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Signal acquisition in most MRS experiments requires a correc-
tion for partial saturation that is commonly based on a single
exponential model for T, that ignores effects of chemical ex-
change. We evaluated the errors in *P MRS measurements intro-
duced by this approximation in two-, three-, and four-site chem-
ical exchange models under a range of flip-angles and pulse
sequence repetition times (Tg) that provide near-optimum signal-
to-noise ratio (SNR). In two-site exchange, such as the creatine-
kinase reaction involving phosphocreatine (PCr) and y-ATP in
human skeletal and cardiac muscle, errors in saturation factors
were determined for the progressive saturation method and the
dual-angle method of measuring T,. The analysis shows that these
errors are negligible for the progressive saturation method if the
observed T, is derived from a three-parameter fit of the data.
When T, is measured with the dual-angle method, errors in satu-
ration factors are less than 5% for all conceivable values of the
chemical exchange rate and flip-angles that deliver useful SNR per
unit time over the range T,/5 =< Tg =< 2T,. Errors are also less than
5% for three- and four-site exchange when Ty = T7/2, the so-called
“intrinsic” T,’s of the metabolites. The effect of changing metab-
olite concentrations and chemical exchange rates on observed T,’s
and saturation corrections was also examined with a three-site
chemical exchange model involving ATP, PCr, and inorganic
phosphate in skeletal muscle undergoing up to 95% PCr depletion.
Although the observed T,’s were dependent on metabolite concen-
trations, errors in saturation corrections for T = 2 s could be kept
within 5% for all exchanging metabolites using a simple interpo-
lation of two dual-angle T, measurements performed at the start
and end of the experiment. Thus, the single-exponential model
appears to be reasonably accurate for correcting *P MRS data for
partial saturation in the presence of chemical exchange. Even in
systems where metabolite concentrations change, accurate satura-
tion corrections are possible without much loss in SNR. © 2001
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INTRODUCTION

To optimize the signal-to-noise ratio (SNR) per unit time
practicalin vivo magnetic resonance spectroscopy (MRS) e»
periments must usually be performed with repetition timieg (
that do not allow complete relaxation between repeat acqui
tions (1). The signals must then be corrected for partial sat
ration if they are to be compared with signals acquired wit
different Ty values or if the spectra are to be used to interpre
pathological changes or to determine absolute concentratio

There are basically two methods of determining the parti:
saturation correction. The first is to record a fully relaxe
signal for each experiment and measure a saturation fact
Unfortunately, this negates the efficiency of the shigitex-
periment and is impractical for many vivo MRS studies
unless spatial localization is omitted for the Iohgexperiment
(2). The second method is to calculate a saturation correcti
using separately measured longitudinal relaxation tirnegs,
and an appropriate model for relaxation. This method is vall
if the T, values do not vary between experimerizsgnd if the
experimental parameters and model used for calculating t
saturation factors are valid. The standard model employed f
correctingin vivo MRS measurements for saturation assume
monoexponential ; relaxation.

Recently, it has been suggested that ignoring the effects
chemical exchange by applying saturation corrections based
a single-exponential relaxation model to resonances that ¢
undergoing chemical exchange would lead to large quantific
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tial behavior will depend on factors that affect the chemice
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exchange components including the equilibrium magnetizsaturation-corrected magnetizations to those calculated frc
tions and the reaction rate constants, as well as the Uiguld the two-site exchange mode3,(4) over a broad range ofg,
flip-angle parameters. T,, andk values. The errors in the dual-angle method used f
A specific in vivo example is the chemical exchange ofmeasuring an assumed monoexponerifiglof many human
high-energy {-) phosphate between adenosine triphosphat® CK metabolites?, 8) were also evaluated for the two-site
(ATP) and phosphocreatine (PCr), via the creatine-kinase (Ciqpdel and for a three-site exchange model for human must
reaction in muscle, as observed by phosphortR) (MRS. A using the matrix format of the exchange-modified Bloch equ
valid approach for eliminating potential errors in saturatiotions (5, 6). Additional calculations were performed on a cyclic
corrections due to the effects of chemical exchange in the Gbur-site exchange system to test whether errors in saturati
system is to accurately measure all of the exchange and relearrections caused by neglecting chemical exchange wors
ation rates for the system and to use them to calculate thiéh increasing numbers of exchange sites.
saturation corrections based on mathematically correct solufinally, changes in the equilibrium magnetization, or concet
tions of the Bloch equations modified for systems with chentration, of any exchanging species can affect the apparaithe
ical exchange3-6). Alternatively, one could again avoid theother exchanging species to some degke®)( Therefore, as a
saturation correction altogether by performing fully relaxecklevant example, the effect of a net transfer of phosphate frc
experiments. However, both of these options are argualfhZr to Pidue to PCr depletion in exercising muscle was simulat
impractical forin vivo localized *P MRS where the time using a three-site exchange model with PCr depletions of up
required to acquire metabolite data from small volume el85% of the initial concentration. In order to account for change
ments (voxels) with sufficient SNR to measure both relaxatiamthe observed’s as a function of the PCr concentration that the
and exchange rates becomes prohibitive. In any case, tihisory 8—6) predicts, a simple, practical interpolation methoc
solution has thus far not been implemented for human studigas tested: saturation corrections were baset, srinterpolated
and, moreover, all reported huma® CK metabolitel,’s and from observed’,’s measured at the start and at the end of the P(
saturation-corrected metabolite ratios and concentrations depletion experiment.
date are based on a single-exponential characterizat)on ( In general, these analyses show that the deviations frc
Clearly, these concerns raised about the accuracy of mosagle-exponential behavior due to chemical exchange encol
exponential-based saturation corrections in the presencetestd in most steady-state one-puisevivo **P NMR exper
chemical exchange3¢5 could undermine metabolite quanti-ments of CK metabolism appear to be very small except at ve
fication in virtually all human and animafP MRS studies shortTg's and relatively large flip-angles.
performed under partially saturated conditions. However, other
calculations using a three-site exchange model for the CK THEORY
reaction in skeletal muscle suggest that the observed magneti-
zation of each metabolite, the quantity that is relevant to tfidne Single Exponential Model
measurement of metabolite ratios and concentrations, may

