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A new method is described for accurate Phase Angle Measure-  for individual, isolated peaks. PAMPAS overcomes the difficul-
ment from Peak AreaS (PAMPAS) with the goal of facilitating ties encountered in this least reliable step in the procedure *
automated phase correction of NMR spectra. PAMPAS measures imposing a series of phase shifts on the selected peaks and
phases of isolated NMR peaks by using Fourier analysis of a series analyzing the dependence of the resulting peak areas on t
of peak areas measured with systematically incremented phase )04 phase increments. In addition to the advantages of bei
shifts. The calculated phases of individual peaks can be employed . . .

accurate, fast, independent of the lineshape, and easy to imp

to extract the zero- and first-order phase corrections by means of PAMPAS i b ith . | noi
linear regression. The method is accurate, independent of the ment, IS robust with respect to expenimental noise

lineshape, robust, fast, and easy to implement. 2000 Acacemic press  DASEliNE iMperfections, peak overlaps, peak symmetry, the size
Key Words: NMR: PAMPAS: phase correction; peak integra- the integration domain, and poor digitization of NMR signals.

tion; lineshape.

2. COMPUTATIONAL ASPECTS

2.1. Theory
1. INTRODUCTION

The area under an NMR spectrum is proportional to the siz

Phase-sensitive NMR spectra obtained with Fourier transf@f the first point in the FID. Since this number varies as &
mation of free-induction decays usually contain peaks of mix&§Sine function of the phase, the area also is a cosine functi
absorptive and dispersive character. A linear combination of r&lithe phase. This rule does not change with the envelope of tt
and imaginary parts of the spectrum is used to remedy the spediiid: and therefore the cosine dependence of the sum of
phase anomalied), Traditionally, the trigonometric coefficientsP€aK areas on the phase remains valid for any peak shape. T
of the linear combination are determined empirically. The manJ&'€ is strictly valid for the complete spectrum and is only an
adjustment of the phase corrections, although efficient in the c&§roximation for one peak in a complicated spectrum. Th
of 1D and 2D spectra, becomes less convenient in multidimgRllowing derivations describe a single peak in a comple
sional NMR spectra. A number of automated phase correctipR€ctrum and depend on the assumption that the dispersi
procedures have been propos2l? with the goal to replace the cpntrlbutlons cance_l out for_each |nd|V|quaI peak_. An NMR
conventional, manual approach. The common feature shafi@f@lS corresponding to a single peak with an arbitrary phas
among most of the automated methods is that they first determiidS made up of both the absorptive and the dispersive con
phases of selected peaks and then subject them to linear red?@8€NtsA andD:
sion, which vyields zero- and first-order phase corrections to be )
employed across the entire spectral wihgj. S(w) = A(w)cogP) + D(w)sin(®). (1]

In most existing automated methods, the first step, calcula-
tion of phases for individual peaks, suffers from a number dfhe total area under the peak is
weaknesses. The difficulties include the dependence on the
lineshape &, 6, 7), sensitivity to the signal-to-noise rati®)( ©
dependence on the precision in measured peak posit®)ns ( Apa(P) = J S(w)dw
implicit reliance on high digitization rate8(12), sensitivity to —
asymmetric peak shapes that arise due to poor shimming
(2, 8, 12, sensitivity to baseline imperfection8)( and intol-
erance to peak overlap8)(

ThePhaseAngleMeasurement frorReakAreeS (PAMPAS) is
a novel method that focuses on automated phase measurements

cog®d) f” Al(w)dw

N cog®P). [2]
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The only contribution to the integral originates from the ab¥, = /2. This special case is particularly simple because th
sorptive component of the signal because the dispersive pamniatrix from Eq. [7] becomes the 2 unit matrix. Equation
antisymmetric. The constam represents the area under th¢8] for the unknown initial phase becomes

absorptive curve and includes experimental factors such as the
sample concentration and the filling factor. If a phase shift

0, A;,=0
is imposed on the signal, the total peak area changes as ® = arctg —A/A,) + {ﬁ Ai <0 [10]
Apia(P, V) = N cog® + V) (2) As in case 1, two areas are measuréd. corre-

sponds to zero phase shiff( = 0). A, corresponds t&, =

= N cod@)cod¥) — N sin(®)sin(¥) 27w/3. The phase is calculated from the measured areas

=acoqV) + b sin(V), [3] follows:
where A, + A 0 A =0
P = arctg{ -2 1] + { " A< [11]
[3A, m, A;<0
a= N cog®d) (4] !
(3) Three measurements are madA,,( A,, and A;)
and with phase increments of#3 (¥, = 0, ¥, = 27/3, ¥; =
47/3). The left generalized matrix inverse is used to solve
b= —N sin(®). [5] Eaq. [7],
The unknown initial phasé can be extracted from a series of 1 0 “ITA,
experimentally determined peak aregsobtained at different [a] — | cog2m/3) sin(2w/3) A,
phase shiftsV;. The measured are&, corresponding to the b cog4w/3) sin(4w/3) A;
phase shiftV;, is A
112 -1 -1 Al 5
A =acog¥) +bsin(¥), i=1,...,N. [6] “3lo 3 -3 [12]
A series of measurements establishes a set of linear equations
for the Fourier coefficienta andb. Equation [8] for the unknown phask becomes
coy¥,) S!n(‘lfl) A (A — Ay 0, 2A,=A,+ A,
cog¥,) sin(¥y) A, ® = arcld 5 A A O < A+ A
cog¥,) sin(Wy) [a] _ | A 7] AL— A= Ag T, 2AL <A+ Ag
S C 23]
cog¥,) sin(¥,) Ay

(4) TheN measurements are made with equidistant phas
shifts ranging from¥, = 0 to¥ = 27(N — 1)/N with the
step AW = 2x/N. The Fourier coefficients can be found
from the overdetermined set of linear equations (Eq. [7])
using generalized matrix inversion or traditional Fourier
8] analysis.

