAPISM exploits
the full MT on the zero frequency while methods using an offset
saturation operate on the slopes of the MT envelope.

This paper is intended as a proof of principle for the ZAPI tech-
nique; experimental demonstration in animal models of diseases,
and in the clinical setting, will follow. A well-characterized disease
model for the amide exchange balance is ischemic stroke, in which
exchange is greatly reduced [38,39]. Similarly, it is well known that
the MT, and possibly also the macromolecular T2 distribution, is al-
tered in diseases affecting the white matter, such as MS disease
[40] or traumatic brain injury, in which atrophy of white matter
tracts occurs [41].

4.3. Practical aspects of ZAPI implementation

The choice of s is restricted by the location of the sidebands;
this is typically a more severe restriction than T2-selectivity.
Lengthening s brings the sidebands closer to zero frequency, and
therefore DS and/or long T2 ME components intrude around zero
frequency. This may introduce bias both to the on-resonance MT
images and to the analysis of, for example, amide peaks. This also
restricts the RF amplitudes usable in on-resonance ZAPISM, as the
DS feature becomes broader when irradiation power is increased.

If the cycle duration s is reduced, sidebands move further from
the zero resonance and DS becomes less of a problem. Such a
reduction is not desirable if the data are to be compared to Cu data,
as some MT is lost through stricter T2 filtration, but if the interest is
in on-resonance MT itself, a reduced s enables the use of higher RF
amplitudes. MT will be decreased when compared to longer s
experiments, but it can be bought back by increasing B1 without
increasing the DS on resonance.

When the different components of the Z-spectrum need to be
separated, both ZAPISM and conventional Cu Z-spectra, or points
from both, are needed. First, ZAPISM must be run with a loose T2

filter so that all the macromolecular spins involved in the Cu
experiment contribute to the MT in ZAPISM. The DS component
is the difference between Cu and ZAPISM at and near zero offset.
If the wings of the DS need to be estimated, DS can be modeled,
based on its half-width, as an inverted Lorentzian. ME is the same
difference at the ME frequency of interest, if the DS from water is
negligible. If not, it has to be estimated and subtracted. The MT
envelope can be found from the ZAPISM Z-spectrum outside the
sidebands. If needed, the MT signal masked by the sidebands can
be determined by repeating the ZAPISM experiment with one or
more slower modulation frequencies to fill in the gaps, while main-
taining the same MT contribution. In shorter experiments, such as
in vivo imaging, the number of data points needed is restricted.
Even though in theory one point from ZAPISM and one point from
a Cu irradiation should suffice, finding a suitable s vs. B1 vs. T2-fil-
ter window that can give a clean separation at an ME frequency of
interest may be challenging, in which case the DS component also
needs to be estimated and subtracted.

Any errors in the RF modulation, for example short gaps in the
RF envelope because of spectrometer timing limitations, will cause
unwanted changes in sideband patterns and artifacts in images.
Where instrument hardware has such limitations it can be advan-
tageous to program the irradiation in blocks of multiple phase
changes rather than the unit cycle; short timing overhead delays
then have negligible effects.

B1 maps for the imaging setup used typically show variation of
10–20% across the field of view. Within the brain, which is placed
at the magnet isocenter and in the middle of the RF coil, the vari-
ation is typically 5–10%. The pattern of the variation is itself vari-
able; usually there is a gradient laterally across the brain, but in
the experiments shown here the brain region was very homoge-
neous and the B1 in the muscle was at worst 15% higher than in
brain. Especially when using small B1 amplitudes, as is the case
with ZAPI, the amount of MT is sensitive to the irradiation power.
In the comparison of MT between hemispheres, B1 homogeneity
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should be checked, and optimized if a quadrature or multi-channel
transmit RF coil is used, as a B1 gradient alone can cause spurious
contrast.

5. Conclusion

Efficient T2-selective saturation can be achieved by modulation
of the saturation pulse using ZAPI. The resulting Z-spectrum clo-
sely follows the MT component of a conventional Z-spectrum for
a range of saturation amplitudes and samples of different macro-
molecular structure. The sideband pattern of ZAPI can be simplified
by replacing simple phase alternation with sinusoidal modulation
(ZAPISM), resulting in a single pair of sidebands at ±1/s Yz. This
is especially desirable in cases where the MT envelope is to be ana-
lyzed, either as a source of information or as a component to be
eliminated, as most of a ZAPISM Z-spectrum shows pure MT
effects.

ZAPI and ZAPISM can be used for in vivo MRI to estimate the dif-
ferent contributions from long and short T2 species, as well as to
observe long T2 components preferentially. The possibility of
adjusting the T2 selection threshold enables macromolecule com-
position, structure and dynamics to be probed. The method can
be used both to create novel contrast in MRI, and as a tool to study
the interaction between water and other components in sample
systems and in tissue.
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