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We present a general procedure for automatic quantitation of
a series of spectral peaks based on principal component analysis
(PCA). PCA has been previously used for spectral quantitation of a
single resonant peak of constant shape but variable amplitude. Here
we extend this procedure to estimate all of the peak parameters: am-
plitude, position (frequency), phase and linewidth. The procedure
consists of a series of iterative steps in which the estimates of posi-
tion and phase from one stage of iteration are used to correct the
spectra prior to the next stage. The process is convergent to a sta-
ble result, typically in less than 5 iterations. If desired, remaining
linewidth variations can then be corrected. Correction of (typically)
unwanted variations of these types is important not only for direct
peak quantitation, but also as a preprocessing step for spectral data
prior to application of pattern recognition/classification techniques.
The procedure is demonstrated on simulated data and on a set of
992 3P NMR in vivo spectra taken from a kinetic study of rat muscle
energetics. The proposed procedure is robust, makes very limited
assumptions about the lineshape, and performs well with data of
low signal-to-noise ratio. © 2002 Eisevier Science (USA)

Key Words: spectroscopy; principal component analysis; auto-
matic quantitation; peak parameters; lineshape correction.

INTRODUCTION

Sophisticated and accurate approachesto quantitati on of reso-
nance peaksin asingle spectrum (in either the time or frequency
domain) arewidely availablein the NMR community. However,
in recent years new instrumental procedures ableto acquire hun-
dreds of related spectrain ashort time have generated aneed for
approaches which can analyze an entire set of such related spec-
traasawhole, thus taking advantage of the relationships among
the spectra to improve the quality of the analysis. Approaches
that do thisare particularly useful for spectrawith low signal-to-
noise ratio (SNR) as they utilize the collective power of the
data
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Principal component analysis (PCA) is one such general sta-
tistical method, which successfully estimates the amplitude of a
constant resonance peak across a series of spectra (1-7). Typi-
caly, inreal datathere are numerous peak imperfections, caused
by field inhomogeniety, susceptibility effects, and other instru-
mental/experimental conditions. Variations in the peak line-
shape, such as frequency, phase, or linewidth, can contribute
significant error to the area estimations (2). In the previous pa-
per in this series (2) we presented an iterative PCA-based au-
tomatic method for determining frequency and phase variations
among the spectra in large spectral datasets and if necessary,
subsequently correcting the data for such variations. The ap-
proach equated the PCA-based data decomposition with the
first-order Taylor expressions of the peak shape with respect
to frequency and phase variations and then solved these vector
equations by projecting them onto the subspace defined by the
first three principal components. In general, this approach was
necessarily iterative because the Taylor series expansion was
only first order and required only small variations to be able
to estimate them accurately. Thus after the spectra were cor-
rected for their estimated frequency and phase variations, a next
round of PCA decomposition was carried out. This approach
lacked clear stopping criteriasince the second- and higher order
principal components (PCs) vanished as the variations were re-
moved by the successiveiterations. Thiswasnoted by us(7) and
others(5). Recently, Witjeset al. (5), also onthebasisof aTaylor
series expansion, proposed a linear least-squares approach to
estimating the phase and frequency variations by projecting the
individual spectra onto functions derived from the estimated
lineshape as determined from the shape of thefirst PC. Thisre-
sulted in an iterative procedure which converged to the correct
answer for frequency variations of the order of the linewidth but
a limited range of phase variations (£60°). A novel approach
to linewidth correction by modeling broad lines as the sum of
frequency shifted versions of thefirst PC, following the removal
of frequency and phase variations, was also presented in (5).

Here we present a generalized approach to simultaneous
guantification of all peak characteristics, amplitude, frequency,
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phase, and linewidth, using an improved PCA decomposition of
each spectrum. The procedure includes novel modeling of the
linewidth variations and is superior to those reported previously
in terms of the range of variations it can determine, its stability,
and convergence. The procedure is demonstrated on simulated
data and on a set of 992 3'P NMR in vivo spectra taken from a
kinetic study of rat muscle energetics.

THEORY

PCA isawell-known statistical technique and has been used
extensively to analyze large multidimensional datasets (8). It
identifies fundamental structures in a data matrix, called prin-
cipal components, through an orthogonal decomposition of the
data, using the PCs (P1, P», ...) asabasis s¢t,

D= SP;+ SP2+ SP3+ - -+ + SoPa, [1]

where D isthe datamatrix (n x m, m < n), P; are(1x m) ma-
trices that can be thought as m-dimensional vectors, and S; are
(n x 1) matrices, which are the projections of the data along the
PCs, generally called scores(j = 1, ..., m). Thuswe represent
D as the sum of products of (n x 1) times (1 x m) matrices.
Equation [1] can also be written in matrix form as

D =SP, [2]

wheretherows of P arethe P; and the columns of Sarethe pro-
jectionsof D on P;. To calculate S and P we need to diagonalize
the covariance matrix DTD (we assume D isreal):

1 o
—D'DQ = QA. [3]

Q isthe matrix of the eigenvectors of D'D and A isadiagonal
matrix of its eigenvalues, ordered by amplitude. Since D™D is
symmetric, the eigenvalues are real and nonnegative. The PCs,
P1, Py, ..., arethetransposed eigenvectors; i.e., P = Q. Since
D =SPand PP" =, the scoresS= DP'.