The unknown phaseb follows straightforwardly from the
calculated Fourier coefficients andb:

0, a=o0
® = arctg —b/a) + {77, a< o0

. . ; 1 2m
The peak intensity also can be found fr@mrandb: Q- wf A @, ) cog W) dW
0

N = a/coqd®P). [9]
1 N Wi+ /N
The phase shifts need not be equidistant. At least two mea- ~ > A f cog¥)dvw
surements have to be done to solve for the two unknowns ( i=1 i miN
andb). The following special cases will be considered: N
(1) Two measurements are mada,(and A,): A, corre = % > A[sin(¥; + 7/N) — sin(¥; + «/N)] [14]

sponds to zero phase shif( = 0), andA, corresponds to i=1
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1 (2= a ’/'/ﬂ‘\f\ b /‘/’\\ 'y /{A\\
b= = Apia( P, V)sin(¥)d¥ /\/ / \\/\‘\_ S S - //\/\\
0 Ve v S
. > A e sin(W)dw o 2o a0 s 400 20 250
T - ! T d /\ € “‘y’\ //’\ f ‘ /"‘
a S e N L* fvj O s
1 v Vo
= _ E Ai[_COi\Ifi + W/N) + Coiq,i + W/N)] [15] \/\‘l I I 1 1 L I
™ i=1 280 300 320 340 380 330 345 360
The unknown phaseb follows straightforwardly from the sl % ‘ " ' ]
Fourier coefficientsa andb (Eq. [8]). g %%%;
4
2.2. Algorithm = \%KV%\
. . . . e o OF \\
In practice, cases 1-4 yield identical results and only differ .

/

in the level of complexity. The recommended PAMPAS pro-
cedure relies therefore on the simplest protocol (case 1) an
consists of the following eight steps:

S kBhas
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33%
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(1) Calculate the magnitude mode spectrum.

(2) Identify an isolated peak. o

(3) Select integration limits. The domain of integration 180 - . 1
should be centered at the peak and significantly wider than the o T
peak width. B

(4) Calculate the phase-sensitive mode spectrum. Use the ., | SR i

i

phase-sensitive mode for further manipulations. — S :
10C 150 200 250 300 350 400 450

(5) Calculate the average value of a few tail points at both
ends of the integration domain. This average value will be used

to estimate the baseline. A horizontal or tilted straight baselingFIG. 1. (a—f) Examples of PAMPAS calculations performed‘thcross
yields satisfactory results. ie’\ftion_s rt]hl;jlough a S?t o;isolat?td pteakts frcim:.IZ)ezS(N)T'SQC spectrum of]c
S . . °N enriched monocyte chemoattractant proteiri4);((g) linear regression o

(6) Sum UP all the Value§ of the spectrum within t,he Ir1tq3AMPAS phases for all peaks in the spectrum. Before applying PAMPAS
gration domain. The result is stored Ag (peak area With N0 zero. and first-order phase errors of 167.1° and 233.0°, respectively, a

phase shift). Apply the correction for baseline offset usingposed along the hydrogen dimension of the already phased spectrul
results from step 5. Dashed lines in insets (a—f) represent peaks before PAMPAS phase correctic

(7) Change the phase of the spectrum #§2 (case 1). f*l‘lase_'co”e_c;ed pe;"é‘; agggiﬁp'aﬁed)"ézgi?'i”‘isl;)ﬂs‘zgez'giC(_O”efp;’”gltg
ollowing residues: , inset a), inset b), , inset c),

Repeat steps 5 and 6 FO meashie L. (inset d), 23Q, 6N (inset e), and two unassigned peaks (inset f). Circles in ins
(8) Use Eq. [10] to find the unknown initial phase. (g) denote phases calculated for peaks that are not folded. Triangles a
. . squares refer to peaks that are out of phase oy by —, respectively. Dots

In th_e spec.lal case Wheal < A (CD - iﬂ-/z)’ the represent the same results as triangles and squares after being shifted by
denommat_ors In a" th? equations fér(Egs. [10, 11] and [13, linear regression performed on all three groups of phases (solid lines in ins
14]) contain combinations of measured areas that are likely(tp) yields the following results: zero-order phases of 172.9°, 181.0°

vanish. To avoid division by zero, the phase of the peak show@lefl 169.6°, first-order phases of 217.1°, 220.2°, and 176.6°, and regressi

be shifted by an angle different fromr before steps 5-8 are coefficients of 0.885, 0.924, and 0.757 for circles, triangles, and square
o . tively.

employed. The modified algorithm takes advantage of the fagPectvey

that the new phase implies, # 0.