actually vary little with exchange rates in the rangesOk = n single-pulse MRS experiments, optimum SNR per un

1 . . . . time is achieved with flip-angle¢ = 90° andT; = T,, the
20 [s "] as a function off for 1 = Tg = 8 [s] in a simple 90 observedT,. The usual saturation factor for monoexponentic

pulsc_a—and—af:quwe experlmt_ar&)( . . longitudinal relaxation based on the Bloch equations in tf
It is certainly more practical to approximate the relaxation . .
t15ence of chemical exchange is

behavior of exchanging species with a single-exponential mode
and to ignore the effects of chemical exchange. The obs@n&d

thus measured may well differ from tfig's of the same moieties SHo, Te, Ty) = S(¢, T, Ty)

if they could be measured in the absence of chemical exchange. Mo

However, the single exponential approximation wontt be a sin(e) (1 — exp(—TH/T)))
problem for providing saturation corrections for the purpose of = [1]

CK metabolite quantification if these observéds correctly (1= exp(~Td/T,) - cosle))

predicted the fully relaxed magnetization.

Therefore, we analyzed the errors that would be introduc
by ignoring the effects of chemical exchange i MRS
studies of CK metabolism, as they are _commonl_y_ performed he Two-Site Exchange Model
skeletal muscle and heart under practical conditions that opti-
mize the SNR per unit time. Specifically, the magnitude of Spencer and colleague8, ) derived equations for the
errors introduced in a conventional pulse-and-acquire expesaturation factors, SFXand SFX, for two exchanging spe
ment when best-fit monoexponential relaxation and relaxatioies, A and B, in steady-state equilibrium from the Bloch-
corrections are assumed was determined by comparing MeConnell equations9):

@ereS(q:, Tr, T,) is the partially saturated signal ai, is
the equilibrium magnetizatior?).
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N ) (1 — cose)expD,Tgr) The n-Site Exchange Model
SFXA(Tgr, @) = Sing 1+q1(1_ D.T.) _ _ _
cos¢ expD,Tg The solutions of the Bloch—-McConnell equatio} i the
(1 — cosg)expD_Tr) presence of chemical exchange between more than two si
+ 0 (1— cosg exp(DTR))> [2] are more complex and are best treated in the matrix f&rf)(

: (1 — cosg)exp(D.Tg) dm
SFX(Tr, @) = sin @(1 T 11 = cose expD.TR) 4t~ AM +C, [11]

(1 — cosg)expD_Tg)
T2 (1 cose exp(DTR)))’ (3]

whereM = (Mg, Mg, ..., Mg) is a magnetization vector
composed of the@ magnetizations from each of thexchang-
ing speciesS;, A is a matrix with elements

with
+ * A * B 1 . .
D (T4, T1° Kas) AijZ[T*S-i-ZkSS],fOI’I:]; and

1 L

= 0.5 —(1/T%* + 1/T%® + Kug + Kga) + disc]  [4] 7
D =D" — disc, 5] Aj = kgs fori # [12]

disc= \[(L/T5A — L/T%% + K — Ken) ® + 4+ Kng - Kol Mos, Mos, — Mos,
\ 1 1 AB BA AB ~ RBAl C = 55 =%S ' CTES | [13]
T T1 T1

