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Abstract

Multivariate curve resolution (MCR) has been applied to separate pure spectra and pure decay profiles of DOSY NMR data.
Given good initial guesses of the pure decay profiles, and combined with the nonlinear least square regression (NLR), MCR can
result in good separation of the pure components. Nevertheless, due to the presence of artefacts in experimental data, validation
of a MCR model is still necessary. In this paper, the covariance matrix of the residuals (CMR), obtained by postmultiplying the
residual matrix with its transpose, is proposed to evaluate the quality of the results of an experimental data set. Plots of the rows
of this matrix give a general impression of the covariance in the frequency domain of the residual matrix. Different patterns in the
plot indicate possible causes of experimental imperfections. This new criterion can be used as diagnosis in order to improve exper-
imental settings as well as suggest appropriate preprocessing of DOSY NMR data.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Diffusion ordered spectroscopy (DOSY) NMR has
been regarded as a potential non-destructive alternative
to LC-NMR to identify pure components in a mixture
[1-3]. Basically, the individual spectra of the components
in a mixture can be pseudo-separated according to their
respective diffusion coefficients. Previous research has
indicated that multivariate curve resolution integrated
with nonlinear least square regression (MCR-NLR)
and good initial decay profile estimation is a general
method to provide reasonably well-resolved spectra
and decay profiles [4,5]. However, the performance of
MCR is still quite sensitive to the quality of the data.
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Antalek [6] describes that there are three main error
sources during DOSY data acquisition which can cause
artefacts and hence can affect the quality of DOSY
NMR data. These are eddy currents, a non-uniform
magnetic-field gradient, and convection. In addition,
common artefacts like line broadening during the exper-
iment, e.g., introduced by time-varying inhomogeneity of
magnetic field (large) peak shifts caused by time-depen-
dent temperature variation, and baseline artefacts can
also decrease the quality of a data set. This paper will fo-
cus on analysing the artefacts induced by eddy currents,
time-dependent temperature variation, baseline distor-
tion, and increasing inhomogeneity of magnetic field
during the experiment. Eddy currents are mainly caused
by fast switching (on and off) of a magnetic-field gradi-
ent. If eddy currents persist during acquisition of the
FID, they can produce distortions in the spectra such
as phase distortion and line broadening. The extent of
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the distortion is dependent on the strength of the applied
gradient pulse. This effect leads to incorrect diffusion
constants [6]. Also time-varying sample temperatures
may lead to serious problems, because in some cases even
very small changes of the temperature during the exper-
iment can cause relatively large frequency shifts in the
spectra [7]. In addition, time-dependent inhomogeneity
in the B, magnetic field, i.e., decreasing shim during
the experiment, can lead to line broadening and line-
shape distortion [7]. This can result in deviation of pure
exponential decay of the measured signals in a DOSY
experiment. Phase and baseline distortion are commonly
present and may have several causes, e.g., a disparity be-
tween both echo times in the DOSY pulse sequence and
hardware imperfection. After phase correction, which
should always be done, baseline errors appear. This is
a well-known shortcoming of the discrete Fourier trans-
form (DFT) algorithm [8]. These experimental artefacts
can have a negative effect on the results of data process-
ing and hence they should be diagnosed and minimised
as much as possible. Although convection can also cause
major artefacts in DOSY data, it will not be discussed in
this paper because it is very difficult to do experiments
with a controlled amount of convection without intro-
ducing other artefacts [9,10].