Let D be a spectral dataset of n spectra, m points each, in
which the only coherent variation is the amplitude of a fixed
single lineshape f () ); i.e., each spectrum consists of the line
f (wj) of arbitrary magnitude plus random noise (assumed to
have the same variance for al spectra). In (1) we showed that
the normalized lineshape f of the peak iswell approximated by
thefirst PC,

. Py

f= ——— 4
ZTzl Pij .

while the amplitude of the peak in each spectrum can be
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estimated by

A= (Z P1j> S [5]
j=1

where A = (Aq, A, ..., Ay) are the amplitudes of f in each
spectrum in D and Py; is the component of P; at frequency
wj. In fact, the estimates A calculated in this way are the best
global, linear estimates for the true amplitudesin the sense that
their mean square error over the entire dataset is minimized
(D).

In general, however, variations in peak shape and position
exist in real data. Further, since an NMR spectrum is acquired
by sine and cosine projection from a complex waveform, varia-
tion in phase between spectra must also be considered. Thus a
full analysis must be able to take into account additional varia-
tions beyond the amplitude. In (2) we showed that variations
in the phase and position of the peak resulted in a decom-
position of D in Eq. [1] in which the presence of phase and
frequency variations of the peaks was reflected in the shapes
of the PCs while the scores estimated their strengths in each
spectrum. We made no attempt in (2) to address changes in
peak shape caused by linewidth variations. In general, however,
variations in the linewidth of the peak across series of spectra
are also present. Thus to address the general case we need to
consider alineshape f(w;) which may have varying amplitude,
frequency, phase, and linewidth throughout the dataset. Ampli-
tude, frequency, and phase variations are well defined for any
peak shape since they involve fixed transformations of an arbi-
trary peak shape. Amplitude corresponds to the strength of the
shapein each spectrum, frequency to the shift of the shapealong
the frequency axis, and phase to the projection of the complex
waveform along adifferent direction in the complex plane. Vari-
ations in linewidth, however, present a more difficult problem
since we need to characterize how the peak shape changes with
its variation. Thus, we assume for our further analysis that the
peak shape is some well parameterized function of itslinewidth
(lorenzian, gaussian, etc.).

Under these conditions we then have a series of spectra,
Aif (w; — wi, i, ¢i), where for the i th spectrum, A; isthe peak
amplitude; wj =wo + Sw; is the frequency offset parame-
tized by Swj, the shift from the average frequency position
wo; Ti = 1o + 87 is the linewidth parameter with §t; fluctu-
ation from the average linewidth zo; and ¢; isthe phase (relative
to the entire dataset). Let A, dw, 61, and ¢ be (n x 1) matrices
containing A, dwj, 87, and ¢ (i = 1,...,n). To determine
them, weexpand f in Taylor seriesinthefrequency and linewidth
variations since they are generally small (7). Also we used the
imaginary part of the signal f' to model the variations in phase
(here and in the rest of the paper we will use f' to denote the
imaginary (or dispersive part) of the signal and f will refer only
to thereal (or absorptive part)).
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We consider only the first-order terms in the Taylor series
since we assume dw, 81, and ¢ are small. Thus we obtain

SiP1 + SP, + SP3 + SiP,

. of of o ~
=A|fcosp+ —| dwcosg + —| Stcosp—f sing | +&
Jw 0 aT

To

(6]

or
S o Acosg

S S| [ of of 7| Aswcose |

[P1 P2 Ps Pd] S _[f dw T f A5t cosgp ’

(7]

wheree represents al higher order terms and noise in the data.
PCA of such a dataset will yield second- and higher order PCs
that are mixtures of the shapes associated with the individual
variations. For each spectrum this is a vector equation in
the dimensional space spanned by the PCs. We solve this
vector equation by projecting both sides onto the four vectors
f, 2, 3 ‘and f', which we construct using P;. Thisyields aset
of four matrix equations, which can be solved for the unknowns
A, dw, 8t,and ¢,
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or

Acosg
Adw Ccosg
Adt cosg
—Asing

=[F"-FI'[F"-PI[S], (9]

where F consists of f, g g—f and f', and P and S contain the
first four PCs and their scores, respectively. Note that we have
assumed that the projections of F on & are zero to solve this set

of equations. Thisistrue only if the variations are small.
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Our previous paper (2) attempted to solve these equations (ac-
tually a subset which was missing the linewidth variations) by
projections onto the PCs rather than vectors derived from f. As
the variations were removed the higher PCs were increasingly
dominated by noise and the resultant matrices became poorly
defined. By projecting onto the vectors derived from f the pro-
cedure is now well behaved.