(6]
0= 0.5[(1/T%A — 1/T%B — Kag — kga)/disc— 1], [7] andT*% is the “intrinsic” T, of S;, and theky s is the exchange
rate from$, to S;. The solution of Eq. [11] for the steady-state
Q@=—1-0q, [8] magnetization aTx is then calculated from
r]_ = 0.5[(1/1—*;_8 - 1/T’§_A - kAB - kBA)/dISC— 1], [9]
M{Tr, ¢) = (I — cosg-e~™) "H(eA"—1)-A~t- C,

and [14]

r,=-1-ry. [10]  asin Eq. [26] of the paper by Spencer and FishbBjnwhere
| is the identity matrix, which reduces to Eq. [4] of the pape
The constants),;, g, ry, andr, and the exponential coeffi by Binzoni and Cerretellig) at 90° flip angles.
cientsD" andD "~ are all functions of the so-called “intrinsic”
T,’s of the exchanging specie$};* and T%°, that would be METHODS
observed if there were no exchange, and the forward and
reverse chemical exchange rate constakyis,and kg,. Note Our analysis focuses on two tissue types studied frequen
that k,s and kg, are not independent variables sinkg = in vivo by *P MRS where the chemical exchange of PCr an
KagM 0a/M gg. v-ATP via CK metabolism may affect saturation correction:
It is the differences between Egs. [2]-[3] and [1], andnd consequently quantification. For the first tissue, skele
particularly the appearance of the third term in Egs. [2] and [3fyuscle, parameters were taken from Horskal Spencer as
that has the potential to cause errors in quantification when Higted in Table 1 4). For the second tissue, heart muscle, w
[1] is assumed in cases where chemical exchange is presgmise a PCr:ATP concentration ratio of 1.5:1. The intrinsi
(3, 4). However, because the exponential coefficidbtsand T,'s for PCr andy-ATP in human heart are not well deter
D are both negative arid” > D™, the third term approachesmined. We shall assume that the molecular-level environme
zero faster than the other terms Bs increases. If this term for PCr andy-ATP is comparable to that observed in skelets
approaches zero and coefficieqt®r r; are close to unity, Eqs. muscle so that the intrinsi€,’s differ by a factor of three:
[2] and [3] reduce to Eq. [1]. Consequently, there exist conT,* = 6 s andT*%® = 2 s. The shorter observdd’s of human
binations of relaxation and chemical exchange rates such thgtocardial PCr and-ATP reported in the literaturer) differ
Egs. [2] and [3] can effectively be approximated by the singlé-om these values, perhaps due to the effects of chemic
exponential model. We shall examine the conditions undexchange.
which this occurs as a function of the forward rate constantin choosing the range of conditions that provide optimur
over the range ofl; values and flip-angles that provide opti SNR per unit time for the present analysis, we note that whi
mum SNR per unit time. the optimum flip-angle, the Ernst angle, occurs whengps(
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TABLE 1 SF=P-[1-Q- exq—TR/Tj’bS)], [15]
Parameters Used for Calculations of Saturation Factors and
Simulations of T, Measurements with the Two-Site Model

obs

with P andQ constants. Using this fitted;”> andQ, predicted

Simulation parameters Skeletal muscle Heart musc/gaturation factors were calculated and these were comparec
saturation factors determined directly from Egs. [2] and [3].
[PCIL:[ATPL[PI] 4.6:1 151 With the dual-angle method of measurifig, T5> is deter
T3, PCr 6.7 6 mined from the ratidR of partially saturated signals acquired a
Il AP 5'37 325 flip-angles ofa = 15° andB = 60° assuming monoexponential
TTSCr literature T) 6.52 437 relaxation B). These flip-angles were chosen to provide th
T, y-ATP literature 7) 4.32 2.52 best SNR and sensitivity t@,. To evaluate the effects of

chemical exchange on observéds measured by this method,
the observed ; at a givenT was calculated from the standard

exp(—Tg/T,) (1), in practice mostin vivo experiments are monoexponential based formulg)(

designed to measure several metabolites. Thus, either the SNR
must be optimized for the most important metabolite, or a
compromise must be chosen to yield near-optimum SNR for all
metabolites of interest. Large flip-angles have broader ranges
of Tr values that yield=95% of the best SNR than smallwith R = M(a)/M{B) = SFX()/SFX(8), the ratio of the
flip-angles and therefore offer the best opportunity for optimigpartially saturated signals, which is equivalent to the ratio
ing SNR per unit time for multiple metabolites exhibitingthe saturation factors. From thI§"™, the saturation factors for
different T,’s. For ¢ = 90°, the optimum SNR per unit time species A and B predicted by Eq. [1], SF(Ts, T, were
occurs affz = 1.256T,, but the SNR is reduced by only 5%calculated as a function of flip-angle, in the range 15% ¢ =
over the broad rang@.77 T, = T = 2.09T,. To optimize 60° for the sameT,. The fractional error in the saturation
the SNR for two exchanging metabolites, the optimum repefactors predicted by the monoexponential model and that pr
tion time, Tro, was calculated from the geometric mean of theicted with the effects of chemical exchange included wel
(observed, not intrinsicY, values,Tgo = 1.256\/(T? - T7) then calculated for heart and skeletal muscle as
().