Validation of a model is an important part to evalu-
ate the reliability of the resolved pure spectra and decay
profiles. When a model goes wrong, it may have two
reasons. It can be the result of either the misuse of
the MCR algorithm or from the presence of significant
experimental artefacts in the data set. In general, resid-
uals can give an indication of the goodness of a model.
Usually, the relative root of sum of square differences
(RRSSQ) is used to describe the quality of a MCR
model [11]. However, RRSSQ only provides a general
error value of the model and does not present diagnos-
tic information. Moreover, in some cases the value of
RRSSQ does not change but the resulting models are
different. The residual matrix, the difference between
the original data and the reconstructed data, on the
other hand, contains a lot of valuable information to
evaluate the model. Therefore, it is useful to plot the
residual matrix for visual inspection. There are a few
ways to do it [12,13]. The residuals can be plotted versus
the chemical shift (plot each row, called residual spec-
trum), or versus the gradient square values that are used
to create a series of decaying NMR spectra (plot each
column, called the residual decay profile). Ideally, the
plots should show random structure (corresponding to
the experimental noise) if the model is correct. Never-
theless, due to the existence of experimental artefacts,
there are deviations from the pure exponential decay
in the data when the intensities of the NMR signals
are plotted against the gradient strengths. As a result,
the residual plot can still show non-random structure,
even for simple cases. This paper proposes a new graph-

ical diagnosis tool to identify possible sources of exper-
imental artefacts in the DOSY NMR data, if there are
any. This plot is constructed by covariance matrix of
residuals (CMR), in which each row (or column, which
are the same) is plotted versus the values of squared
gradients or the sequence of the spectra. It can provide
a summary of the covariance of residuals in the fre-
quency dimension at a glance. In this paper, five com-
puter-simulated data sets and four experimental data
sets were generated with deliberately adding different
kinds of artefacts. The choice of these artefacts is based
on the common problems encountered in the acquisi-
tion of DOSY data as mentioned above. Since the
intention of this paper is to use a diagnostic tool to
optimise the experimental settings, the data are rela-
tively simple, i.e., the simulated data have at least one
pure variable for each of the component and the exper-
imental data contain no overlapping peaks. Hence,
good initial guesses of the pure decay profiles can be
easily obtained by a pure variable method such as the
orthogonal projection approach (OPA) [14], which
means that pure components in the original data can
be well resolved by MCR-NLR easily too. The residu-
als of each calculated MCR model are calculated and
the corresponding CMR plots will be shown. It is
shown here that the CMR plot shows a characteristic
pattern for each particular artefact. Thus, by studying
the CMR plots, the possible experimental artefacts in
the data set can be identified. This can provide a diag-
nostic way for experimental optimisation. In addition,
the CMR plot can also suggest what preprocessing tech-
niques should be applied to improve the quality of the
data.

2. Theory
2.1. The MCR model of the DOSY NMR data

The procedures of processing DOSY NMR data
have been described previously [4,5]. Here only a brief
review is given. The initial guesses of decay profiles are
obtained by the pure variable method OPA. Pure decay
profiles and pure spectra are resolved by the alternating
least square (ALS) in MCR [15]. Due to the presence
of artefacts and rotational ambiguities, the solutions
of MCR are not always unique, which may make the
iteration stop in a wrong solution without changing
the fitting errors. Therefore, constraints need to be ap-
plied in each iteration of MCR. Non-negativity con-
straints are used to get the meaningful chemical and
physical information and nonlinear least square regres-
sion is used to force pure exponential decay profiles
and presents a better solution for MCR [16,17]. The
signals of nth component are obtained as described in

Eq. (1):
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1(n, &%) = Iy(n) exp[—-D(n)(4 — 6/3)K?],
K = ygo, (1)

where D(n) is the diffusion coefficient of the nth compo-
nent (m>s~'). § is the duration of gradient pulses (s) and
A is the diffusion time (s), both of which are experiment
constants. K is multiplication of J, y, the gyromagnetic
ratio of the 'H nucleus (rad s ™' T™'), and g, the gradient
strength (T m™"). Iy(n) is the intensity when the gradient
strength g is zero. With several components in the
sample, the recorded signals (/) are the summation of
Eq. (1).
The model of MCR is represented by Eq. (2):

I=C-S"+E, (2)

where C represents resolved pure decay profiles of the
exponential term in Eq. (1) and S contains the resolved
pure spectra which is /y(n) in Eq. (1). E is the difference
between original data and the calculated data, i.c., the
residual matrix.

