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A new method is described for accurate Phase Angle Measure-
ment from Peak AreaS (PAMPAS) with the goal of facilitating
automated phase correction of NMR spectra. PAMPAS measures
phases of isolated NMR peaks by using Fourier analysis of a series
of peak areas measured with systematically incremented phase
shifts. The calculated phases of individual peaks can be employed
to extract the zero- and first-order phase corrections by means of
linear regression. The method is accurate, independent of the
lineshape, robust, fast, and easy to implement. © 2000 Academic Press

Key Words: NMR; PAMPAS; phase correction; peak integra-
tion; lineshape.

1. INTRODUCTION

Phase-sensitive NMR spectra obtained with Fourier tran
mation of free-induction decays usually contain peaks of m
absorptive and dispersive character. A linear combination o
and imaginary parts of the spectrum is used to remedy the sp
phase anomalies (1). Traditionally, the trigonometric coefficien
of the linear combination are determined empirically. The ma
adjustment of the phase corrections, although efficient in the
of 1D and 2D spectra, becomes less convenient in multidi
sional NMR spectra. A number of automated phase corre
procedures have been proposed (2–12) with the goal to replace th
conventional, manual approach. The common feature s
among most of the automated methods is that they first dete
phases of selected peaks and then subject them to linear
sion, which yields zero- and first-order phase corrections
employed across the entire spectral width (3, 8).

In most existing automated methods, the first step, cal
tion of phases for individual peaks, suffers from a numbe
weaknesses. The difficulties include the dependence o
lineshape (3, 6, 7), sensitivity to the signal-to-noise ratio (8),
dependence on the precision in measured peak position8),
implicit reliance on high digitization rates (8, 12), sensitivity to
asymmetric peak shapes that arise due to poor shim
(2, 8, 12), sensitivity to baseline imperfections (3), and intol-
erance to peak overlaps (3).

ThePhaseAngleMeasurement fromPeakAreaS(PAMPAS) is
a novel method that focuses on automated phase measur
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for individual, isolated peaks. PAMPAS overcomes the diffi
ties encountered in this least reliable step in the procedu
imposing a series of phase shifts on the selected peaks a
analyzing the dependence of the resulting peak areas o
imposed phase increments. In addition to the advantages of
accurate, fast, independent of the lineshape, and easy to
ment, PAMPAS is robust with respect to experimental n
baseline imperfections, peak overlaps, peak symmetry, the s
the integration domain, and poor digitization of NMR signal

2. COMPUTATIONAL ASPECTS

2.1. Theory

The area under an NMR spectrum is proportional to the
of the first point in the FID. Since this number varies a
cosine function of the phase, the area also is a cosine fun
of the phase. This rule does not change with the envelope
FID, and therefore the cosine dependence of the sum
peak areas on the phase remains valid for any peak shap
rule is strictly valid for the complete spectrum and is only
approximation for one peak in a complicated spectrum.
following derivations describe a single peak in a com
spectrum and depend on the assumption that the disp
contributions cancel out for each individual peak. An N
signalS corresponding to a single peak with an arbitrary ph

is made up of both the absorptive and the dispersive
onents,A andD:

S~v! 5 A~v!cos~F! 1 D~v!sin~F!. [1]

he total area under the peak is

Atotal~F! 5 E
2`

`

S~v!dv

5 cos~F! E
2`

`

A~v!dv

5 N cos~F!. [2]



ab
ar
the
s

ft
i

a

T of
t
e

A ati
f

e

me
s s
a

o

the
n

as as

olve

hase

nd
[7]),
rier

21PHASE ANGLE MEASUREMENT FROM PEAK AREAS
The only contribution to the integral originates from the
sorptive component of the signal because the dispersive p
antisymmetric. The constantN represents the area under
absorptive curve and includes experimental factors such a
sample concentration and the filling factor. If a phase shiC
s imposed on the signal, the total peak area changes as

Atotal~F, C! 5 N cos~F 1 C!

5 N cos~F!cos~C! 2 N sin~F!sin~C!

5 a cos~C! 1 b sin~C!, [3]

where

a 5 N cos~F! [4]

nd

b 5 2N sin~F!. [5]

he unknown initial phaseF can be extracted from a series
experimentally determined peak areasAi obtained at differen
phase shiftsC i . The measured areaAi , corresponding to th
phase shiftC i , is

Ai 5 a cos~C i! 1 b sin~C i!, i 5 1, . . . , N. [6]

series of measurements establishes a set of linear equ
or the Fourier coefficientsa andb.

3
cos~C1! sin~C1!
cos~C2! sin~C2!
cos~C3! sin~C3!

·
·
·

·
·
·

cos~CN! sin~CN!
4Fa

bG 5 3
A1

A2

A3
·
·
·

AN

4 [7]

The unknown phaseF follows straightforwardly from th
calculated Fourier coefficientsa andb:

F 5 arctg~2b/a! 1 H 0, a $ 0
p, a , 0. [8]

The peak intensity also can be found froma andb:

N 5 a/cos~F!. [9]

The phase shifts need not be equidistant. At least two
urements have to be done to solve for the two unknowna
ndb). The following special cases will be considered:

(1) Two measurements are made (A1 and A2): A1 corre-
sponds to zero phase shift (C1 5 0), andA2 corresponds t
-
t is

the

ons

a-
(

C2 5 p/2. This special case is particularly simple because
matrix from Eq. [7] becomes the 23 2 unit matrix. Equatio
[8] for the unknown initial phase becomes

F 5 arctg~2A2/A1! 1 H 0, A1 $ 0
p, A1 , 0. [10]

(2) As in case 1, two areas are measured.A1 corre-
sponds to zero phase shift (C1 5 0). A2 corresponds toC2 5
2p/3. The phase is calculated from the measured are
follows:

F 5 arctgF2
2A2 1 A1

Î3A1
G 1 H 0, A1 $ 0

p, A1 , 0 [11]

(3) Three measurements are made (A1, A2, and A3)
with phase increments of 2p/3 (C1 5 0, C2 5 2p/3, C3 5
4p/3). The left generalized matrix inverse is used to s
Eq. [7],

Fa
bG 5 F 1 0

cos~2p/3! sin~2p/3!
cos~4p/3! sin~4p/3!