Numerical analysis was performed with Matlab (Math- erro T, ¢) = (SF— SFX)/SFX. [17]
works, Natick, MA) running on a Sparc 10 workstation (Sun
Microsystems, Palo Alto, CA) and with Excel (Microsoft,Three- and Four-Site Exchange Models
Seattle, WA) running on an Apple G4 (Apple, Cupertino, CA). The T,

sina — RsinB
. —— ], [16]
cosP sina — Rcosa sin 3

Tl = _TR/|n<

's and equilibrium magnetizations used for the-cal

culations on three- and four-site exchange models based

Egs. [11]-[14] are given in Table 2, which again uses the da
To analyze the importance of the third term in Egs. [2] anof Horskaand Spencer4) plus an estimate of%" based on a

[3] for the two-site exchange model, its magnitude was deter-

mined as a function of,s, Tg, and ¢, with T varied from 0

to 30 s withg = 90° and aff; = 1 s for flip-anglee = 0—90°. TABLE 2

The forward rate constark,g, was varied between 0 and 1.5 Parameters Used for Calculations of Saturation Factors and

[s™']. Because the part of Egs. [2] and [3] between the out8imulations of T, Measurements with Three- and Four-Site

brackets is normalized, the magnitude of the third term (tHexchange Models

second exponential term) is a good indicator for the maximum

relative error that can be introduced in the saturation factor hy

Analysis of the Two-Site Exchange Model

Skeletal muscle, three-site linear exchange

ignoring this term. Species PCr ATP Pi
The progressive saturation measurement was simulated with

a 90° flip-angle and @y that varied from 0 to 30 s foF,’s and  T% [s] 6.7 23 5.5

forward rate constants as listed in Table 1. Six measuremé&qfeentration [mM] 28 45 2

points were chosen, at = 0.25, 0.5, 1, Z,, and 4T g,, with

. . - . Four site cyclic exchange
Tro calculated assuming the literatufg’s listed in Table 1,

and a sixth point alT; = 5T7. Saturation factors were calcu  Species A B C D
lated from Eqgs. [2] and [3] for thes&g values, then an
observedT,, T was determined from a three-parametef: [ 5 3 1 0.5

nonlinear least-squares fit to the normalized sigt8):( Mo [arb. units] ! ! ! !




COMMUNICATIONS 429

literature mean of 5.3 s7J. Thek values used to simulate a Katepcr” [ATP] = Kpgrarp® [PCH] [21]
three-site exchange in skeletal muscle are, in matrix form,
Kpiate® [Pi] = Karp it [ATP]. [22]
0 kATP,PCr 0
Kmusae= | Kecrare 0 Keiarp Tr values of 1 ad 2 s were chosen with flip-angles of 35 anc
0 Katepi O 48°, respectively. These flip-angles are approximately equal
0 168 0 the Ernst angles calculated from the geometric mean of tl
— (0.27 0 1.12%_ [18] observedT,'s of PCr, ATP, and Pi that would result from a
0 05 0 dual-angle measurement of the simulated three-site exchar

data with thesd i values and the intrinsi@, values listed in

, ) ) Table 2. These flip-angles are also withir2° of the Ernst
Four-site exchange was explored with a normalized expans%b calculated from the geometric mean of the obseived

of 'the cyclic three-site model presented by Spencer and Figh; T,'s of PCr, ATP, and Pi reported in the literatuf®.(For
bein ©): the simulation, observed,’'s were calculated for each PCr
depletion step with Eq. [16] fronM(Tr, ¢ = 15°) and

0 kga O Kpa 01 01 M(Tr, ¢ = 60°). However, in a practical experiment it is not

Kg O ke O 1 010 normally possible to continuously measure Therefore, for
Keye = 0 kec O kpc| |O 1 0 1 [19] the purpose of calculating saturation factors,values were

Koo O ke O 1 010 linearly interpolated for each PCr level, based on values at tl

start and at the end of the PCr depletion experiment. Saturati
factors were then derived from these interpolalgts using

With these data the observed steady-state magnetizatidlT, _ o o
g. [1]. Errors in the equilibrium magnetization were calcu

M(Tr. ©), was calculated for each species at flip-angles of 15, . . .
604ar?d¢3)5° over the range 05 T <p5 s. The vgluesgdffl lated from Eg. [20] using these (interpolated) saturation facto
I R — . SS — _ o i — o

at 15 and 60° flip angles were used to calculateThe and gnd_ va(;ufes Owllz“(TRlél_ Le=235) andM(Tr = 2, ¢ = 48°)
saturation factors, SFg, 35°), using Egs. [16] and [1], respec e_:_lxe rloml tqa\El ]T | dt ine th
tively. The relative error in the observed equilibrium magne- e calculatedM.{T, ¢) were also used to examine the

tization as a function of the observation flip-angle anddue cost in SNR of replacing acquisitions with near optimal flip
to the neglect of exchange effects is angles with dual-angl&, measurements. If the SNR cost were

low, spectra obtained with the dual-angle method could
used as time points in a dynamic NMR experiment if the
A Tr @) changes in metabolite concentrations are negligible over t
erroTg, ¢) = % - MODMO’ [20]  time course of theT, experiment. The cost of the addad
’ measurements is the extra scan time needed to obtain adeq