The procedure can be applied repeatedly to a number f€ chemoattractant protein-1 (MCP-1B[. The phase along

suitable peaks. When the phases of several peaks acrossitfeProton dimension of the already phased spectrum is ir

spectrum are known, the zero- and first-order corrections cgi¢ased using randomly chosen zero- and first-order pha
be found by linear regression. increments of 167.1° and 233.0°, respectively. The resultin

spectrum is subjected to PAMPAS calculations. Figures la-:

3. APPLICATIONS display a series of cross sections through isolated peaks wha

unknown initial phases need to be determined with PAMPAS

Figure 1 illustrates an application of the procedure outlinedlso shown are the same peaks after being phase-correct
above on théH-""N HSQC spectrum of°N enriched moneo using phase angles from Table 1 (last column). The peak are

Data Points
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A, and A, (Table 1) are combined according to Eq. [10] t@mide peak width, its center matches the peak position, and tl
yield the phase corrections (Table 1). Most of the peaks asaseline is corrected using a straight, horizontal line.
integrated over a 41-point wide domain. For 19 peaks, the sizeFigure 2a shows the effects of the signal-to-noise ratio on th
of the domain needs to be reduced to 15 or 35 points to av@idcuracy (data points) and precision (error bars) in the calct
interference from nearby peaks (Table 1). The peaks 23Q datkd peak phases. The noise level varies in these calculatio
6N must be treated as a single cluster, with the integratiém none to 0 dB (Figs. 2c—2e show peaks witB dB noise).
domain centered between them (Table 1, Fig. 1e). The sam&MPAS phases remain within 5° from the actual phases wit
holds for a pair of unassigned peaks (Table 1, Fig. 1f). In aftinimal dispersion across most of the range of noise level
cases, the application of PAMPAS results in adequately phasgddied (Fig. 2a). Figure 2b shows the angular profile of thi
peaks with one exception of a weak, unassigned peak at (7efiferences between true phase errors and PAMPAS corre
ppm, 123.8 ppm). The linear regression of PAMPAS phasggns calculated across the whole 360° range in 1° steps. T
for all peaks in the spectrum reproduces the zero- and firfifre on the top represents the maximum deviation, the secor
order phase errors within 10° and 15°, respectively (Fig. 1gjne from the bottom depicts the average, and the remainin

Figures 2-12 show how PAMPAS precision and accuragyg jines show average: standard deviation. Only the worst
depend on noise, integration domain width, peak picking efzse 8 peak) is shown.

rors, first-order phase errors, solvent signal, baseline slopéype effect of the size of the integration domain is displayec
peak overlap, peak asymmetry, spectral resolution, line brogd-rig 35 The variable domain width ranges from a bare
ening, and lineshape. For each one of these factors, and fghimum (the peak itself, no baseline, Figs. 3b, 3d, and 3f) t
each value of each factor, PAMPAS phase coITections g times the amide peak width (Figs. 3c, 3e, and 3g). Narro
employed on a set of spectra obtained from the same Startfﬁﬂagration domains invariably lead to PAMPAS errors in

spectrum by incrementing its zero-order phase over the rangde (oo of 20° (Fig. 3a). PAMPAS errors of5° can be ex-

0, 2m) in st.eps ofm/4. For each value of the phase ermifs. pected when the domain width exceeds 200% of the peak wid
random noise sequences are added to the spectrum. The n §ge 3a)

is generated using a uniform distribution within a preselect dThe significance of the errors in the measured peak positior
noise interval. The noise level is expressed for each peak A . . . .
. . IS studied in Fig. 4a. The integration domain center deviate
separately in dB. Differences between the actual phase errors -
and the values calculated with PAMPAS are averaged over the. | the actual peak position by up t8100% of the peak
g width (Figs. 4b—4g). PAMPAS errors of less than 10° require

whole set 0fNyas. spectra corresponding to each fixed Valuﬁ]at the distance from the true peak position to the center of tt

nw/4 (n= 0, ..., 7) of the phase error. Averaging oW . . . 0 .
different noise sequences is performed separately for e E%QT:;n domain does not surpass 25% of the peak widt

phase error value to isolate the stochastic effects of the ran-=. .
domly generated noise sequences from the deterministic effectg'gurle S shows t?:]it PAI\/IdPASherrors rema:n S”.‘a‘”SO d

of the systematically varied phase angles. The data points §" a large range of first-order phase error values IMposed (
error bars in Figs. 2a—12a depict the averaged values and g Spectrum. Peaks that are located far from the phasing piv

standard deviations, which stand for the accuracy and precisféH! display weak oscillatory behavior (Figs. 5f-5i), but the

of PAMPAS, respectively. The continuous lines in Figs. 2gnoise masks the oscillations to a large extent (Figs. 5d—5e). Tt

12a represent maximal differences between true phase erf@isillation amplitudes increase with the distance from the
and PAMPAS results. The maxima are taken over the whd¥§@sing pivot. The oscillatory patterns strongly depend on th
set of phase errors and noise sequences. peak position relative to the sampling points (Figs. 5f-5i).
A simulated 1D*H NMR spectrum of alanine is the startingNeither the amplitudes nor the oscillatory patterns vary witt
point for calculations. The widths and the scalar couplingf€ integration domain width, as evidenced by the two curve
splittings of peaks corresponding to the beta protons (1.5 ppi) Fig. 5f. The curve in Fig. 5g appears to be V-shaped becau:
the alpha proton (4.1 ppm), and the amide (8.2 ppm) aferepresents absolute values of PAMPAS errors. Zero-orde
exaggerated to facilitate visual inspection of the results. TRBase erroraw/4 (n = 0, ..., 7) do not influence PAMPAS
same noise level{5.2 dB relative to thex peak height), errors at all, as illustrated by data points in Figs. 5f-5i.
straight and horizontal baseline, fixed peak widths, zero solventntensity of a dispersive, wide solvent signal (water at 4.7+
signal, no first-order phase error, absent peak asymmetry &@dn) significantly influences PAMPAS results when the ratic
overlap, uniform resolution (512 points in the data set), af¢tween the water signal and tfiepeak varies from 0:1 to
Lorentzian lineshapes are used in all calculations unless statéd1 (errors> 10°; Fig. 6a). The results for thepeak are not
otherwise. Twenty noise sequences are generated for eslbhwn because it is completely masked by the solvent sign
phase error value in all figures except in Fig.Ne,{;. = 100) (Fig. 6b).
and Fig. 9 N, = 5). The parameters for PAMPAS integra The baseline tilt exhibits minimal influence on PAMPAS
tion also are kept unchanged unless stated differently: thesults, as shown by Fig. 7a. The examined slope value
width of the integration domain is four times larger than thexpressed in intensity units per data point, run fres0 (Figs.
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TABLE 1