G 21FA1

A2

A3

G
5

1

3 F2 21 21
0 Î3 2Î3GFA1

A2

A3

G . [12]

Equation [8] for the unknown phaseF becomes

F 5 arctgF Î3~ A3 2 A2!

2A1 2 A2 2 A3
G 1 H 0, 2A1 $ A2 1 A3

p, 2A1 , A2 1 A3
.

[13]

(4) TheN measurements are made with equidistant p
shifts ranging fromC1 5 0 to C N 5 2p(N 2 1)/N with the
step DC 5 2p/N. The Fourier coefficients can be fou
from the overdetermined set of linear equations (Eq.
using generalized matrix inversion or traditional Fou
analysis.

a 5
1

p E
0

2p

Atotal~F, C!cos~C!dC

<
1

p
O
i51

N

Ai E
C i2p/N

C i1p/N

cos~C!dC

5
1

p
O
i51

N

Ai@sin~C i 1 p/N! 2 sin~C i 1 p/N!# [14]
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b 5
1

p E
0

2p

Atotal~F, C!sin~C!dC

<
1

p
O
i51

N

Ai E
C i2p/N

C i1p/N

sin~C!dC

5
1

p
O
i51

N

Ai@2cos~C i 1 p/N! 1 cos~C i 1 p/N!# [15]

The unknown phaseF follows straightforwardly from th
Fourier coefficientsa andb (Eq. [8]).

.2. Algorithm

In practice, cases 1–4 yield identical results and only d
n the level of complexity. The recommended PAMPAS p
edure relies therefore on the simplest protocol (case 1
onsists of the following eight steps:

(1) Calculate the magnitude mode spectrum.
(2) Identify an isolated peak.
(3) Select integration limits. The domain of integrat

hould be centered at the peak and significantly wider tha
eak width.
(4) Calculate the phase-sensitive mode spectrum. Us

hase-sensitive mode for further manipulations.
(5) Calculate the average value of a few tail points at

nds of the integration domain. This average value will be
o estimate the baseline. A horizontal or tilted straight bas
ields satisfactory results.
(6) Sum up all the values of the spectrum within the i

ration domain. The result is stored asA1 (peak area with n
phase shift). Apply the correction for baseline offset u
results from step 5.

(7) Change the phase of the spectrum byp/2 (case 1)
Repeat steps 5 and 6 to measureA2.

(8) Use Eq. [10] to find the unknown initial phase.

In the special case whenA1 ! A2 (F ' 6p/ 2), the
denominators in all the equations forF (Eqs. [10, 11] and [13
14]) contain combinations of measured areas that are like
vanish. To avoid division by zero, the phase of the peak sh
be shifted by an angle different fromnp before steps 5–8 a
employed. The modified algorithm takes advantage of the
that the new phase impliesA1 Þ 0.

The procedure can be applied repeatedly to a numb
suitable peaks. When the phases of several peaks acro
spectrum are known, the zero- and first-order corrections
be found by linear regression.

3. APPLICATIONS

Figure 1 illustrates an application of the procedure outl
above on the1H–15N HSQC spectrum of15N enriched mono-
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cyte chemoattractant protein-1 (MCP-1) (13). The phase alon
the proton dimension of the already phased spectrum
creased using randomly chosen zero- and first-order p
increments of 167.1° and 233.0°, respectively. The resu
spectrum is subjected to PAMPAS calculations. Figures 1
display a series of cross sections through isolated peaks w
unknown initial phases need to be determined with PAMP
Also shown are the same peaks after being phase-cor
using phase angles from Table 1 (last column). The peak

FIG. 1. (a–f ) Examples of PAMPAS calculations performed on1H cross
ections through a set of isolated peaks from the1H–15N HSQC spectrum o

15N enriched monocyte chemoattractant protein-1 (14); (g) linear regression o
PAMPAS phases for all peaks in the spectrum. Before applying PAM
zero- and first-order phase errors of 167.1° and 233.0°, respectivel
imposed along the hydrogen dimension of the already phased spe
Dashed lines in insets (a–f ) represent peaks before PAMPAS phase cor
Phase-corrected peaks are displayed in solid lines. The peaks correspon
following residues: 56K, 66H (inset a), 60V (inset b), 35K, 48A (inset c),
(inset d), 23Q, 6N (inset e), and two unassigned peaks (inset f ). Circles i
(g) denote phases calculated for peaks that are not folded. Triangle
squares refer to peaks that are out of phase byp or by 2p, respectively. Dot
epresent the same results as triangles and squares after being shiftedp. A
inear regression performed on all three groups of phases (solid lines in
g)) yields the following results: zero-order phases of 172.9°, 18
nd 169.6°, first-order phases of 217.1°, 220.2°, and 176.6°, and regr
oefficients of 0.885, 0.924, and 0.757 for circles, triangles, and sq
espectively.
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23PHASE ANGLE MEASUREMENT FROM PEAK AREAS
A1 and A2 (Table 1) are combined according to Eq. [10
yield the phase corrections (Table 1). Most of the peaks
integrated over a 41-point wide domain. For 19 peaks, the
of the domain needs to be reduced to 15 or 35 points to a
interference from nearby peaks (Table 1). The peaks 23Q
6N must be treated as a single cluster, with the integr
domain centered between them (Table 1, Fig. 1e). The
holds for a pair of unassigned peaks (Table 1, Fig. 1f ). I
cases, the application of PAMPAS results in adequately ph
peaks with one exception of a weak, unassigned peak at
ppm, 123.8 ppm). The linear regression of PAMPAS ph
for all peaks in the spectrum reproduces the zero- and
order phase errors within 10° and 15°, respectively (Fig.