. e N ) _ SNR with nonoptimal 15 and 60° flip-angles.
where M, is the true equilibrium magnetization given in

Table 2.
RESULTS

Skeletal Muscle with PCr Depletion

) ) _ Analysis of the Two-Site Exchange Model
The effect of varying metabolite concentrations on satura-

tion corrections and monoexponential dual-anfjeneasure The calculations for skeletal muscle show that for exchan
ments was evaluated in the three-site linear exchange modelifay species A, PCr, the third term in Eq. [2] never exceeds 0.(
skeletal muscle afy’'s of 1 and 2 s byiterating Eq. [14] with (1%) over the entire range ofg’s that yield 95% of the
varying PCr and Pi concentrations. The initial PCr and Pnaximum SNR efficiency, as shown in Fig. 1A. For species E
concentrations were 28 and 2 [mM], respectively. They wereATP, the third term of Eq. [3] exceeds 0.01 (1%) only in the
varied in steps of 1% to 1.4 [mM] for PCr and 28.6 [mM] forregime of lowTg and lowk,g (Fig. 1B). In heart muscle, the
Pi, in order to simulate a net transfer of PCr to Pi, as wouldagnitude of the third term is shown as a functior@it T =
occur, for example, with PCr depletion in a muscle exercides in Figs. 1C and 1D. Fap = 15° the contribution from the
study. The initial matrixA for Eq. [12] was calculated with third term is below 0.01 (1%) for all exchange rates for specie
K musce @S given in Eq. [18] and@™ values from Table 2. At each A and for exchange ratds,; = 0.18 [s '] for species B. At
change in concentrations the reverse flux terlss6c, and ¢ = 60°, the contribution of the third term is higher, exceedin
Keiate) IN Matrix A were recalculated to maintain the chemicad.01 (1%) fork,s = 0.45 [s*] for species A (Fig. 1C) and
equilibrium conditions: kse = 0.6 [s''] for species B (Fig. 1D).
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FIG. 1. (A) Contour plots (at 0.1, 0.01, 0.001) of the relative amplitude of the third terms of Egs. [2] and [3] describing partial saturation in the pre
of two-site chemical exchange plotted for skeletal muscle as a functidi wfith ¢ = 90° for species A (A) and B (B). The relative amplitudes of the third
terms of Egs. [2] and [3] for heart muscle are plotted for species A and B in (C) and (D), respectively, as a function of flip-anfle=witts. The parameters
used for the calculations are given in Table 1. The boundaries for 95% efficiency in SNR per unit time were calculated from the Titésagivren in
Table 1.

How these contributions translate into errors in the predictéidn factors calculated with Egs. [2], [3], and the predicte
saturation factors was evaluated with simulalgdmeasure saturation factors obtained from the single-exponential fitte
ments, as depicted in Fig. 2 for skeletal muscle. The variabieodel occurs at very shofit; values. Here, the original data
Tr, progressive saturation experiment was simulated by fittipgints pass through the origin while the three-parameter
saturation factors calculated with Egs. [2] and [3] to a singleesults in a small offset, which normally helps compensate f
exponential model with a three-parameter fit (Eq. [15]) assurflip-angle errors in conventiondl, studies 10). The magni
ing a value ofk,s = 0.27 [s']. This value was derived from tude of the errors in the saturation factors from the single
10 normal human legs measuiied/ivo at rest by two different exponential fit is otherwise negligible.
methods {1). The saturation factors calculated with the fitted The results of the calculations for the dual-anglemethod
parameters are indistinguishable from the original data pointsing Egs. [2], [3], and [1] and [16] are shown for heart muscle
that were calculated from the two-site exchange model repe-Ty = 1 s in Fig. 3.The saturation factors predicted with the
sented by Eqgs. [2] and [3] (Fig. 2). Similar results wersingle-exponential model, Eq. [1], using an obser¥edcat
obtained for the heart, assuming a valu&gf = 0.25[s']. In  culated with Eq. [16], are hardly distinguishable from the
both tissues, the only noticeable deviation between the satwsaturation factors calculated with Egs. [2] and [3].
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101 ' 1.0
g | L
!
|
!
|
I I
|
051 | 105
4 | L
|
17! :
00— 0.0
0.0 10.0 20.0 30.0 ¢°
TR [s] ) ) .
B FIG. 3. Simulation of a dual-angl&, measurement for species A (slower
. relaxing species, bottom line) and B (the faster relaxing species, top lin
SF error % assuming the two-site exchange parameters for heart muscle listed in Tabl
1.0 ; . 1.0 and aTy of 1 s. The saturation factors (SFX) calculated with Egs. [2] and [3
1 ) are shown as a solid line. The triangles and squares indicate the values of
1 ‘: calculated for 15 and 60° flip-angles that are used to compute obs&rised
: ! from Eq. [16] (triangles for species A, squares for species B). These obsery
0.5 4 { Llos T,'s were used in the single-exponential model, Eq. [1], to calculate predicte
- ' | saturation factors, represented by open circles.
[ -
A\
0.0 ] N T T —— I 0.0 for both the three- and the four-site exchange models. Frg
" 0.0 100 20.0 300 Table 2, this corresponds to an intrinsi§/2 < T for all
TR {s] metabolites.