Let ST be amatrix, containing the transformed scores Sfrom
theright-hand side of Eq. [9]. Then the estimation of A, Sw, §t,
and ¢ is straightforward:

A s
cos(—arctan%)
g
Sw = —=
3 [10]
§t = %
Q= —arctani
s

Equation [10] provides estimates of al peak parameters
needed for a complete quantitation. In addition the estimates
for frequency, linewidth, and phase variations can be used to
correct the data.

METHODS

Since the proposed approach is applied to the real spectral
signal in the frequency domain, it is asumed that the data are
Fourier transformed prior to PCA. Other preprocessing of arou-
tinetime-to-frequency naturemay beperformed, such asphasing
the entire dataset, applying alorentzian filter, and zero-filling if
desired. In the derivation of EQ. [10] we assumed small fre-
guency and linewidth variations. In cases where the frequency
shifts in the dataset are larger than the average peak linewidth,
acrude aignment (for instance, by aligning the highest point in
the peak) could be advantageous. The interpretation of the PC's
shapes will be easier if the spectra are initially phased so that
the real part resembles an absorption shape (through automatic
procedures or by applying phase parameters, estimated from the
sum of the spectra). Once the preprocessing is finished and the
peak of interest isolated, PCA is applied directly to the intensi-
ties of the points from the spectral region containing the peak.
Thisiscomputationally advantageous and al so reduces potential
interference from the neighboring peaks.

A detailed description of the PCA correction procedure is
provided in the Appendix. To estimate the vectorsin F we use
Eq. 4 to estimate . Given f we calculate 2 and f' by numerical
differentiation and Hilbert transform. In our particular imple-
mentation we perform a Hilbert transform by applying inverse
FFT to f, swapping the real and imaginary parts and forward
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FFT (alternatively, the Hilbert transform option can be used if
availablein the software package used). The cal cul ation of % is
dlightly more complex. Wetransformf into thetime domain, ap-
ply alorentzianfilter of 1 Hz, subtract theresult fromtheoriginal
FID, and finaly transform back to frequency space. Although
exact only for lorentzian lines, this has proven to be sufficiently
accurate when applied to real data. Thisis the step in the pro-
cedure which requires relatively smoothly varying lineshapes.
Abrupt discontinuitieswoul d not be modeled well by this proce-
dure. Fortunately lineshapesin NMR spectraare smoothly vary-
ing. In our implementation calculating both f' and g—f requires
Fourier transformation of f back to the time domain. Since P, is
real, itsFourier transform to thetime domain yieldsasymmetric
FID. We zero half of the points and perform the required steps
to calculate f' and g as described above. Because half of the
points are zeroed, the final result needs to be scaled by a factor
of 2. When an FFT is used for the above steps, care should be
taken that Py is zero-filled to the closest power of 2.

Oncethevectorsin F are estimated, cal culating theright-hand
side of Eq. [9] isstraightforward. The estimatesin Eq. [10] pro-
vide a full peak quantitation for each spectrum in the dataset.
Note that when the phase variations approach their maximum
(£90°), small errorsin the phase estimate can cause erroneous
change of the sign of the estimated phase. Care must be taken to
calculatethe arc tangent properly; i.e., from —180° + 180° rather
than just —90° to +90°. The estimates from Eq. [10] arerelative
to the average value of the parameters. For most practical appli-
cations measuring the relative changes in the peaks across the
dataset i s sufficient. However, the absol ute val ues of the peak pa-
rameters can also be estimated. For example, the kth peak in the
dataset hasamplitude Ay, peak position wg+ Swy, linewidth 7o+
81k, and phase g. wo and 7o can be measured from P, manually.

The above estimates are then used to correct the spectra
For the kth spectrum the phase is adjusted by multiplying the
complex data in frequency domain by exp(i ¢); both correc-
tions for frequency and linewidth variations are performed in
time domain, where the Ith point of the FID is multiplied by
exp(i 2 Sawx | At) and exp(r St | At), resp. (At is the dwell
time). Note that these correction factors are 1 for the first point
of the FID and thusthey do not changethe peak amplitude. Since
weignored the higher order termsin Eq. [7], the correction pro-
cedure needs to be iterative. With each iteration P; is a better
approximation to the true peak-shape vector f, which increases
the accuracy of estimating the vectorsin F.

Correcting for linewidth variations by multiplying with neg-
ative or positive exponentials, unlike the phase and frequency
corrections, changes the noise in each spectrum and thus sig-
nificantly affects the overall error in the other estimations. For
this reason we do not attempt to correct variations in linewidth
until all other variations have been removed. In the follow-
ing section some SNR considerations for this special case are
presented.

In (1) we showed that when a single signal-related PC is
present in the data the standard deviation, oy, Of the difference
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between the estimated and true area, is given by

m
Oert = (Z I:)lj) o,
j=1

where o is the standard deviation of the noise in the spectra
(assumed to be white and the same in every spectrum).