Figures 2–12 show how PAMPAS precision and accu
depend on noise, integration domain width, peak picking
rors, first-order phase errors, solvent signal, baseline s
peak overlap, peak asymmetry, spectral resolution, line b
ening, and lineshape. For each one of these factors, an
each value of each factor, PAMPAS phase corrections
employed on a set of spectra obtained from the same st
spectrum by incrementing its zero-order phase over the
(0, 2p) in steps ofp/4. For each value of the phase error,Nnoise

random noise sequences are added to the spectrum. The
is generated using a uniform distribution within a presele
noise interval. The noise level is expressed for each
separately in dB. Differences between the actual phase
and the values calculated with PAMPAS are averaged ove
whole set ofNnoise spectra corresponding to each fixed va

p/4 (n 5 0, . . . , 7) of the phase error. Averaging overNnoise

different noise sequences is performed separately for
phase error value to isolate the stochastic effects of the
domly generated noise sequences from the deterministic e
of the systematically varied phase angles. The data point
error bars in Figs. 2a–12a depict the averaged values an
standard deviations, which stand for the accuracy and prec
of PAMPAS, respectively. The continuous lines in Figs.
12a represent maximal differences between true phase
and PAMPAS results. The maxima are taken over the w
set of phase errors and noise sequences.

A simulated 1D1H NMR spectrum of alanine is the starti
point for calculations. The widths and the scalar coup
splittings of peaks corresponding to the beta protons (1.5 p
the alpha proton (4.1 ppm), and the amide (8.2 ppm)
exaggerated to facilitate visual inspection of the results.
same noise level (25.2 dB relative to thea peak height)
straight and horizontal baseline, fixed peak widths, zero so
signal, no first-order phase error, absent peak asymmetr
overlap, uniform resolution (512 points in the data set),
Lorentzian lineshapes are used in all calculations unless
otherwise. Twenty noise sequences are generated for
phase error value in all figures except in Fig. 2 (Nnoise 5 100)

nd Fig. 9 (Nnoise 5 5). The parameters for PAMPAS integ-
tion also are kept unchanged unless stated differently
width of the integration domain is four times larger than
re
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amide peak width, its center matches the peak position, an
baseline is corrected using a straight, horizontal line.

Figure 2a shows the effects of the signal-to-noise ratio o
accuracy (data points) and precision (error bars) in the c
lated peak phases. The noise level varies in these calcul
from none to 0 dB (Figs. 2c–2e show peaks with23 dB noise)
PAMPAS phases remain within 5° from the actual phases
minimal dispersion across most of the range of noise le
studied (Fig. 2a). Figure 2b shows the angular profile o
differences between true phase errors and PAMPAS co
tions calculated across the whole 360° range in 1° steps
line on the top represents the maximum deviation, the se
line from the bottom depicts the average, and the rema
two lines show average6 standard deviation. Only the wo
case (b peak) is shown.

The effect of the size of the integration domain is displa
in Fig. 3a. The variable domain width ranges from a b
minimum (the peak itself, no baseline, Figs. 3b, 3d, and 3
four times the amide peak width (Figs. 3c, 3e, and 3g). Na
integration domains invariably lead to PAMPAS errors
excess of 20° (Fig. 3a). PAMPAS errors of'5° can be ex
pected when the domain width exceeds 200% of the peak
(Fig. 3a).

The significance of the errors in the measured peak pos
is studied in Fig. 4a. The integration domain center dev
from the actual peak position by up to'100% of the pea
width (Figs. 4b–4g). PAMPAS errors of less than 10° req
that the distance from the true peak position to the center o
integration domain does not surpass 25% of the peak w
(Fig. 4a).

Figure 5 shows that PAMPAS errors remain small (,5°)
ver a large range of first-order phase error values impos

he spectrum. Peaks that are located far from the phasing
an display weak oscillatory behavior (Figs. 5f–5i), but
oise masks the oscillations to a large extent (Figs. 5d–5e
scillation amplitudes increase with the distance from
hasing pivot. The oscillatory patterns strongly depend o
eak position relative to the sampling points (Figs. 5f–
either the amplitudes nor the oscillatory patterns vary

he integration domain width, as evidenced by the two cu
n Fig. 5f. The curve in Fig. 5g appears to be V-shaped bec
t represents absolute values of PAMPAS errors. Zero-o
hase errorsnp/4 (n 5 0, . . . , 7) do not influence PAMPA

errors at all, as illustrated by data points in Figs. 5f–5i.
Intensity of a dispersive, wide solvent signal (water at

ppm) significantly influences PAMPAS results when the r
between the water signal and theb peak varies from 0:1 t
104:1 (errors. 10°; Fig. 6a). The results for thea peak are no
hown because it is completely masked by the solvent s
Fig. 6b).