Measured Peak Areas and Calculated Phase Errors along the '*H Dimension for All Peaks in *H-*N HSQC Spectrum
of ®N Enriched Monocyte Chemoattractant Protein-1 (13)

Residue assignment H (ppm) "N (ppm) AP A2° Phasé & (°)
3D 8.43 118.0 640.23 2138.47 73.3
4A 8.20 122.6 531.20 2161.41 76.1
51f 7.97 117.3 651.18 1617.16 68.1
6N 8.17 116.6 766.08 3419.27 77.3
6N° 6.93 123.5 —6403.65 —4740.75 —143.4
6N’ 7.38 1235 —2895.01 —2649.88 —-137.5
A 7.54 122.4 912.50 1454.30 57.8
9V 8.89 118.6 —162.32 994.02 —260.7
10T 8.72 113.0 —-5.89 —862.17 —-90.3
11C 8.67 119.4 —255.13 1235.99 —258.3
12C 7.72 115.0 282.72 884.77 72.2
13Y' 9.22 120.8 —273.15 550.76 —243.6
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
16T 8.60 114.3 28.42 884.84 88.2
17N 6.92 124.0 —3398.60 —1554.76 —155.4
17N 7.63 124.0 —1597.94 —2979.86 —118.2
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
201 5.32 122.8 1607.43 —752.30 —-25.0
21S 8.28 119.5 244,51 3002.79 85.3
22V 8.44 123.4 227.45 1798.25 82.7
23@Q 8.17 117.2 351.88 1661.63 78.0
23Q°" 7.53 123.4 —3649.89 —2240.09 —148.4
23¢° 6.86 123.4 —6403.65 —4740.75 —143.4
24R 7.86 113.9 1013.89 1511.60 56.1
25L 7.61 1185 1232.14 803.05 33.0
26A 9.30 121.4 —599.27 980.83 —238.5
27S 8.20 119.8 —543.49 —1792.86 —106.8
28Y 8.64 114.6 —87.63 1313.52 —266.1
29R 8.63 116.0 —312.32 1380.71 —257.2
30R 9.06 121.0 —470.45 1539.88 —253.0
31l 8.72 122.3 150.47 1424.71 83.9
32T 8.45 114.3 244.54 649.14 69.3
33S 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
38K 6.72 123.2 —1059.13 —1183.71 —131.8
39E 8.58 122.1 4.42 1990.67 89.8
40A' 8.42 119.7 —-67.71 1325.68 —267.1
41V 8.56 119.1 —-11.26 1294.70 —269.5
421 8.91 122.0 —474.20 1062.27 —245.9
43F 9.37 112.4 417.67 —1017.59 —67.6
44K 8.95 1215 —56.96 1241.29 —267.3
45T 9.24 115.1 —453.41 1270.09 —250.3
461 8.48 113.6 187.81 1057.35 79.9
47Vv°! 7.19 123.7 —864.93 —865.24 —134.9
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 —69.16 1100.88 —266.4
511 9.18 119.2 —256.36 1117.27 —-257.0
52C 8.86 123.6 —98.62 999.20 —264.3
53A 9.95 112.2 523.11 —763.14 —55.5
56K 8.06 1155 1217.39 2764.73 66.2
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TABLE 1—Continued

Residue assignment 'H (ppm) N (ppm) AP AS° Phasé @ (°)
57Q 7.59 116.6 1160.88 1505.15 52.3
58K 8.81 112.5 —-9.04 —915.49 —-90.5
59W 8.74 114.1 —65.90 1534.65 —-267.5
59W 10.11 115.7 1329.99 —1329.59 —-44.9
60V* 6.30 112.0 —1208.32 946.51 —173.0
61Q 7.48 123.3 —3054.14 —3685.12 —-129.6
61Q 7.27 119.2 1158.42 1019.93 41.3
61Q 6.60 123.3 —2814.08 —1020.60 —160.0
62D 8.90 118.0 —391.70 1721.32 —-257.1
63S 8.04 116.8 568.53 1081.07 62.2
64M 8.17 120.3 322.58 1061.69 73.0
65D 7.96 116.1 659.43 1678.58 68.5
66H 8.02 1155 565.36 2917.35 79.0
67L 8.33 118.9 89.39 1103.18 85.3
68D 8.89 119.7 —244.32 1543.35 —261.0
69K 7.68 117.0 836.46 1891.91 66.1
70Q 7.76 116.9 810.80 1585.03 62.9
71T 7.95 111.7 772.41 1786.46 66.6
72Q 8.19 120.6 569.99 2328.79 76.2
75K 8.46 121.2 426.28 4078.74 84.0
76T 7.79 119.3 1770.33 4135.77 66.8
Nullf 8.04 114.6 70.92 439.81 80.8
Null’ 7.85 119.9 79.56 551.82 81.7
Null 7.48 122.5 —388.82 161.09 —-202.5
Nullf 7.37 123.8 —886.71 —328.36 —159.7
Null 7.51 123.8 —3973.15 —4583.37 —130.9
Null 7.64 123.7 —4456.82 —2433.89 —151.3
Nulle® 6.86 123.8 —5345.76 —2372.76 —156.1
Null®" 6.95 123.7 —5345.76 —2372.76 —156.1

#The areasA; correspond to the phase shift, = 0.