We assumethat the existing linewidth variationsin the dataset
are small in order that only two signal-related PCs can suffi-
ciently describe the data. If corrections for linewidth variations
have been performed, then the standard deviation of the noisein
the kth spectrum in the dataset, oy, after correction with Ly Hz
lorentzian filter, is given by

(11]

(12]

Both oy and o can be easily estimated in the spectral region
of the data containing only noise. In most cases oy is close to
o since the necessary linewidth corrections are typically small.
However, evenasmall positiveexponential canhaveasignificant
effect on the noise level. Thus if the goal of the analysis is
obtaining accurate area estimation in the presence of linewidth
variations, the sum of the weighted scores of thefirst and second
PC (analogousdly to Eqg. [1]) provides a more accurate estimate
than correcting for linewidth variations:

A= (Lr)sr (s

The standard deviation of the difference between the esti-
mated and true area in thiscaseis

m 2 m 2
et = J (Z Plj> + (Z sz> o. [14]
=1 j=1

Derivation of Eq. [14] (as well as Eq. [11]) assumes that Py
and P, do not contain noise. However, generally all the PCscon-
tain some noise (particularly P,). Thus the quantity in Eq. [14]
slightly underestimatesthe true error. Thetrueerror will beeven
greater if the linewidth variations in the dataset are large and
the third- and higher order PCs are signal-related. The deriva-
tion of Eq. [14] excludes the contribution of these PCs, based
on the assumption for the presence of small linewidth fluctua-
tions.

Corrections for linewidth variations are recommended when
the goal of the procedureisto end up with asingle signal-related
PC, as may be the case prior to pattern recognition techniques.
Multiplication by positive and negative exponentials is obvi-
ously a suboptimal scheme for performing these corrections,
since even minimal corrections (~1/8 of the linewidth varia-
tions) with positive exponentialsin the presence of noise can be

(13]
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quite detrimental to the SNR in the resultant dataset. In view of
this although linewidth variations are calculated at each itera-
tive step, they may be corrected at the last step after sufficient
number of iterations (in our experience, no more than 10) when
the only remaining variations are due to linewidth.

The assumption of small fluctuations in the peak lineshape
and the iterative character of the proposed procedure present
a significant challenge to the stability of the procedure and its
convergence to the true estimates of the peak characteristics.
If there were no linewidth variations then the convergence to
a single PC is a robust and reliable criteria for convergence
(2). Correcting for linewidth variations, however, may amplify
the noise in the individual spectra to such an extent that all
other variations will remain undetected, even if the procedure
convergesto asingle PC.

Here we introduce alternative convergence criteria. The total
variance V inthedataV is

V =Vs+ W, [15]
where Vs and Vy are the signal and noise-related variance.
The components of Vs are the amplitude, frequency, phase, and
linewidth variations. The total noise variance in the datais

Wy =m-o2. [16]

Alternatively,

V=Vp +Vp+---+Vp,. [17]

During the correction procedure the contribution of Vs to V
decreases, while Vi remains constant (assuming that no correc-
tions for linewidth variations are performed). In PC space this
processis equivalent to reducing the number of significant PCs.
If al but amplitude variations in the data are successfully re-
moved, then a single PC will explain the entire signal variance
and the following statement will hold:

_ V —Vp,
=

R

~ 1. [18]

For the purposes of investigating the convergence of the pro-
cedure, the ratio R (convergence parameter) in Eq. [18] is eval-
uated. If R — 1, then it can be concluded that the estimates of
the peak characteristics are accurate. Further, the subsequent
iterations of the correction procedure should not change this
estimate.

From the Taylor expansionsin Eq. [6] it is clear that conver-
gence of the procedure can be ensured only for small variations
in frequency and linewidth. The smaller these variations, the
more accurate the representation in Eq. [10]. Alternatively, the
larger these variations, the more complicated the mixtures of
second and third derivatives making up the first 4 PCs. These
can cause erroneous frequency estimates that can shift peaks
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outside of the peak shape P; and cause breakdown of the model.
As a safeguard, in the most recent implementation of the pro-
cedure we have added a check to make sure the peak position
after correction is within the linewidth of P;. Determining the
P1 position and, subsequently, the frequencies of the points at
the half height of the Py is straightforward, particularly because
typically Py is of high SNR. Further, the highest point in the
spectral region in each spectrum is determined. If the estimated
frequency shifts calculated during the PCA procedure will shift
the peak outside the current Py, then the highest point of the
peak is aligned with P, for thisiteration only.

The implementation the entire estimation and correction pro-
cedure for a series of NMR spectra requires a reference peak
that is present in al spectrain the dataset and its behavior isre-
lated only to the experimental/instrumental artifacts. Correction
factors are determined on this reference peak and then applied
to the entire spectrum. Once the experimental artifacts are re-
moved from the reference peak, the analysis focuses on the rest
of the peaks. The remaining variationsin the data can be linked
with anatomical or biochemical changes that occur during the
experiment.