The baseline tilt exhibits minimal influence on PAMP
esults, as shown by Fig. 7a. The examined slope va
xpressed in intensity units per data point, run from250 (Figs
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TABLE 1
Measured Peak Areas and Calculated Phase Errors along the 1H Dimension for All Peaks in 1H–15N HSQC Spectrum

of 15N Enriched Monocyte Chemoattractant Protein-1 (13)

Residue assignment 1H (ppm) 15N (ppm) A1
a,b A2

b,c Phased F (°)

3D 8.43 118.0 640.23 2138.47 73.3
4A 8.20 122.6 531.20 2161.41 76.1
5I f 7.97 117.3 651.18 1617.16 68.1
6N 8.17 116.6 766.08 3419.27 77.3
6Ng 6.93 123.5 26403.65 24740.75 2143.4
6Nf 7.38 123.5 22895.01 22649.88 2137.5
7A 7.54 122.4 912.50 1454.30 57.8
9V 8.89 118.6 2162.32 994.02 2260.7
10T 8.72 113.0 25.89 2862.17 290.3
11C 8.67 119.4 2255.13 1235.99 2258.3
12C 7.72 115.0 282.72 884.77 72.2
13Yf 9.22 120.8 2273.15 550.76 2243.6
14N 6.99 112.2 1780.03 1208.31 34.1
14N 7.69 112.2 1027.01 2049.83 63.3
14N 7.65 116.4 594.56 807.28 53.6
15F 8.32 114.9 209.29 1014.97 78.3
16Tf 8.60 114.3 28.42 884.84 88.2
17N 6.92 124.0 23398.60 21554.76 2155.4
17N 7.63 124.0 21597.94 22979.86 2118.2
17N 8.74 124.2 31.64 522.24 86.5
18R 7.93 119.5 832.51 1449.17 60.1
19K 7.63 119.7 1631.58 1877.12 49.0
20I 5.32 122.8 1607.43 2752.30 225.0
21S 8.28 119.5 244.51 3002.79 85.3
22V 8.44 123.4 227.45 1798.25 82.7
23Qf 8.17 117.2 351.88 1661.63 78.0
23Qe,f 7.53 123.4 23649.89 22240.09 2148.4
23Qg 6.86 123.4 26403.65 24740.75 2143.4
24R 7.86 113.9 1013.89 1511.60 56.1
25L 7.61 118.5 1232.14 803.05 33.0
26A 9.30 121.4 2599.27 980.83 2238.5
27Sf 8.20 119.8 2543.49 21792.86 2106.8
28Y 8.64 114.6 287.63 1313.52 2266.1
29R 8.63 116.0 2312.32 1380.71 2257.2
30Rf 9.06 121.0 2470.45 1539.88 2253.0
31I 8.72 122.3 150.47 1424.71 83.9
32Tf 8.45 114.3 244.54 649.14 69.3
33Sf 7.80 114.6 529.45 742.48 54.5
35K 8.13 117.6 1373.01 2039.80 56.0
36C 7.16 113.4 1064.36 1086.64 45.5
38Ke,f 6.72 123.2 21059.13 21183.71 2131.8
39E 8.58 122.1 4.42 1990.67 89.8
40Af 8.42 119.7 267.71 1325.68 2267.1
41V 8.56 119.1 211.26 1294.70 2269.5
42I 8.91 122.0 2474.20 1062.27 2245.9
43F 9.37 112.4 417.67 21017.59 267.6
44K 8.95 121.5 256.96 1241.29 2267.3
45T 9.24 115.1 2453.41 1270.09 2250.3
46I 8.48 113.6 187.81 1057.35 79.9
47Ve,f 7.19 123.7 2864.93 2865.24 2134.9
48A 8.06 117.6 354.92 2248.67 81.0
49K 7.13 116.5 1337.09 1039.17 37.8
50E 8.53 120.3 269.16 1100.88 2266.4
51I 9.18 119.2 2256.36 1117.27 2257.0
52C 8.86 123.6 298.62 999.20 2264.3
53A 9.95 112.2 523.11 2763.14 255.5
56K 8.06 115.5 1217.39 2764.73 66.2
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25PHASE ANGLE MEASUREMENT FROM PEAK AREAS
7b, 7d, and 7f ) to 50 (Figs. 7c, 7e, and 7g) without chan
calculated phases.

To inspect the influence of overlapping peaks on PAMP
phases, a set of new peaks is introduced into the simu
alanine spectrum. It corresponds to an additional alanine
ecule with slightly shifted resonances and 60% lower p
intensities. The centers of the integration domains are plac
the middle of each peak pair (Figs. 8b–8g). Figure 8a re
sents the errors in PAMPAS phases caused by gradual
gence of the resonances from two different alanines.

Figure 9a shows how the peak asymmetry affects PAM
results. The effects of poor shimming are modeled using e
tions from the Appendix. The productl( 2B/ z2)d 2, which
measures the field inhomogeneity (see Eqs. [A1]–[A3])
creases in these calculations from zero (Figs. 9b, 9d, and
5 rad/s (Figs. 9c, 9e, and 9g). Whenl( 2B/ z2)d 2 . 2 rad/s

TABLE 1

Residue assignment 1H (ppm) 15N (ppm)

57Q 7.59 116.6
58K 8.81 112.5
59W 8.74 114.1
59W 10.11 115.7
60Ve 6.30 112.0
61Q 7.48 123.3
61Q 7.27 119.2
61Qf 6.60 123.3
62D 8.90 118.0
63Sf 8.04 116.8
64M 8.17 120.3
65D 7.96 116.1
66H 8.02 115.5
67L 8.33 118.9
68D 8.89 119.7
69K 7.68 117.0
70Qf 7.76 116.9
71T 7.95 111.7
72Q 8.19 120.6
75K 8.46 121.2
76T 7.79 119.3
Null f 8.04 114.6
Null f 7.85 119.9
Null 7.48 122.5
Null f 7.37 123.8
Null 7.51 123.8
Null 7.64 123.7
Null e,h 6.86 123.8
Null e,h 6.95 123.7

a The areasA1 correspond to the phase shiftC1 5 0.
b Integration domain is 41 points wide unless stated otherwise.
c The areasA2 correspond to the phase shiftC2 5 p/2.
d Equation [10] is used to extract the phase error from the area mea
e The phase is shifted byp/4 prior to applying PAMPAS.
f Integration domain is 15 points wide.
g Integration domain is centered between 6N (6.93 ppm, 123.5 ppm)
h Integration domain is 35 points wide and centered between the una
g
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the errors in PAMPAS phases can be kept below 10
widening the integration domain (not shown).