FIG. 2. Simulation of a progressive saturatidh measurement for skel
etal muscle with two-site exchange parameters as in Table 1, except with
kas = 0.27 [s']. The saturation factors calculated with Eq. [2] for species A

(A), and Eq. [3] for species B (B), are shown as solid lines. The trianglet.0 "e"ﬁﬁr«y A 10~01 B
indicate points selected for a three-parameter fit to the single-exponential Eq. °
[15]. Predicted saturation factors using the fitted paraméfigfsandQ are 80T M\ 8.07
shown as open circles. The magnitude of the errors in the saturation factors as " \\ ]
calculated with Eq. [17] is shown as a dashed line with values in percentage&® ]I 6.0
on the right-hand axis. ! \\
4.0 1 Sel 407t
204 T 2-0'1‘,\\\\

The maximum error in the saturation factors predicted by the T~ ~—-
dual-angle method for any excitation flip-angle in the rangeo'o(,,0 0.8 1.0 15 °'°o_o 05 10 15
15° = ¢ = 60° is shown in Fig. 4 for both tissues. For skeletal
muscle, the errors in species At = 1 s are less than 3% for 5.0 max C T D
all ks (Fig. 4A). The errors are higher for species B, but these a0
again decrease to about 3% or lesEdfis increasedd 2 s (Fig.
4B). For cardiac muscle, the errorst = 1 s are less than 301 3.0
4.5% for all values ok,g, as shown in Fig. 4C. AT = 2 s,
the errors drop to 1.5% or less for all valueskaf (Fig. 4D).  2° 20
All errors decrease further as the exchange rate increases abqye 1.0 NG -
about 0.2 [s"]. ===

0.0 0.0 0.5 1.0 15 00 0.0 0.5 10 1.5
ka_s [s7] kas [s™]

Analysis of the Three- and Four-Site Exchange Models ) ) )
FIG. 4. The maximum error in saturation factor that can occur for any
The relative errors in the equilibrium magnetization Calcde_xcitation flip-angle in the range 152 ¢ < 60°, as a function of the forward
. . . rate constank,g for skeletal (A, B) and heart (C, D) muscle, for the two-site
lated assuming single-exponentib] measurements obtained

: . exchange model. Solid and dashed curves correspond to species A anc
by the dual-angle method decrease with increasiRg as respectively. Errors are calculated Bt = 1 s (A, C) and 2 s (B, D) with
shown in Fig. 5. In the rangEg = 1 s, the errors are 4% or lessparameters as listed in Table 1.
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A calculated equilibrium magnetizations are about 8% or les
being highest for ATP and half that or less for the othe
metabolites, as depicted in Figs. 6E and 6F, over the enti
range of PCr depletion. Note that the errors for PCr and AT
are half again at the longdry of 2 s.

A disadvantage of using the longdr; is that the SNR
penalty for inserting the extra dual-angle measurements is
slightly higher. A dual-anglél'; measurement that yields the
same SNR as two 48° acquisitionsTat = 2 s takes about 2.2
times longer, whereas a dual-andlemeasurement that yields
the same SNR as two 35° acquisitionsTat= 1 s takes only
a factor of 1.7 longer.

rel. error
0.05 1

0.00 1

Tr [s} DISCUSSION
o-AAC The analysis presented here shows that the errors introdut
-2—B —e—D by approximating the multiple exponential relaxation mode
that results from inclusion of chemical exchange with a single
exponential function are limited by the experimental and ir
trinsic values ofTg, T,, Kas, and ¢. The need to maximize
SNR per unit time in both acquisition of thE, information
from which the saturation factors are derived and acquisition
in vivo spectral information places practical limitations or
-0.10 1 experimental parameters. It was found that, within these co
straints as applied to practical hum&® MRS protocols for
studying CK metabolism in skeletal and heart muscle, tr
0 1 2 3 4 s  effects of two-site chemical exchange on corrections for parti
Trs] saturation, using; measurements based on a monoexpene
FIG. 5. The relative errors in saturation factors calculated for 35° excit&i-aI model, are essentially negligible.
tion flip-angle as a function dF with n-site exchange rate constants given by T he largest exchange effects for the two-site model occur f
Egs. [18] and [19] and other parameters as listed in Table 2. The open symlible species B nucleiy-ATP in the cases studied, where there
are the relative errors for each species in calculdgdvhen a dual angl#,  gre conceivable combinations @f, T,, andk,s that could

measurement with flip-angles of 15 and 60° is used to correct the saturation-mroduce errors as Iarge as 8% Compared with 3% for speci
a measurement at 35° flip-angle. The solid lines are an interpolation of the !