RESULTS

The new PCA procedure proposed here has been tested on
sets of simulated spectra, containing a single lorentzian line
with varying amplitude, frequency, phase, and linewidth and
on adataset from stimulus—recovery experiment from arat mus-
cle, kindly supplied by Drs. Ronald A. Meyer and Anthony T.
Paganini of Michigan State University. The entire procedure,
including corrections for frequency and phase shifts, as well
as linewidth variations, was initially implemented in the IDL
programming language (RS, Boulder, CO) and later ported to
platform independent Javalanguage. Both programs can be ob-
tained by request from the authors.

The first dataset was generated by multiplying a lorentzian
line (m = 512, wg = 0 Hz, 1o = 0.008 s, 9 = 0, amplitude
= 0.06283, corresponding to a peak with height of 1, linewidth
of 40 Hz, and pesk area A = 16.1 in frequency domain) with
500 uniformly distributed random numbers between 20 and
100. We added uniformly distributed random frequency shifts
(4 Hz) and exponentially multiplied the FIDs with uniformly
distributed random numbers to simulate linewidth variations
(8 Hz) in the data. For the purpose of comparing the errors
in the estimated parameters we imposed linewidth variations of
the same size as the frequency shiftsin radians per second. The
FIDs were then transformed to the frequency domain and the
resultant spectra randomly misphased by +10 degrees. Finally,
500 sets of Gaussian distributed white noise (mean of 0 and a
varianceof 1) wereadded to the spectra. The SNR of the peaksin
the resultant dataset ranged approximately from 10 to 50 (SNR
is defined as the ratio between the height of the peak and twice
the standard deviation of thenoise (9)). L et usdenotethisdataset
as Spectral Dataset 1 (SD1).
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Magnitude of convergence parameter R, displayed on log scale as afunction of the first 10 iterations of the PCA correction procedure. Convergence

tests were preformed on simulated data sets, described in Table 1. (a) Convergence tests on datasets with increasing phase variations: SD2 (solid line) and SD3
(thin and dashed lines). (b) Convergence tests on datasets, containing large phase and frequency variations with increasing linewidth variations: SD4 (solid line),

SD5 (thin line). SD6 (dashed line), and SD7 (broken line).

To test for convergence and conditions that generated failure
of the procedure six more datasets (SD2 to SD7) of 500 spectra
were constructed. Table 1 summarizes the parameters of the
independent sets of uniform random variationsfor each set. Five
hundred different sets of white noise (mean of 0 and variance
of 1) were added to each dataset.

For the simulated data PCA was applied to a spectral region
of 201 points around the peak. The resultant first 7 PCs from
SD1 are shown in Fig. la together with their corresponding
normalized eigenvalues. Thelatter represent the fraction of total
variancein the datathat each PC explains. As mentioned above,
the second and higher order PCs are mixtures of the individual
shapes, related to the presence of different variationsin the data.

The vectorsin F were calculated using thefirst PC in Fig. la
The resultant offsets were calculated from Eq. [10]. The data
were then corrected for phase and frequency variations. PCA

TABLE 1
Spectral Parameters for Generating the Simulated
Spectral Datasets
Frequency Linewidth Phase
SNR variations (Hz) variations (Hz) variations (°)

SD1 1050 +4(0.11w) +8(0.21w) +10
SD2 1050 4+4(0.11w) 0 +60
SD3  10-50 +4(0.11w) 0 +90
Sb4 1050 +40 (2 1w) 0 +90
SD5  10-50 +40(21w) +8(0.21w) +90
SD6  10-50 +40(21w) 4+10(0.251 w) +90
SD7 10-50 +40(21w) +20(0.51w) +90

Note. Simulated spectral datasets SD1 through SD7 consisted of 500 spectra.
Uniform random distributionswithin the ranges, specified above were generated
accordingly. A total of 500 independent distributions of white noise (mean of 0,
variance of 1) were added to each of the datasets.

was again applied, this time to the corrected dataset with the
result shown in Fig. 1b. The first PC now encompasses a much
larger fraction of thetotal variance; it isapparent that the fourth-
and higher order PCs are now noise related. Another itera
tion yielded the PCs presented in Fig. 1c. At this point only
linewidth variations are |eft. To demonstrate the stability of the
procedure atotal of 10 iterationswere carried out with resultant
PCs, presented in Fig. 1d. As can be seen, the signal PCs are

PCr
P, VATP OATP BATP

: N Y NN,
w

4 0 -4 -8 -12 -16 -20
ppm
FIG. 4. S3'P spectra with the peaks labeled from a subset of the second

experimental cyclein the rat muscle kinetic experiment. Thefirst 10 spectraare
acquired during stimulus and the last 10 during the recovery period.
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(a) PCA analysis of the PCr peak in arat muscle kinetic experiment. (Left) First seven PCs and their corresponding normalized eigenvalues. (Right)

Corresponding scores, displayed on absolute scale. (b) Spectral region, containing PCr and y ATP peaks in five consecutive spectra from the region marked with a

starin (a).

quite stable although the higher order noise related PC vary as
expected.