2.2. Diagnosis of DOSY NMR data by CMR
The conventional criterion to evaluate an MCR mod-

el quality is the relative root of sum of square differences
(RRSSQ) [11]. It can be calculated by Eq. (3):

Z (Ioriginal - Ipredicted)2
Z (Ioriginal ) :

The ideal prediction should lead to the value of RRSSQ
close to zero. This criterion gives an overall assessment
of the goodness of fit of the model but does not provide
diagnostic information.

The residual matrix E contains diagnostic informa-
tion of a data set. It is the difference between the original
data matrix and the predicted data matrix

Eresi = Ioriginal - Ipredicted~ (4)

A plot of residuals can evaluate the MCR model of
DOSY NMR data visually. One type of plot is obtained
by plotting the residuals versus the chemical shift, i.e.,
the rows of the residual matrix. This will be called resid-
ual spectrum in the following. In the residual spectra of
the experimental data, there are always some sharp
peaks present in the signal part of the residual spectra
because the variance of a region containing a peak is
much higher than that of an area without signal. There-
fore, the residual spectra hardly ever show a random
noise pattern, even if the artefacts in the experimental
data are very small.

The residuals can also be plotted as a function of the
gradient strength, i.e. the columns of the residual matrix
(variables of the matrix). However, with a large number
of variables, plotting each of them is very cumbersome
and the diagnostic information behind the graphs is dif-
ficult to be seen. In this paper we propose to plot the

%RRSSQ = 100 x \/ (3)

covariance matrix of residuals (CMR), by which one
can visualise the structure of residuals more easily.
Hence, it can provide diagnostic information better.
Since it is the covariance between the residual spectra
that is of interest, CMR is obtained by postmultiplying
the residual matrix by its transpose, as described in

Eq. (5)
Zrcsi = ErcsiEl (5)

resi*

The residual matrix contains r rows and ¢ columns,
which has the same size as the original data set
(r = number of gradient values; ¢ = number of spectral
data points). Therefore, CMR, which is Z;, contains
the size of rxr and the plots of its rows (or columns)
summarise the information of the covariance of the
residual spectra. If the data are of good quality and
the model is correct, then there is no correlation or
covariance in any row of the residual matrix and the
plot of CMR shows random structure with unique var-
iance. When there is high covariance between two of the
residual spectra or there is a gross error in an individual
spectrum (outlier), the corresponding elements of the
CMR will have a very high value. Also, if there is a
trend with the variables in the gradient dimension of
the residual matrix, then the CMR plot will show it
clearly.

3. Experimental section
3.1. Simulated data

A simulated data set containing three components is
used to examine the response of CMR to the simulated
experiment artefacts. The stacked plot of the data set
and the pure spectra of the components (frequency do-
main) are shown in Fig. 1. The spectral width is
10 ppm in 1000 data points. The first component con-
tains one Lorentzian peak at 5.01 ppm. The maximum
intensity of the peak is 100 arbitrary units (U). The sec-
ond component contains two Lorentzian peaks at 2.51
and 5.21 ppm, with the maximum intensities of 100
and 50 U, respectively. The third component consists
of three peaks at 2.51, 4.81, and 7.51 ppm. The maxi-
mum intensities of the peaks are 100, 50, and 50 U.
The linewidths (half-widths at half maximum) of the
peaks are the same, which is 3.3 data points. The diffu-
sion coefficients of the three components are 5.00 x
1071° 5.00x 10~°, and 1.00 x 102 m* s~ !, respectively.
The simulated data set contains 32 spectra with equally
spaced K* values ranging from 1.0143x10% to
3.0622x10'""m ™2, and 4=0.1s, 6 =35ms. The data
set contains white noise with the standard deviation of
0.04% of the lowest peak intensity. Five different kinds
of simulated artefacts, as mentioned above, are added
to this data set. The simulation is analogical to the
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Fig. 1. (A) A stacked plot of the simulated data set; (B) the pure spectra of the components.

experimental situations under which experimental arte-
facts are deliberately created (see below).