Figure 10a illustrates the effects of the spectral resolutio
the calculated phase errors. The number of the sampling p
decreases from 512 (Figs. 10b, 10d, and 10f ) to 64 (Figs.
10e, and 10g) without increasing the errors in PAMPAS re
beyond'30°.

The application of a series of exponential window funct
with increasing line broadening shows that magnified p
widths do not produce noticeable enlargement of PAM
errors (Fig. 11a). The line broadening factor extends from
(Figs. 11b, 11d, and 11f ) to 100 s21 (Figs. 11c, 11e, and 11g
The width of the integration domain is one-third the size of
portion of spectrum shown in insets b–g in Fig. 11.

To study the effects of various lineshapes, PAMPAS ca
lations are repeated on the same data processed wi

ontinued

A1
a,b A2

b,c Phased F (°)

1160.88 1505.15 52.3
29.04 2915.49 290.5

265.90 1534.65 2267.5
1329.99 21329.59 244.9

21208.32 946.51 2173.0
23054.14 23685.12 2129.6

1158.42 1019.93 41.3
22814.08 21020.60 2160.0
2391.70 1721.32 2257.1

568.53 1081.07 62.2
322.58 1061.69 73.0
659.43 1678.58 68.5
565.36 2917.35 79.0
89.39 1103.18 85.3

2244.32 1543.35 2261.0
836.46 1891.91 66.1
810.80 1585.03 62.9
772.41 1786.46 66.6
569.99 2328.79 76.2
426.28 4078.74 84.0

1770.33 4135.77 66.8
70.92 439.81 80.8
79.56 551.82 81.7

2388.82 161.09 2202.5
2886.71 2328.36 2159.7

23973.15 24583.37 2130.9
24456.82 22433.89 2151.3
25345.76 22372.76 2156.1
25345.76 22372.76 2156.1

ments.

d 23Q (6.86 ppm, 123.4 ppm).
gned peaks located at (6.86 ppm, 123.8 ppm) and (6.95 ppm, 123.7 p
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26 ŽELJKO DŽAKULA
following apodization functions: exponential line broaden
Gaussian window, sine bell, squared sine bell, skewed
bell, skewed squared sine bell, Kaiser window, and trapez
function (Figs. 12b–12i, respectively). The type of apodiza
and the resulting lineshape do not cause any detectable e

FIG. 2. (a) The effect of the signal-to-noise ratio on errors in calcul
peak phases; (b) the angular profile of the differences between true phas
and PAMPAS results; (c–e) examples ofb-, a-, and amide peaks with23 dB
noise superimposed on the simulated spectrum. A simulated alanine
spectrum, subjected to a series of zero-order phase shifts, is used to c
PAMPAS errors. Data points in inset (a) represent PAMPAS errors ave
over 100 randomly generated noise sequences (23 dB relative to theb-peak)
or each of eight fixed phase errorsnp/4 (n 5 0, . . . , 7). Data points in ins
(a) represent thea proton (filled circles),b protons (open circles), and t
amide peak (triangles). The dashed, solid, and dotted continuous lines i
(a) represent maximum PAMPAS errors fora-, b-, and amide peaks, resp
ively. The maxima are taken over the whole set of phase errors and
equences. The top line in inset (b) indicates the angular profile o
aximum PAMPAS error for theb-peak. The average PAMPAS error

represented by the second line from the bottom. The remaining lines
spond to average6 standard deviation. The calculations are performed
the whole 360° range in 1° steps. Maximum, average, and standard de
values are calculated over 100 noise sequences (23 dB relative to theb-peak)
generated separately at each 1° increment. The integration domain
points wide.
,
ne
al
n
cts

on PAMPAS results for any of the window functions stud
(Fig. 12a).

All calculations are performed with the FELIX softwa
package for NMR processing and analysis (14).

4. DISCUSSION

The accuracy of PAMPAS calculations is influenced b
number of factors that are difficult to control once the spec
has been collected. Adverse effects of unfavorable experi
tal NMR conditions, such as low sample concentration, in
mental imperfections, inappropriate choice of the pulse
gram, insufficient solvent suppression, inadequate in
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FIG. 3. (a) PAMPAS error as a function of the integration domain wi
(b–g) examples showing the range of integration domain widths us
calculate data points in inset (a). The same simulated NMR peaks are u
in Figs. 1b–1g. The averages (data points) and standard deviations (erro
are calculated over a set of 20 noise sequences, generated separately
fixed phase error valuenp/4 (n 5 0, . . . , 7). The maximum PAMPAS erro
continuous lines) are taken over all phase error values and noise seq
nsets (b), (d), and (f ) represent minimal integration domain widths. Inse
e), and (g) show integration domains 10 times wider than theb-peak. The