points. (A) Skeletal muscle three-site linear exchange model. The errors for PCr (Fig. 4). However, this can be avoided for the purpos
PCr are shown as open diamonds, for ATP as open squares, and for Pi as §fefluantifying [ATP] or PCr/ATP ratios, by using th&ATP
triangles. (B) Four-site cyclic exchange model (species A, open diamondgsonance instead §fATP (12), as has long been practiced by
species B, open squares; species C, open triangles; species D, open circlggime groups 13). Larger errors might be generated if the
observedT,’s are used to generate saturation factors for e
treme flip-angles ol values that deviate far from those at
which theT, was measuredd( 5). In addition, large errors can
In Figs. 6A and 6B, the input and estimated equilibriumesult at shorf; values if T, data are fitted to monoexponen
magnetizations are shown for the three exchanging speciéa, relaxation models using imprudent fitting procedures, ir
PCr, ATP, and Pi, in skeletal muscle fog = 1-2 s. The linear cluding, for example, two-point fits or the forcing of fits to past
interpolations of the observel,’s are reasonable approxima through the origin as one effectively does when predictin
tions to the continuous observaq’s as a function of metab saturation factors from only two observatiors §).
olite concentrations, as shown in Figs. 6C and 6D. The largesOne proposed strategy to minimize the errors in saturatic
deviations between continuous and interpolatgedccur for Pi  corrections due to neglecting the effects of chemical exchan
where the relative changes in concentrations are extremayo both perform the actual measurements and determiae
large. Regardless, the estimated equilibrium magnetizationsyasy shortTg's and large flip-angles5j. Although this ap
calculated with the saturation correction factors of Eq. [1], aproach yields observed,’s that are much closer to the so-
surprisingly close to the equilibrium magnetizations used aalled intrinsicT,’s, Fig. 5 shows that the accuracy with which
input for the linear three-site exchange model, as shown by tifkeseT ,’s can predict the equilibrium magnetization is actually
plotted points in Figs. 6A and 6B. In fact, the errors in theorse than the accuracy obtainable at lonbgs. Spencer and

-0.15

Skeletal Muscle with PCr Depletion
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rel error rel error
0.10 ; E 0.10 - F

] ATP
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0.04 Pi PCr 0.04 1
Pi
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0.00 T + 0.00 T = .
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PCr depletion { fraction) PCr depletion ( fraction)

FIG. 6. The effect of PCr depletion on calculated equilibrium magnetizations in a linear three-site chemical exchange model of skeletal muscle fol
state acquisitions &tz = 1 s and 35° flip-angle (A) antl; = 2 s and 48° flip-angle (B), shown as open circles for Pi, open diamonds for PCr, and open sqt
for ATP. The true equilibrium magnetizations that were used as input for the model are shown as solid lines. The changes in th@ phseavedction of
the fractional depletion of PCr are shown fbf = 2 s in (C) andT = 2 s in (D) as solid lines. The interpolatdd values used for saturation corrections are
shown as open circles for Pi, open diamonds for PCr, and open squares for ATP. The resulting relative errors as calculated with Egs. [14] and/20] a
for T = 1 sin (E) andT; = 2 s in (F) as solid lines, labeled for each metabolite.

Fishbein set 5 or 10% limits on the allowable differenceptimum SNR of the Ernst angle experimebit. (These criteria
between observed,’s and the intrinsicl,’s (Tables 3 and 4 of are not essential for the purpose of quantifying a fully relaxe
Ref. 5) and show that this is achievable only with SNR effimagnetization and, moreover, may result in significantly les
ciencies that are often an order of magnitude lower than th#icient experiments than even the fully relaxed one.
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If less efficient experiments are being considered, the fulbre minimized by using lower flip-angles afdvalues that are
relaxed experiment is arguably the preferred strategy becaus®oit too short compared b, and which are conducive to high
entirely avoids partial saturation and thus also errors in satsNR efficiency, in contrast to conclusions (i), (i), and (iv) in
ration correction due to chemical exchange effects. Althoudthe abstract of Ref.5).
the SNR per unit time in an experiment with 90° flip-angles Although the analysis presented in this paper focused,on
and aT = 5T, is still 63% of that of the optimum experimentvalues encountered in skeletal and heart muscle in fie
with 90° pulses and; = 1.256 T, the total measurementstrengths of around 1.5-2 T, the analysis can readily be sca
time would have to be increased 2.5-fold to realize the sarteeaccommodate shorter or longer's encountered at different
SNR. This may be unacceptable for many humannovivo field strengths. The SNR efficiency depends onlyl@fir; and
studies. In contrast, our data indicate that experiments pé#ip-angle, so it is prudent to scal&€; to compensate for
formed with near-optimunTy’s and flip-angles can be cor field-dependent, changes. The curves presented herein wi
rected for partial saturation with a single-exponential model e valid for the sameelative values of T, T,, andk. The
the presence of exchange without introducing significant errorsend showing lower errors at higher valuesTef T, is inde