The first data set, named Sim-no-artefacts, contains
small random phase and frequency shifts between spec-
tra that are typically present in measured DOSY data of
high quality. Peak shifts ranging from —0.05 to 0.05
data points and phase shifts —0.5-0.5° are introduced
randomly in each spectrum. This spectral shift can be
corrected by a preprocessing method (combination of
FIDDLE and Witjes’ method [5]). To make the data
more realistic, small global random shifts (which means
that the peaks shift relative to one another in the same
spectrum and cannot be corrected by the preprocessing
method mentioned above) are added to the data set as
well. The amount of the global random peak shifts is be-
tween —0.002 and 0.002 data points and that of random
phase shifts varies between —0.005° and 0.005°. These
global random shifts and the same noise level will be
introduced to the following data sets as well.

The second data set, named Sim-eddy, simulates the
effects of eddy currents. Because eddy currents can cre-
ate first order phase shifts and line broadening, two data
sets will be simulated (Sim-eddy-phase and Sim-eddy-
width) with the two effects separately so as to interpret
the CMR plot more easily. For this data analysis, the
magnitude of the artefacts is taken to increase linearly
as a function of gradient strength. First, in addition to
the same level of white noise and the global random
shifts as present in the previous data set, each spectrum
in Sim-eddy-phase contains a phase distortion varying
from 0° to 17.8° linearly at the peak of 2.5 ppm (here
only the phase of the peak at 2.5 ppm is varied for easy
illustration, but the CMR plot displays more or less the
same pattern if all the peaks in each spectrum are varied
with the same phase distortion). Here we assume that
the phase distortion increases linearly as a function of
the gradient strength. Likewise, the first order line
broadening is produced in Sim-eddy-width with the val-

ues linearly changing from 0 to 0.015 data points
through all the increments.

The third data set, named Sim-temp, simulates the
artefacts resulting from temperature variation during a
DOSY experiment. In addition to the global random
shifts and noise as present in Sim-no-artefacts, Sim-temp
contains linearly changing (time-dependent) frequency
shifts. It is supposed that there are no temperature-de-
pendent frequency shifts in the first 10 spectra because
of unobvious temperature variation. Then from the
11th to the 32nd spectrum, the peak of 2.51 ppm starts
to shift with equal steps of 0.03 data points up to a max-
imum shift of 0.23 data points in the last spectrum.

The fourth data set, Sim-baseline, simulates the effects
of baseline distortion. To do this, a phase distortion of
3.4° is introduced to all the peaks of this data set. Then
the data are corrected for the phase distortion so that
baseline distortions are created.

The fifth data set, Sim-field, simulates an increasing
inhomogeneity of the magnetic field during the acquisi-
tion of a DOSY data set, which results in an increase of
the linewidth. A change in the line shape, an additional
effect of field inhomogeneities, is not simulated. This ef-
fect may arise many different forms. Here, it is assumed
that the main increase in the linewidth occurs during the
first 21 spectra. The linewidths of all peaks in the first 21
spectra increase with steps changing from 0.66 data
points to 0.132 data points linearly. Then for the rest
of the spectra (22-32) the linewidths become more stable
and the steps change from 0.11 data points to 0 data
points in the last spectrum.

3.2. Experimental data

The experimental data are measured from a mixture
containing 5 ul acetone (C3HgO), 5l water (H,0),
and 5mg DSS (2,2-dimethyl-2-silapentane-5-sulfonic
acid) in 0.5 ml D,0O. The DSS-signal was calibrated at
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0 ppm. The "H NMR spectra were obtained on a Bruker
Avance 300-MHz spectrometer, making use of a 5 mm
inverse broad band probe, equipped with a Z-gradient
(maximum gradient strength of 54 G/cm). A stimulated
spin-echo [18] sequence with bipolar gradients [19] and a
spoiler gradient between the 2nd and 3rd 90° pulse (to
dephase unwanted magnetisation) was used. All experi-
ments were done at 298 K (except data Exp-temp). The
amount of diffusion weighting was varied by increasing
the diffusion gradient from 2 to 95% of the maximum
gradient strength in 32 linear increments. The DOSY
experiments were performed with a ¢ (time duration of
the applied gradient pulse) of 2 ms and a 4 (diffusion
time) of 80 ms. The residual signal intensities at the last
increment are 1% for H,O, 7% for C3H4O, and 25% for
DSS, relative to the signal intensities of the first experi-
ment. All spectra were recorded with a spectral width of
15 ppm with 32K data points.