Figure 2 shows correlation plots between the true and esti-
mated parameters. Since this dataset containsresidual linewidth
variations, the pesk areas (Fig. 2a) (R*> = 0.9994) were esti-
mated using P; and P, (Eq. [13]). In the absence of linewidth
variationsthe expected error of estimation, according to Eq. [11]
involvesonly P, and is5.47 in this case. For datawith linewidth
variations P, contributes as well and the standard deviation of
the difference between the true and the estimated area should be
V/(5.47)2 + (—5.24)2 = 7.57. The calculated error, however, is
8.64. As expected, the estimated error underestimates the real
one dlightly.

The total phase and frequency corrections (Figs. 2b and 2c)
are in excellent agreement with the true values: R? = 0.9867

and 0.9791, respectively. Thelinewidth estimates (Fig. 2d) arein
good agreement with the true ones (R? = 0.9679). However, in
thiscorrelation plot it is apparent that the best fit isnot astraight
line—a parabola fits the data much better (R? = 0.9811). This
isdueto residual second-order effectsleft in the data, related to
the uncorrected linewidth variations.

We performed further tests for convergence, using datasets
SD2 to SD7. The convergence parameter R from Eq. [18] is
estimated prior to and after each of 10 iterations of the PCA cor-
rection procedure and presented on log scalein Fig. 3. For small
frequency and phase variations (SD2) the procedurerapidly con-
verges and maintains stability (Fig. 3a, solid line). When we at-
tempted correcting the datain SD3 without controlling for peaks
shifting outside of the first PC, the procedure did not converge
well (Fig. 3a, dashed ling). Alternatively, if we use the safeguard
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(a) First four PCs from the PCr region with their corresponding normalized eigenvalues and scores, following frequency and phase adjustments.

(b) First four PCsfrom the P; region with their corresponding normalized eigenvalues and scores, in the corrected for PCr variations dataset.

described in the method section of only allowing shifts within
the shape of thefirst PC, the procedure converged after thefourth
iteration (Fig. 3a, fineline). Thisalignment procedureisused for
the analysis of the datasets SD4 to SC7. Again, despitethelarge
variations, the procedure is fully convergent for SD4 (Fig. 3b,
solid line). In the presence of linewidth variations in the data
(SD5 to SD7) we need to modify Eq. [18] to reflect that the
second PC will also contain signal:

V. —=Vp — V5
=

R [19]

Using Eq. [19] we determine that the procedure converges
after the 5th iteration for SD5 to SD6 (Fig. 3b, thin and dashed
lines), whilethe mixtureof largelinewidth, frequency, and phase
variations cannot be completely overcome in the case of SD7
(Fig. 3b, broken line). We repeated the procedure 20 more iter-
ations in this case (data not shown) and after the 15th iteration
theestimatefor R became stable, although still different from 1.

To demonstrate the procedure on real data a set of 992 3P
NMR spectra (162 MHz, TR 1.0 s, 16 scans, 450 pulse, 8K
sweep width, 1K data) wereanalyzed. Thesewere acquired from
the gastroenemius muscle of arat (10) stimulated isometrically
at 5 Hz for 2.1 min, followed by a 29.9-min recovery. This
stimulation—recovery cycle was repeated 8 times (4.2 h). Spec-
tra were zero-filled to 2K, linebroadened by 20 Hz lorentzian,
transformed to thefrequency domain, and phased uniformly. The
chemical shift of phosphocreatine (PCr) was set to —2.52 ppm.
Figure 4 shows a subset of the spectra from the second experi-
mental cycle. The first 10 spectra are acquired during stimulus
and the last 10 during the recovery period. It is clear that dur-
ing the stimulus the PCr peak decreases and the peak of inor-
ganic phosphate (P;) both increases in amplitude and shiftsin
frequency. There are no obvious changes in the three peaks of
adenosine triphosphate (ATP).

The PCr peak was selected as areference peak sinceit isun-
affected by changes in solution conditions under in vivo condi-
tions. The PCA correction procedure was applied to 125 points
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FIG.7. PCsand their corresponding normalized eigenvalues and scoresin the PCA corrected dataset from () «ATP, (b) BATPR, and (c) yATP.

around PCr [—1 ppm to —4 ppm]. The first 7 PCs (left) and
their corresponding scores (right) from this analysis are pre-
sented in Fig. 5a. From the scores of the first PC, it is clear that
there are 8 cycles associated with the behavior of PCr during the
experiment—when the muscle is stimulated PCr decreases and
when the stimulus is removed, PCr amplitude recovers back to
its starting value.