® Integration domain is 41 points wide unless stated otherwise.

® The areas\, correspond to the phase shift, = /2.

¢ Equation [10] is used to extract the phase error from the area measurements.

°® The phase is shifted by/4 prior to applying PAMPAS.

" Integration domain is 15 points wide.

9 Integration domain is centered between 6N (6.93 ppm, 123.5 ppm) and 23Q (6.86 ppm, 123.4 ppm).

" Integration domain is 35 points wide and centered between the unassigned peaks located at (6.86 ppm, 123.8 ppm) and (6.95 ppm, 123.7 ppm).

7b, 7d, and 7f) to 50 (Figs. 7c, 7e, and 7g) without changirtbe errors in PAMPAS phases can be kept below 10° b
calculated phases. widening the integration domain (not shown).

To inspect the influence of overlapping peaks on PAMPAS Figure 10a illustrates the effects of the spectral resolution o
phases, a set of new peaks is introduced into the simulatbd calculated phase errors. The number of the sampling poir
alanine spectrum. It corresponds to an additional alanine mdecreases from 512 (Figs. 10b, 10d, and 10f) to 64 (Figs. 10
ecule with slightly shifted resonances and 60% lower pedRe, and 10g) without increasing the errors in PAMPAS result
intensities. The centers of the integration domains are placedgyond~30°.
the middle of each peak pair (Figs. 8b—8g). Figure 8a repre-The application of a series of exponential window functions
sents the errors in PAMPAS phases caused by gradual diveith increasing line broadening shows that magnified pea
gence of the resonances from two different alanines. widths do not produce noticeable enlargement of PAMPAS

Figure 9a shows how the peak asymmetry affects PAMPASrors (Fig. 11a). The line broadening factor extends from zer
results. The effects of poor shimming are modeled using eqy&igs. 11b, 11d, and 11f) to 100's(Figs. 11c, 11e, and 11g).
tions from the Appendix. The produat(o°B/dz?) 8% which The width of the integration domain is one-third the size of the
measures the field inhomogeneity (see Egs. [A1]-[A3]), iportion of spectrum shown in insets b—g in Fig. 11.
creases in these calculations from zero (Figs. 9b, 9d, and 9f) tdlo study the effects of various lineshapes, PAMPAS calcu
5 rad/s (Figs. 9c, 9e, and 9g). Wha(w’B/az?)8*> > 2 rad/s, lations are repeated on the same data processed with t
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10xlog,,[(Max Noise)/(Peak Height)] [dB] on PAMPAS results for any of the window functions studied
-8 -6 —4 -2 s (Fig- 12a)-
‘ ‘ ‘ ‘ ‘ All calculations are performed with the FELIX software
- a e package for NMR processing and analysig)(
—f
g - N / 4. DISCUSSION
H /
/ The accuracy of PAMPAS calculations is influenced by &

number of factors that are difficult to control once the spectrun
has been collected. Adverse effects of unfavorable experime
T ' 1 tal NMR conditions, such as low sample concentration, instru
' I mental imperfections, inappropriate choice of the pulse pro
a gram, insufficient solvent suppression, inadequate initia

i

[ i

|(Phase Error)—(PAMPAS Phase)| [°]

5.

@]

4

O | 1 Il
; . , 100x(Integration Domain Width)/(Peak Width) [%]
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FIG. 2. (a) The effect of the signal-to-noise ratio on errors in calculated ‘
peak phases; (b) the angular profile of the differences between true phase errors /‘
and PAMPAS results; (c—e) examples®f a-, and amide peaks witkh 3 dB U | Wr‘ .
noise superimposed on the simulated spectrum. A simulated alanine proton . ! ! o i
spectrum, subjected to a series of zero-order phase shifts, is used to calculate 359
PAMPAS errors. Data points in inset (a) represent PAMPAS errors averaged )
over 100 randomly generated noise sequeneesdB relative to thg3-peak) f /\N
for each of eight fixed phase errars/4 (n = 0, ..., 7). Data points in inset Uwfwﬂ/j \,MW\MW\
(a) represent thex proton (filled circles),8 protons (open circles), and the ! : ' w !
amide peak (triangles). The dashed, solid, and dotted continuous lines in inset 250 200 350 250 F 350
(a) represent maximum PAMPAS errors fer, B-, and amide peaks, respec- /v i

tively. The maxima are taken over the whole set of phase errors and noise \ “/ ‘\A

sequences. The top line in inset (b) indicates the angular profile of the ron L WIAY N A
maximum PAMPAS error for the8-peak. The average PAMPAS error is ! ! ! ! L L
represented by the second line from the bottom. The remaining lines corre- 50 100 150 50 100 150
spond to average: standard deviation. The calculations are performed over Data Points

the whole 360° range in 1° steps. Maximum, average, and standard deviation . ) . o
values are calculated over 100 noise sequene8i relative to theg-peak), FIG. 3. (a) PAMPAS error as a function of the integration domain width;

generated separately at each 1° increment. The integration domain is(%79) €xamples showing the range of integration domain widths used t
points wide. calculate data points in inset (a). The same simulated NMR peaks are used

in Figs. 1b—1g. The averages (data points) and standard deviations (error ba
are calculated over a set of 20 noise sequences, generated separately for €
following apodization functions: exponential line broadenindixed phase error valuer/4 (n = 0, ..., 7). The maximum PAMPAS errors