noise is fixed at25.2 dB relative to thea-peak. The meanings of the data po
ymbols and continuous lines in inset (a) are the same as in Fig. 2a.
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27PHASE ANGLE MEASUREMENT FROM PEAK AREAS
acquisition delays, small number of acquired data points
unsatisfactory homogeneity of the magnetic field, canno
eliminated when the processing reaches the stage of sp
phasing. Spectral characteristics inherent to the sample, s
poor chemical shift dispersion and large natural linewidths
not helpful either and are even less manageable. It wi
shown, however, that a judicious choice of parameters
PAMPAS calculations can reduce the sensitivity of PAMP
results to those factors. For example, PAMPAS phases c
improved by picking the most suitable PAMPAS algorit
(Eqs. [10]–[15]), adjusting the integration domain width, c
fully positioning the center of the integration domain, choo
the most appropriate treatment for the baseline correction
including multiple peaks into the integration domain. T
results of simulations shown in Figs. 2–12 provide guidel
for optimizing PAMPAS parameters.

FIG. 4. (a) PAMPAS error as a function of the offset between the
position and the center of the integration domain; (b–g) examples of pea
misplaced integration domains used to calculate data points in inset (a
data point symbols and continuous lines have the same meaning as in F
Twenty noise sequences (25.2 dB relative toa-peak) are used. Phase er
values are the same as in Figs. 2a–3a. The integration domain width
points.
nd
e
tral
as

re
e

or

be

-
g
nd

s

Fortunately, the signal-to-noise ratio, although often
most noticeable (and irritating) among experimental fac
hardly influences PAMPAS results at all (Fig. 2a). PAMP
owes its remarkable robustness with respect to noise to th
that the integration procedure accumulates the signal
averaging random noise to zero. The applicability of PAMP
to weak peaks (Fig. 2e) contrasts the sensitivity of the
shape methods to noise (8).

Somewhat less conspicuous, yet much more consequ
for PAMPAS, are the errors in the measured peak posit
Normally, the integration domain is centered at the middl

k
nd
he
2a.

21

FIG. 5. Effects of the first-order phase error on PAMPAS calculati
Insets (a–c) show PAMPAS errors forb-, a-, and amide peaks, respective
Eight zero-order phase errorsnp/4 (n 5 0, . . . , 7) are used for ea
first-order phase error data point in insets (a–c, f–i). Insets (d, e) show r
for peaksb and a, respectively, with zero-order phase error equal top/4.

wenty noise sequences (25.2 dB relative to thea-peak) are generated
nsets (a–e) for all phase error values. Inset (f ) shows results forb-peak shifted
from 1.5 ppm (422.4 points) to 1.498 ppm (422.5 points). Inset (g) dis
PAMPAS errors fora-peak shifted from 4.1 ppm (289.28 points) to 4.1

pm (289 points). Inset (h) illustrates effects ofb-peak shift to 1.508 ppm (42
points). Inset (i) displays PAMPAS errors fora-peak at 4.096 ppm (289
points). No noise is present in insets (f–i). The data points, error bars
continuous lines have the same meaning as in Figs. 2a–4a. Integration
width is fixed at 29 points, with the exception of the lower curve in inse
(57 points).
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28 ŽELJKO DŽAKULA
the peak. This location usually is determined using a
picking procedure. Relatively small errors in peak pick
(caused, among other things, by the noise in the signal
quickly degrade PAMPAS phases beyond resemblance
true values. For example, to achieve phase correction acc
of 10° or better, the difference between the actual and
measured peak positions must be less than one-fourth
peak width when the integration domain is four times w
than the peak (Fig. 4a, open circles and triangles). The pro
becomes even more severe when the integration dom
narrower (Fig. 4a, filled circles). The finite width of the in
gration domain is at the root of this problem. When the ce
of a finite integration domain does not coincide with the p
center, the integrals of the positive and the negative lob
the dispersive component are not balanced and fail to c
out. The nonvanishing contribution from the dispersive c
ponent to the measured peak area distorts the Fourier c

FIG. 6. (a) PAMPAS errors in spectra with increasing dispersive so
signal at 4.75 ppm; (b) an example of a spectrum used to calculate data
in inset (a). Twenty noise sequences (210.2 dB relative to thea-peak) are use
for each of eight equidistant phase errors (incremented byp/4). The data poin
symbols and lines are the same as in previous figures. The integration d
is 15 points wide.
k

an
he
cy
e

the
r
m
is

er
k
of
cel
-
ffi-

cients and results in wrong phase estimates. This observ
suggests the solution: increase the width of the integr
domain to reduce the influence of the dispersive compo
The increased amount of noise is a small price for the acc
gained.

Natural peak width is another potential source of probl
that can be solved by adjusting the size of the integra
domain. For best results, the PAMPAS integration dom
should be at least twice as wide as the peak itself (prefe
three times, see Figs. 3a and 11a). This requirement appa
limits the choice of peaks that can be treated with PAMPA
those that are well separated from the rest of the peaks
spectrum. This limitation is significantly relaxed by the f
that a group of overlapped peaks can be selected and su
fully treated with PAMPAS as if it were a single peak, un
the condition that the group is well separated from other pe
The key factor here is the insensitivity of PAMPAS calcu

t
ints

ain

FIG. 7. (a) PAMPAS errors in spectra with increasing baseline tilts; (b
examples of peaks used to calculate data points in inset (a). The slope
baseline is expressed in units of intensity per data point. Twenty
sequences (25.2 dB relative to thea-peak) are generated per phase error va
The integration domain is 41 points wide. The symbols and lines are the
as in previous figures.
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29PHASE ANGLE MEASUREMENT FROM PEAK AREAS
tions to peak overlap (Fig. 8a), which is due to the fact tha
basic equations (Eq. [2]) do not assume anything abou
number of peaks within the integration domain or about
overlap: it holds for any number of overlapping peaks.
only requirement is that the phase remains uniform within
integration domain.