Note that PCA provides a quality check of the data, since
al irregularities in the cycles are detected automatically. First,
there are substantial variations throughout the dataset. Second,
it isapparent that the first and last two cycles of the experiment
are particularly irregular and that a more stable region of exer-
cise is exhibited in the 5 cycles in between. Finally, there are
brief jumps, such as the one marked with a star in Fig. 5a. To
investigate what happened at this time point, we extracted five
consecutive spectra from the region around the glitch and the
spectral region, containing PCr and y ATP peaks presented in
Fig. 5b. Note the splitting in the PCr peak in the middle spec-
trum, associated with a probable field jump. To continue the

analysisthis spectrum was replaced with the previous spectrum.
Wealso discarded the datafrom thefirst and last two cycles. The
spectrain the remaining 5 experimental cycles were frequency
and phase adjusted. It took 5 iterations of the correction proce-
dure to remove all frequency and phase variations. The largest
frequency shifts applied to the data corresponded to 10 pointsin
the spectrum (~1 linewidth of the PCr peak). The maximum and
minimum phase corrections were —56° and 28°, respectively.
The phase and frequency adjusted spectra were baseline cor-
rected (11) and the PCA resultsare shownin Fig. 6a. The eigen-
value of thefirst PC increased to 99.88%, indicating that follow-
ing the removal of the instrumental variations, the signal in the
PCr region can be adequately represented by asingle peak shape.
The improvement can also be seen from the scores of the first
PC, showing more regular behavior of the PCr amplitudes. The
shape of the second PC suggests that some linewidth variation
isleft in the data. Its scores (although very small in magnitude,
relative to the scores of thefirst PC) have aregular character, re-
lated to the stimulus/recovery pattern, probably connected with
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calculated at the same time pointsin the 5 exercising cycles.

the small shimming variations due to slight muscle movement
in the magnet.

Wenext analyzed the P, region. The PCsand their correspond-
ing scores showed both an increasein the peak amplitude during
exercise and a pH-related frequency shift (Fig. 6b).

The results of PCA analysis of the PCr-corrected data iden-
tified only one significant PC in the «ATP and SATP regions
(Figs. 7a, 7b), whilefrequency shiftswere detected inthe y ATP
positions (Fig. 7c). Note that in this analysis we observe an in-
tensity change in the ATP level (~15% in each peak).

Since shifts of the yATP and P, peaks are caused by pH
changes, their temporal behavior should track each other over
the stimulus—recovery cycle. To show thiswe cal culated the shift
of both peaks in each spectrum. Figure 8 shows average shifts
at each point in the cycle calculated by averaging the five cy-
clestogether. As expected, except for scale, the results are well
correlated (R? = 0.71), providing excellent confirmation of the
overall procedure.

CONCLUSIONS

Theresultspresented above demonstrate the effectivenessof a
PCA-based procedure for accurately quantifying peaksin large
spectral datasets in the presence of simultaneous variations in
amplitude, frequency, linewidth, and phase. This requires anal-
ysis in a 4-dimensional subspace derived from the peak line-
shape, f. For its basis we choose f, % 21, and ', representing
the variations, rather than the basis defined by thefirst four PCs.
Projecting Eq. [6] ontof, % g—f andf' affectstheefficiency of
the procedure on two levels. First, this projection automatically
recovers the amplitudes of the data along and only along the
directions we are seeking to quantify. Second, by using vectors
defined by only thefirst PC (f), rather than the second, third and
fourth PCs we avoid errors introduced from the fact that as the
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corrections are applied these higher PCs become more and more
dominated by noise. A direct consequenceof thisisthat if agiven
type of variation, for example, frequency shifts, isnot presentin
the spectral data, the data component along % will be minimal,
noi se-related, and the subsequent correction for frequency shifts
variations will not affect the data. Thisis the reason underlying
the stability and convergence of the present procedure.

In general, by performing the parameter estimation and cor-
rections in an iterative manner, the procedure can estimate and
correct quite substantial variations. In particular, there are no
limits of the magnitude of the phase variations (+90°). The
procedure is also successful for quite substantial frequency
shifts (+2 linewidths). There are also no theoretical limits
for linewidth variations. We have been successful recovering
linewidth variations of quite large magnitude (several timesthe
average linewidth) for smulated data in the absence of noise.
The noise in the data, however, as noted above impedes the cor-
rection procedurefor linewidths and thus the second order terms
in Eq. [6] cannot be reduced sufficiently. Our inability to correct
satisfactorily for linewidth variations is the underlying reason
for the procedure failure to converge to thetrue valuein the case
of thelast simulated dataset (SD7). Still, however, the procedure
isstable and does not degeneratewith moreiterations. If the goal
of the analysisis accurate linewidth estimations or reducing the
spectral shapes in a given spectral region to one (as it may be
for the purposes of classification) the corrections can be carried
out using only negative exponentials and broadening al linesin
the dataset.

The iterative manner of the proposed estimation and correc-
tion did not obstruct the procedure. It is acceptably fast (<10's,
running on Compag UNIX Alphastation 600 MHZz) and as em-
phasized above very stable.