Gaussian window, sine bell, squared sine bell, skewed Si(ﬁ%ntlnuous lines) are taken over aII phase error values and noise sequenc
| ﬁets (b), (d), and (f) represent minimal integration domain widths. Insets (c

bell, skewed squared sine bell, Kaiser window, and trapezoi @ and (g) show integration domains 10 times wider than@ipeak. The
function (Figs. 12b-12i, respectively). The type of apodizatise is fixed at-5.2 dB relative to the:- peak. The meanings of the data point
and the resulting lineshape do not cause any detectable effegishols and continuous lines in inset (a) are the same as in Fig. 2a.
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100x(Peak Displacement)/(Peak Width) [%] Fortunately, the signal-to-noise ratio, although often the
190 _g0 _40 o 40 50 120 most noticeable (and irritating) among experimental factors
O — J ! ‘ T hardly influences PAMPAS results at all (Fig. 2a). PAMPAS

owes its remarkable robustness with respect to noise to the fe
that the integration procedure accumulates the signal whil
averaging random noise to zero. The applicability of PAMPAS
to weak peaks (Fig. 2e) contrasts the sensitivity of the line

shape methods to nois8)(
Somewhat less conspicuous, yet much more consequent
/ for PAMPAS, are the errors in the measured peak position:
iy Normally, the integration domain is centered at the middle o

25

|(Phase Error)—(PAMPAS Phase) [°]
o
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FIG. 4. (a) PAMPAS error as a function of the offset between the pea_w } — }%@4 o . \r"u/
position and the center of the integration domain; (b—g) examples of peaks afid & - £ ) -
misplaced integration domains used to calculate data points in inset (a). The |, | “/=/~/ ] 0=
data point symbols and continuous lines have the same meaning as in Fig. 2a. L 5
poin’ > °s have g el W NS S =l °
Twenty noise sequences-$.2 dB relative toa-peak) are used. Phase error oMo S o) L \f‘-«\v.- \ s
values are the same as in Figs. 2a—3a. The integration domain width is 121 o — ; | | f —t : ! -
points. 09+ h . i
os |1 i j/‘ I 7
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unsatisfactory homogeneity of the magnetic field, cannot be
eliminated when the processing reaches the stage of spectral First Order Phase Error [°]
phasmg. SPeCtra! Ch?‘raCte,”Stlcs inherent to the S_'amp,'e' such éﬁs 5. Effects of the first-order phase error on PAMPAS calculations.
poor chemical shift dispersion and large natural linewidths, afets (a—c) show PAMPAS errors f8F, a-, and amide peaks, respectively.
not helpful either and are even less manageable. It will I@&ght zero-order phase errorsm/4 (n = 0, ..., 7) are used for each
shown, however, that a judicious choice of parameters fiypt-order phase error data point in insets (a—c, f—i). Insets (d, e) show resul
PAMPAS calculations can reduce the sensitivity of PAMPAY" peaksp and a, respectively, with zero-order phase error equaitd.
Twenty noise sequences-5.2 dB relative to thex-peak) are generated in
results to those, fa,CtorS' For examP'e’ PAMPAS phases ,Caninggts (a—e) for all phase error values. Inset (f) shows resulfsfeak shifted
improved by picking the most suitable PAMPAS algorithifom 1.5 ppm (422.4 points) to 1.498 ppm (422.5 points). Inset (g) display:
(Egs. [10]-[15]), adjusting the integration domain width, car@AMPAS errors fora-peak shifted from 4.1 ppm (289.28 points) to 4.1055
fully positioning the center of the integration domain, choosingpm (289 points). Inset (h) illustrates effectsgapeak shift to 1.508 ppm (422

the most appropriate treatment for the baseline correction, &{its)- Inset (i) displays PAMPAS errors farpeak at 4.096 ppm (289.5
oints). No noise is present in insets (f—i). The data points, error bars, ar

|nclud|ng mUIt'ple' peaks '”t‘? th_e Integration _doma'n' Thgontinuous lines have the same meaning as in Figs. 2a—4a. Integration dom:
results of simulations shown in Figs. 2-12 provide guidelinggith is fixed at 29 points, with the exception of the lower curve in inset (f)

for optimizing PAMPAS parameters. (57 points).
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cients and results in wrong phase estimates. This observati
suggests the solution: increase the width of the integratio
domain to reduce the influence of the dispersive componer
The increased amount of noise is a small price for the accurac
gained.

Natural peak width is another potential source of problem:
that can be solved by adjusting the size of the integratiol
domain. For best results, the PAMPAS integration domail
should be at least twice as wide as the peak itself (preferab
three times, see Figs. 3a and 11a). This requirement apparen
limits the choice of peaks that can be treated with PAMPAS t
those that are well separated from the rest of the peaks in
spectrum. This limitation is significantly relaxed by the fact
that a group of overlapped peaks can be selected and succe
fully treated with PAMPAS as if it were a single peak, under
the condition that the group is well separated from other peak
The key factor here is the insensitivity of PAMPAS calcula-

Baseline Slope
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FIG. 6. (a) PAMPAS errors in spectra with increasing dispersive solveng, : §
signal at 4.75 ppm; (b) an example of a spectrum used to calculate data poiats : £
= £z

in inset (a). Twenty noise sequenceslQ.2 dB relative to the-peak) are used

for each of eight equidistant phase errors (incrementeg/#y. The data point
symbols and lines are the same as in previous figures. The integration domain
is 15 points wide.