The PAMPAS integration domain can be centered anyw
within an asymmetric group of peaks as long as the integr
domain is wide enough so that at least approximate can
tion is achieved for the dispersive components of the co
uent peaks. This distinguishes PAMPAS from the meth
based on lineshape analysis (3, 8), which break down when a
asymmetric cluster of overlapping peaks is encountered.
ilarly, when the integration domain is wide enough, PAMP
results are barely affected by the inhomogeneity of the m
netic field and the resulting lack of symmetry of individ
peaks.

FIG. 8. (a) The effects of the peak overlap on PAMPAS results; (b
airs of overlapping peaks used to calculate data points in inset (a). Dat
ymbols and continuous lines have the same meaning as in previous fi
wenty noise sequences (25.2 dB with respect to thea-peak) are generated f

each phase error (np/4). Integration domains are 101 points wide.
e
he
ir
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e

re
n

la-
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s
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g-
l

Although the increase of the integration domain width so
a number of problems, it cannot be employed indefinitely.
maximum allowed width of the integration domain is limi
by the requirement of uniform phase within the integra
domain. If the first-order phase error cannot be neglected
integration domain is too wide.

The unexpected asymmetry in Fig. 4a results from the
that, in general, a peak position does not coincide with an
the discrete points where the spectrum is sampled. This le
slight asymmetry of the integration domain, which starts
ends at the sampling points. Similarly, the contributions f
the unbalanced dispersive tails can alternate between po
and negative values as the first-order phase correction inc
(Figs. 5f–5i). The complications arising from incomplete c

)
int

res.

FIG. 9. (a) The dependence of PAMPAS errors on peak asymmetry;
examples of symmetric peaks in a homogeneous field (insets b, d, and
of asymmetric peaks in the presence of strong field gradient (insets c, e,
l( 2B/ z2)d 2 5 5 rad/s). Equations [A4, A5] (Appendix) are used to simu

ffects of poor shimming on lineshapes. The productl( 2B/ z2)d 2 provides
a measure for the field inhomogeneity (inset a, abscissa; see Appendix
noise sequences (215.5 dB relative to thea-peak in absence of the fie
gradient) are generated per phase error value. The integration domain w
equal to 81 points.
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30 ŽELJKO DŽAKULA
cellation of the dispersive tails are minimized when the su
the true phase and the phase shift applied is close to ze

Baseline imperfections caused by large first-order p
errors (Fig. 5a) or a wide range of tilts (Fig. 7a) fail to aff
PAMPAS results. An intense unphased solvent peak, how
introduces significant errors in PAMPAS phase estimates
6a). The errors arise due to nonlinearity of the solvent peak
which is not included in the model of the baseline. This fur
limits the widths of the integration domains in samples w
strong solvent tails.

The spectral baseline in the immediate vicinity of the p
must be corrected before PAMPAS integration can be ca
out. Two approaches were tested. Both subtract a straigh
from the signal, approximating the baseline with a linear fu
tion of the frequency on the small segment of the spec
occupied by the peak. The simpler approach uses a horiz
straight line positioned at the middle between the heights o

FIG. 10. (a) The effects of the digital resolution on PAMPAS resu
b–g) examples of peaks with the highest resolution (512 data points, in
, and f ) and with the fewest data points (64, insets c, e, and g). The integ
omain corresponding to the largest data size is 81 points wide and dec
roportionally with the data size. Twenty noise sequences (210.2 dB with

respect to thea-peak) are generated for each phase angle value.
f

se
t
er,
ig.
il,
r

k
d

ne
-
m
tal
e

endpoints of the integration domain. The alternative is to u
tilted straight line that connects the endpoints. In both c
the noise is suppressed by averaging several points at th
of the domain. The two methods are equally successful w
the baseline is linear and equally ineffectual when it is not.
simpler of the two is thus preferable. A variation that avera
results obtained from multiple integration domain widths
ther reduces the effect of noise on the baseline correctio
improves the phase estimates (not shown).

Insufficient number of data points and poor digital resolu
decrease somewhat the accuracy of PAMPAS calcula
(Fig. 10a) for the following reasons. First, the summatio
data point values becomes a poor substitute for integr
when data points are far away from one another. Also
reduced number of data points across the integration do

b,
ion
ses

FIG. 11. (a) The effects of peak width; (b–g) comparison of peaks
the extremes of the line broadening range displayed in inset (a). Insets (
and (f ) showb, a, and amide peaks, respectively, without line broadening
ame peaks are shown in insets (c), (e), and (g) after being subject to
roadening factor of 100 s21. Integration domain width is equal to 41 poin
wenty noise sequences (25.2 dB relative to thea-peak) are generated f

each of eight fixed phase errors. The same data point symbols and con
lines are used as in previous figures.
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31PHASE ANGLE MEASUREMENT FROM PEAK AREAS
increases the impact of noise. Finally, the chances of pic
an incorrect peak position increase when the peak is r
sented by fewer data points, mostly because the symme
the peak may not be evident (Figs. 10c, 10g). Since PAM
is relatively insensitive to peak asymmetry, the effect of dig
resolution is smaller than in methods based on peak sym
(8, 12). Strong apodization functions, used to avoid rip
from FID truncation in data sets with fewer points, broaden
peaks but do not degrade PAMPAS results (see Fig. 11a

The application of PAMPAS is by no means limited to
special cases 1–4 described above. PAMPAS imposes