Elliot et al. (4) and Wang et al. (6) have shown that apply-
ing PCA to both the real and imaginary parts of the signal,
as expected, improves the accuracy of quantitation of the peak
parameters by a factor of +/2. Future development of PCA to
spectral analysis will extend the procedure to the complex do-
main to include frequency and linewidth variations. The analyt-
ical considerations under Theory of this paper should serve asa
theoretical basis for thisimplementation.

APPENDIX: ALGORITHM DESCRIPTION

1. Read entire spectral width of complex spectra data in
frequency domain C(i, j).

i=0,...,n— 1(n—total number of spectrain C)
j=0,...,k — 1(k—total number of complex points in
each spectrum).

2. Define spectral peak region to be analyzed: k; tok;, ks <
ki, [ki, k] € [0, k—1]

m=Kks —k + 1.
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3. Construct real datamatrix D(i, j), where

i =0,...,n—1(n—total number of spectrain C)
j =0,...,m—1(m—total number of pointsintheselected
peak region).

4. Principal component analysis of D:
4.1. Cdculate D’s covariance matrix (Eq. [3]).
4.2. Cdculate eigenvectors Q and eigenvalues A of D’s
covariance matrix. The rows in Q are the principal com-
ponents Py, Py, ...
4.3. CalculatethescoresS=DP'.
5. Construct the vectorsin F = [f, &, 21 1],
51 f=Py/ Y Py;
52. 2 where

o’

of| _ ¢ ,
{@h—fwl—f;»

g_zf) m-1— O’
5.3. Calculation of 2f:

5.3.1. Construct acomplex array g of size p, where p
is the closest power of two greater than or equal
tom. Set theimaginary part of g to 0 and thereal
part asfollows:

9 =T,

g; =0,

All of the remaining steps are executed in complex variables.
5.3.2. Calculate g’ through inverse FFT of g.

5.3.3. Zero haf of the point in ¢, i.e, construct
complex vector g” such that:

{g}’=g], j=
g/ =0 |

j=0,....,m-1

j=m,....,p—1

o

b_
O |

Nl

, .., p—1

5.3.4. Apply 1-Hz lorentzian filter to g”:

"

9] = g - exp(—m jAt), where At isthe dwell time.

5.35. Caculae§ =2(g” — g").

5.3.6. FFT of g to FFT(Q).

5.3.7. Theelements of % arethefirst m points of the
real part of theresult in 5.3.6:

of . .
37| = Re(FFT(0));. j=0,...
Tlj

5.4. Calculation of f'
5.4.1. Thefirst 3 stepsareidentical t0 5.3.1t05.3.3.

5.4.2. Construct a vector g’ by swapping the rea
and imaginary part of g”, i.e.
Re(g”) = Im(g")
Im(g”) = Re(g").
5.4.3. Cdculate§ = 2g”.
5.4.4. FFT of § to FFT(g).
5.4.5. Theelementsof f' arethefirst m points of the
real part of theresult in
6. Calculate correction factors W(n x 4) matrix, using Eq. [9]

of the manuscript (we utilized the functions for matrix
multiplication and inversion in IDL and Java).

7. Correction procedure:
7.1. Frequency shifts:
7.1.1. Determine the frequency of the highest point
of the |31, h(|31)
7.1.2. Determine the frequencies of the points at the
half-height of the Py : h; and hy.
7.1.3. Determinethefrequenciesof the highest points
in the spectrain D, h(i).
7.1.4. Caculate the shift for the ith spectrum in the
data

Sw(i) = WG, 2)/W(, 1)

Sw(i) =0 ifW(i,1) =0

Sw(i) = h(P) — h(i) if so(i)+h(i) <hy or
So(i) + h(i) > hy.

7.15. Inverse FFT complex data matrix C.

7.1.6. If the data were zero-filled as a preprocessing
step, zero as many pointsin the FIDs.

7.1.7. Caculate C]“”(i) =Cj(i)- exp(i2rjsw(i)).

7.1.8. FFT of C%* to frequency domain.

7.2. Phase correction:

7.2.1. Cdculatethephaseshift for theith spectrumin

the data:

p(i) = W(i, 4)/W(, 1)
e(i)=0 ifW(i,1)=0
o) = o()—7/2 ifW(@,1) <0 and W(i,4) <0
o) = ¢(i) +7/2 FW(i,1) <0 and W(,4) > 0.

7.2.2. Calculate CY(i) = C°(i) - exp(ig(i))-
7.3. Linewidth correction:2

2 This step is executed on the |ast iteration of the correction procedure.
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7.3.1. Calculate the linewidth correction for the ith
spectrum in the data:

st(i) = WG, 3)/W(, 1)
st(i)=0 if W(i,1) =0.

7.3.2. Inverse FFT complex data matrix C¥.

7.3.3. If the data were zero-filled as a preprocessing
step, zero as many pointsin the FIDs.

7.3.4. Cdculate Cf’(i) = Cj"(i)- exp(mdz(i) j At).

7.3.5. FFT C°T to frequency domain.
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