Measurements of ; are typically derived or should derivependent of field strength and, within the constraints of SN
from a three-parameter fit to Eq. [15] or the liké0J. Our efficiency, the lowest errors from using the single-exponenti
two-site analysis shows that inaccuracies introduced by ign@assumption to correcting saturation will result when longe
ing multiple-exponential relaxation behavior are reasonably’s are chosen.
well compensated with the fitting parameters, especially if thelt is recognized that saturation-correction factors derived t
Tg values are distributed around the value for which the-satnethods that neglect chemical exchange are a function of t
ration correction is intended. The progressive saturation expbf;'s of all of the exchanging species and the exchange rs
iments that we analyzed were optimized for SNR efficiency lypnstants via Egs. [2], [3], and [14]. This means that, strictl
centering the points about the optimufs. However, accu speaking, continuously repeatdd measurements would be
rately fitting progressive saturation data to an exponenti@quired in studies where significant changes in one or more
relaxation curve requires the measurement of at least one datse factors are anticipated. Our analysis suggests that
point at or near fully relaxed conditions. Therefore, in practiceual-angle method of measuring; (8) could be used to
the progressive saturatioh, measurement may again be to@chieve this with only a small loss of SNR efficiency. It alsc
lengthy to add to the experimental protocol for human studiesjggests that the requirement for continudusneasurements
necessitating either a separate series oéxperiments or the could be replaced by just two measurementd gf one per
adoption of a more efficienf; method such as the dual-angldormed at the start and one at the end of a study involvir
method ). monotonic changes iM,.

Our analysis shows that the measurement of obsefyed Moreover, the simulation of muscle CK metabolite depletiol
using the dual-angle metho@)(can predict saturation factorspresented in this paper demonstrates that, for acquisitio
in the presence of chemical exchange with 95% accuracy owgrder conditions that optimize SNR and reasonable values
an enormous range of exchange rates, with the advantagehefin vivo parameters, enormous relative changes in metab
SNR performance approaching that achieved at the Ernst angke concentrations have a minor or negligible effect on th
for the exchanging species. The analysis of the second expaturation-corrected magnetization (Fig. 6). Despite the mal
nential term in Egs. [2] and [3] for two-site exchange indicatdsld relative changes in Pi and PCr concentrations associat
that the errors due to neglecting exchange are smallest whéth the depletion of up to 95% of the PCr and the resultin
the least saturated conditions are employed, while neverthellesge changes in reverdevalues via Egs. [21] and [22], the
retaining reasonable SNR (Fig. 1). Comparison of Figs. 4A aedrors in saturation corrections a8 or =4%, depending on
4B with Figs. 4C and 4D shows that the errors introduced Ay. Furthermore, these findings are in agreement with tf
chemical exchange are indeed reduced with incredged analysis of Binzoni and Cerretelli for a muscl MRS

Similar conclusions as for the two-site analysis can be drawerperiment wher& values were randomly varied over a large
for chemical exchange involving three and four sites. Thange with little effect on the observed metabolite magnetiz
observedT,’s in these more complex models may be quitédons (6). When these authors used, in essence, saturati
different from the intrinsicT,’s, as can be seen by comparingorrections based only on an initiéif experiment, an error of
values in Fig. 6 with those in Table 2. Nevertheless, thenderestimation of up to 12% of the total phosphate resulted
predicted saturation factors and equilibrium magnetization ctive PCr depletion experiment proceeded. Our data show tt
be accurate to within 95% or better as long as Theand this error could be much reduced if the saturation correctiol
flip-angles are chosen for near optimal SNR efficiency. Spare based on interpolation of relaxation measurements p
cifically, as Fig. 5 clearly shows for the three- and four-siteormed at the start and at the end of the depletion experime
exchange models, the errors due to ignoring the effects ofin summary, the single-exponential model appears to pr
chemical exchange and assuming monoexponential relaxatiite a reasonable fit to the observed longitudinal relaxation
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the presence of chemical exchange under experimental condi-change using the one-pulse sequence: Breakdown of the Ernst

tions that optimize SNR, as they are routinely practiced in model for partial saturation in NMR spectroscopy. J. Magn. Reson.

skeletal and heart muscle. Indeed, other experimental errors,l42’_ 120'_135 (2000). ) . ) o

for example. caused by inaccuracies in the observation ulgeT. B|'nzon| and P.'Ce_rretelh, Muscle *P-NMR in hum.aps. Estimate
. p'e, y . . . p of bias and qualitative assessment of ATPase activity. J. Appl.

flip-angle, low SNR, and biological heterogeneity, are often of ppysjol. 71, 1700-1704 (1991).

larger magnitudel(0). Reasonable accuracy is even possible iy, p. . Bottomley and R. Ouwerkerk, Optimum flip-angles for exciting

dynamic experiments in which the equilibrium magnetizations NMR with uncertain T, values. Magn. Reson. Med. 32, 137-141

of the exchanging species vary, if measurements are interlaced(1994).

with dual-angleT; measurements. 8. P. A. Bottomley and R. Ouwerkerk, The dual-angle method for fast,

sensitive T, measurement in vivo with low-angle adiabatic pulses.

J. Magn. Reson. B 104, 159-167 (1994).
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