the peak. This location usually is determined using a peak
picking procedure. Relatively small errors in peak picking
(caused, among other things, by the noise in the signal) can
quickly degrade PAMPAS phases beyond resemblance to the
true values. For example, to achieve phase correction accuracy
of 10° or better, the difference between the actual and the
measured peak positions must be less than one-fourth of the
peak width when the integration domain is four times wider
than the peak (Fig. 4a, open circles and triangles). The problem
becomes even more severe when the integration domain is
narrower (Fig. 4a, filled circles). The finite width of the inte-
gration domain is at the root of this problem. When the center

of a finite integration domain does not coincide with the peakFIG. 7. (a) PAMPAS errors in spectra with increasing baseline tilts; (b—g)

center. the integrals of the positive and the negative |Obese6Fmples of peaks used to calculate data points in inset (a). The slope of t
’ eline is expressed in units of intensity per data point. Twenty nois

. . . a
the d|sperS|ve Cqmponent atje n_Ot balanced and fa”_to Canggjuences{&Z dB relative to the--peak) are generated per phase error value.
out. The nonvanishing contribution from the dispersive coMme integration domain is 41 points wide. The symbols and lines are the san

b N ¢ v/
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L | ! ] / | |
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/
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f g
| 1 | i i
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Data Points

ponent to the measured peak area distorts the Fourier coeffiin previous figures.
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100x(Peak Separation)/(Peak Width) [%] Although the increase of the integration domain width solve:
89 120 a number of problems, it cannot be employed indefinitely. The
‘ maximum allowed width of the integration domain is limited
by the requirement of uniform phase within the integration
domain. If the first-order phase error cannot be neglected, tt
integration domain is too wide.

The unexpected asymmetry in Fig. 4a results from the fac
that, in general, a peak position does not coincide with any ¢
the discrete points where the spectrum is sampled. This leads
1 slight asymmetry of the integration domain, which starts an
ends at the sampling points. Similarly, the contributions fromn
5 the unbalanced dispersive tails can alternate between positi
1 and negative values as the first-order phase correction increa:
(Figs. 5f=5i). The complications arising from incomplete can-
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FIG. 8. (a) The effects of the peak overlap on PAMPAS results; (b—gj or ]

pairs of overlapping peaks used to calculate data points in inset (a). Data point
symbols and continuous lines have the same meaning as in previous figures. b | c
Twenty noise sequences 5.2 dB with respect to the-peak) are generated for ’\ P\

each phase errong/4). Integration domains are 101 points wide. _——jd _ _
L |

L J L ! |
350 400 M | 450 500 350 400 , 450 500
|

tions to peak overlap (Fig. 8a), which is due to the fact thatthe d j\‘%‘w e /o
basic equations (Eqg. [2]) do not assume anything about the Vi, /
number of peaks within the integration domain or about their WW/V Www 4 km
overlap: it holds for any number of overlapping peaks. The 250 ,
only requirement is that the phase remains uniform within the /'l g \
integration domain. U ‘\\RM
The PAMPAS integration domain can be centered anywhere ‘
within an asymmetric group of peaks as long as the integration 50 100 150 50 100 150
domain is wide enough so that at least approximate cancella-
tion is achieved for the dispersive components of the constit-

uent peaks. This distinguishes PAMPAS from the methodd 'C: 9 (&) The dependence of PAMPAS errors on peak asymmetry; (b-g
examples of symmetric peaks in a homogeneous field (insets b, d, and f) a

based on !ineShape analyss 8):. which bre_ak down when an_of asymmetric peaks in the presence of strong field gradient (insets c, e, and
asymmetric cluster of overlapping peaks is encountered. Simgs®B/az%)6% = 5 rad/s). Equations [A4, A5] (Appendix) are used to simulate

ilarly, when the integration domain is wide enough, PAMPASIfects of poor shimming on lineshapes. The produ@B/dz%)5* provides

- . measure for the field inhomogeneity (inset a, abscissa; see Appendix). Fi
results are barely affected by the inhomogeneity of the ma ise sequences—(5.5 dB relative to thex-peak in absence of the field

netic field and the resulting lack of symmetry of indiVidua!;radient) are generated per phase error value. The integration domain width
peaks. equal to 81 points.

Data Points
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FIG. 10. (a) The effects of the digital resolution on PAMPAS resultsé
(b—g) examples of peaks with the highest resolution (512 data points, inset™
d, and f) and with the fewest data points (64, insets c, e, and g). The integrat
domain corresponding to the largest data size is 81 points wide and decre:
proportionally with the data size. Twenty noise sequence$0(2 dB with
respect to thex-peak) are generated for each phase angle value.

cellation of the dispersive tails are minimized when the sum
the true phase and the phase shift applied is close to zero.

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

The spectral baseline in the imme.diate Vi_Cinity of the pe‘_ikFIG. 11. (a) The effects of peak width; (b—g) comparison of peaks from
must be corrected before PAMPAS integration can be carried extremes of the line broadening range displayed in inset (a). Insets (b), (¢

out. Two approaches were tested. Both subtract a straight Ian (f) shows, «, and amide peaks, respectively, without line broadening. The
ame peaks are shown in insets (c), (e), and (g) after being subject to a li

roadening factor of 100°S. Integration domain width is equal to 41 points.