FIG. 12. (a) PAMPAS errors in spectra processed with different apo
tion functions: (b) exponential line broadening (line broadening5 20 s21), (c)
Gaussian window (line broadening5 220 s21, Gaussian parameter5 0.2), (d)
sine bell (p/2 phase shift, window covers all data points), (e) squared sin
(p/2 phase shift, all data points), (f ) skewed sine bell (p/2 phase shift, all da
points, unit skew), (g) skewed squared sine bell (p/2 phase shift, all da
points, unit skew), (h) Kaiser window (a 5 8 dB, all data points), and (
trapezoidal function with the points of the trapezoid 10, data size–10, an
size. Insets (b–i) show theb-peak only. Bar groups labeled with letters B–
inset (a) correspond to the apodization functions illustrated in insets (b
respectively. The left, middle, and right bars in each bar group of the histo
correspond tob, a, and amide protons, respectively. The integration dom

idth is 41 points. Twenty noise sequences (25.2 dB relative to thea-peak)
re generated per phase error value.
g
re-
of
S
l
try
s
e

ery

few restrictions on the number of phase increments (Ny
theorem) or their values. For example, in the special ca
any value exceptp can be used forC2. The valuep cannot be
used forC2 because the matrix from Eq. [7] becomes sing
whenN 5 2 anduC2 2 C1u 5 p. Interestingly, Eqs. [14, 15
(case 4), although approximate, reduce to the exact Eq
(case 3) whenN 5 3. Test calculations based on special c
1–4 yield identical results (data not shown), but the sp
case 1 is preferred because it is the simplest and the qui
Certain situations, however, require modifications in the a
rithm. For example, when the denominators in Eqs. [10,
and [13, 14] are much smaller than the numerators, the i
phase of the peak should be shifted by an arbitrary am
different from p prior to applying PAMPAS. The baseli
correction (vide supra) is yet another example of how
results can be improved by picking the most suitable PAM
algorithm.

Note that Eqs. [8, 9] can be used to improve the accura
peak intensity measurements when peak phases are not p

Unlike the grid-search procedures, where precisio
achieved at the expense of speed (and vice versa), PAM
uses simple analytical relationships that demand minimal
putational cost, yielding optimal peak phases whose prec
depends primarily on errors in measured experimental
data. Another important strength of PAMPAS is its absenc
dependence on the lineshape (Fig. 12a). The existing
proaches that assume Lorentzian or Gaussian lines
(3, 6, 7) are clearly inferior to PAMPAS whenever NMR pea

eviate from those ideal shapes, a regular occurrence in
pectra (Fig. 1).

5. CONCLUSION

PAMPAS is accurate, fast, robust, and simple. Its superi
with respect to the methods based on lineshape analysis
it the method of choice for automated phase correction.
effectiveness and robustness of PAMPAS in phase-corre
experimental ND NMR spectra is evidenced by Fig. 1.
implementation of PAMPAS has been incorporated into a
autophase routine within the FELIX software package
NMR processing and analysis (14), and it has proven succe
ful in multidimensional spectra (manuscript in preparation

APPENDIX: ASYMMETRIC LINESHAPES IN
INHOMOGENEOUS MAGNETIC FIELD

To study how PAMPAS phases depend on the qualit
shimming, the following model of asymmetric lineshapes i
inhomogeneous magnetic field is used. A magnetic field
dient is introduced along the directionz of the static fieldB.
The spatial variation of the resonance frequencyV0 is ex-

anded into a Taylor series around the middle of the sa
long the coordinatez:
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V0 5 \g~1 2 s!FB0 1 SB

 zDz 1
1

2S 2B

 z2Dz2 1 · · ·G
< v0 1 lS 2B

 z2Dz2. [A1]

The constants\, g, and s represent Planck’s constant,
gyromagnetic ratio, and the magnetic shielding, respecti
The termv0 is the value ofV0 corresponding to the magne
field B0 at the middle of the sample:

v0 5 \g~1 2 s! B0 l 5
1

2
\g~1 2 s! 5 v0/~2B0!.

[A2]

The linear term is dropped from further consideration bec
it distorts the lineshape in a symmetric fashion and therefo
not a concern of this study. The absorptive NMR signal a
frequencyv is obtained by evaluating the following integ

cross the entire lengthd of the sample along the directionz,

A~v!

5 E
2d/ 2

d/ 2 Ddz

@v0 1 l~ 2B/ z2! z2 2 v# 2 1 D 2

5 Î 8

l~ 2B/ z2!

3 ImHarctg@Îl~ 2B/ z2!d 2/~8~v0 2 v 2 iD!!#

Îv0 2 v 2 iD J ,

[A3]

here D represents the natural linewidth of the peak. A
earrangement, the final expression for the lineshape i
ained:

A~v! 5 Î 2

l~ 2B/ z2!Î~v0 2 v! 2 1 D 2

3 H c

2
lnF ~1 2 ps! 2 1 p2c2

~1 1 ps! 2 1 p2c2G
1 sFarctgS 2pc

1 1 psD 2 arctgS pc

1 2 psD
1

p

2
~sgn~1 1 ps! 2 sgn~1 2 ps!!GJ . [A4]
ly.

se
is
e

r
b-

The following auxiliary variables are used:

p 5 Î l~ 2B/ z2!d 2

8Î~v0 2 v! 2 1 D 2 s 5 sin~j! c 5 cos~j!

j 5
1

2
arctgS D

v# 2 v# 0
D 1

p

4
@sgn~v0 2 v! 2 1#. [A5]

he dispersive component is calculated by means of H
ransform. Equation [A4] reduces to the Lorentzian linesh
n the limiting case of homogeneous field.
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