from the signal, approximating the baseline with a linear funE

endpoints of the integration domain. The alternative is to use
tilted straight line that connects the endpoints. In both case
the noise is suppressed by averaging several points at the er
‘ of the domain. The two methods are equally successful whe
8 the baseline is linear and equally ineffectual when it is not. Th
simpler of the two is thus preferable. A variation that average
results obtained from multiple integration domain widths fur-
ther reduces the effect of noise on the baseline correction at
improves the phase estimates (not shown).
Insufficient number of data points and poor digital resolutior
decrease somewhat the accuracy of PAMPAS calculatior
(Fig. 10a) for the following reasons. First, the summation of
data point values becomes a poor substitute for integratic
J when data points are far away from one another. Also, th
reduced number of data points across the integration doma
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tion of the frequency on the small segment of the SI:)ecnuﬂ;\‘lenty noise sequences-5.2 dB relative to thex-peak) are generated for

occupied by the peak. The simpler approach uses a horizortgh of eight fixed phase errors. The same data point symbols and continuc

straight line positioned at the middle between the heights of thes are used as in previous figures.
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Apodizalion Function few restrictions on the number of phase increments (Nyquis
theorem) or their values. For example, in the special case |
°r a 7 any value exceptr can be used foW,. The valuer cannot be
used for¥, because the matrix from Eq. [7] becomes singulal
, whenN = 2 and|¥, — ¥,| = «. Interestingly, Egs. [14, 15]
(case 4), although approximate, reduce to the exact Eq. [1.
(case 3) wheiN = 3. Test calculations based on special case
1-4 yield identical results (data not shown), but the specic
case 1 is preferred because it is the simplest and the quicke
. Certain situations, however, require modifications in the algo
rithm. For example, when the denominators in Eqgs. [10, 11
and [13, 14] are much smaller than the numerators, the initic
phase of the peak should be shifted by an arbitrary amoul
different from # prior to applying PAMPAS. The baseline
correction (vide supra) is yet another example of how the
results can be improved by picking the most suitable PAMPA!
.50 algorithm.
Note that Egs. [8, 9] can be used to improve the accuracy «
peak intensity measurements when peak phases are not perfi
) Unlike the grid-search procedures, where precision i
#% achieved at the expense of speed (and vice versa), PAMP/
uses simple analytical relationships that demand minimal con
putational cost, yielding optimal peak phases whose precisic
depends primarily on errors in measured experimental inpt

400 450 400 45;0
h /M/WL i /\ ’f\ data. Another important strength of PAMPAS is its absence c
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U dependence on the lineshape (Fig. 12a). The existing a
. - / proaches that assume Lorentzian or Gaussian lineshap
00 50 400 *0 (3, 6, 7 are clearly inferior to PAMPAS whenever NMR peaks

Data Points deviate from those ideal shapes, a regular occurrence in re
és_pectra (Fig. 1).

FIG. 12. (a) PAMPAS errors in spectra processed with different apodiz
tion functions: (b) exponential line broadening (line broadening0 s %), (c)
Gaussian window (line broadening —20 s, Gaussian parameter 0.2), (d) 5. CONCLUSION
sine bell /2 phase shift, window covers all data points), (€) squared sine bell '

(7/2 phase shift, all data points), (f) skewed sine belP(phase shift, all data . . o
points, unit skew), (g) skewed squared sine be#l2(phase shift, all data ~PAMPAS is accurate, fast, robust, and simple. Its superiorit

points, unit skew), (h) Kaiser windowx(= 8 dB, all data points), and (i) with respect to the methods based on lineshape analysis mal
trapezoidal function with the points of the trapezoid 10, data size-10, and dﬂtqhe method of choice for automated phase correction. Th
size. Insets (b—i) show th@-peak only. Bar groups labeled with letters B—I in ffectiveness and robustness of PAMPAS in phase-correctir
inset (a) correspond to the apodization functions illustrated in insets (b)—(i), . | . id d b .

respectively. The left, middle, and right bars in each bar group of the histogra perlmenta. ND NMR spectra is GVI. ence Yy F.'g' 1. An
correspond tg8, a, and amide protons, respectively. The integration domaimplementation of PAMPAS has been incorporated into a ney
width is 41 points. Twenty noise sequencess(2 dB relative to ther-peak) autophase routine within the FELIX software package fol
are generated per phase error value. NMR processing and analysi&4), and it has proven success-

ful in multidimensional spectra (manuscript in preparation).

increases the impact of noise. Finally, the chances of picking

an incorrect peak position increase when the peak is repre-  APPENDIX: ASYMMETRIC LINESHAPES IN

sented by fewer data points, mostly because the symmetry of INHOMOGENEOUS MAGNETIC FIELD

the peak may not be evident (Figs. 10c, 10g). Since PAMPAS

is relatively insensitive to peak asymmetry, the effect of digital To study how PAMPAS phases depend on the quality o

resolution is smaller than in methods based on peak symmethimming, the following model of asymmetric lineshapes in ar

(8,12. Strong apodization functions, used to avoid rippleéshomogeneous magnetic field is used. A magnetic field gre

from FID truncation in data sets with fewer points, broaden thiient is introduced along the directianof the static fieldB.

peaks but do not degrade PAMPAS results (see Fig. 11a). The spatial variation of the resonance frequelftyis ex
The application of PAMPAS is by no means limited to th@anded into a Taylor series around the middle of the samp!

special cases 1-4 described above. PAMPAS imposes valgng the coordinate:



32 ZELJKO DZAKULA

B 1/0°B , The following auxiliary variables are used:
Qo—hy(l—a')|:Bo+<aZ)Z+2<azz>Z :|
°B M9°B1929)52
=~ @y + )\()ZZ. [A1] = = gj =
0 522 p 8 (o~ )2 1 A s=sin(§) c¢ = cog¢)
The constantdi, vy, and o represent Planck’s constant, the , _ 1 g( A ) T
gyromagnetic ratio, and the magnetic shielding, respectively.g 2 are 4 [sgriwo = ) ] [AS]

The termw, is the value of(), corresponding to the magnetic

field B, at the middle of the sample: ) ) ] ]
The dispersive component is calculated by means of Hilbe

1 transform. Equation [A4] reduces to the Lorentzian lineshap
we=hy(l—0)B, A= > Ayl — o) = w/(2By). in the limiting case of homogeneous field.

[A2]
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