The first experimental data set, Exp-no-artefact, is re-
corded with fully optimised experimental settings (no
deliberate artefacts were introduced).

At the second experimental data set, Exp-temp, the
temperature is decreased from 298.0 to 297.8 K in a lin-
ear way during the first 20 min of the experiment. With
this experiment, time-dependent temperature variation
is introduced.

The third experimental data set, Exp-baseline, is re-
corded with a deliberate disparity between both echo
times in the pulse sequence. In this way, after discrete
Fourier transformation and phase correction, the spec-
tra show baseline artefacts [7] (non-zero offset and
curvature).

The fourth experiment, Exp-field, the Z1-shim was
linearly reduced to approximately 95% of the optimal
intensity of the *H-lock signal. This experiment intro-
duces time-dependent variation of the magnetic field
homogeneity.

CMR intensity

. . . . . .
5 10 15 20 25 30 35
No. of spectrum

y

CMR intensit

]
o

3.3. Data analysis

The data analysis is performed by MCR-NLR and
then the CMR of the models are calculated. All calcula-
tions were done in MATLAB 6.5.1 on a SUN Unix
workstation. The software package used for data pre-
processing (combination of FIDDLE and Witjes’ meth-
od) and data analysis (MCR-NLR) is available on our
website: http://www.cac.science.ru.nl/.

4. Results and discussions
4.1. CMR plots of simulated data

4.1.1. Spectral shifts artefacts and no significant artefacts

The data Sim-no-artefacts only contain random spec-
tral shifts which can be corrected by the preprocessing
method (FIDDLE and Witjes’ method). The CMR plots
obtained from Sim-no-artefacts before and after correc-
tion for the spectral shifts are presented in Figs. 2A and
B, respectively. Since CMR is a symmetric matrix (i.e., a
matrix equal to its transpose) with a size of r X r ( is the
number of the rows, or spectra in the original data), one
can plot either its rows or columns. In the CMR plots
shown in this paper, the elements of the rows are plotted
against the number of the spectra, i.e., the number of the
gradient increments. In the examples shown here this
number goes from 1 to 32. As can be seen, the CMR plot
in Fig. 2A displays diamond shapes. The diamond
shapes are the result of the spectral shifts predominant
in the original data, which can be caused by the imper-
fect experimental conditions. Fig. 2B shows a CMR plot
of the corrected data leaving out the diagonal elements.
A diagonal element of CMR represents the covariance
of a residual spectrum with itself, which is always high
compared with the values of other elements when there

o1r

—0.2r

—0.4 . . . . . .
0 5 10 15 20 25 30 35
No. of spectrum

Fig. 2. The CMR plots of the data Sim-no-artefact. (A) Before data correction; (B) after data correction (leaving out the diagonal elements).
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are no significant artefacts in the original data. If there
are not many artefacts in the original data, the relatively
high values of the diagonal elements in the CMR can
hinder visualisation of the structure of the CMR, while
if the original data contain a considerable amount of
artefacts, a CMR plot will look more or less the same
with or without diagonal elements. Therefore, it is rec-
ommended to leave out the diagonal elements. This
can eliminate the interference caused by them without
losing useful information. Thus, the diagonal elements
are left out and one can see that the CMR plot shows
random structure. This indicates that the model is well
resolved and there are no obvious experimental artefacts
in the original data.

Fig. 3 explains the diamond shapes of the CMR plot
in Fig. 2A. Fig. 3A displays a small spectral region of
the first five different rows of the residual matrix around
the signal at 2.5 ppm. After reconstruction with MCR-
NLR, signals in a DOSY data set appear at a constant-
average-frequency for every row. If, for a certain row,
the original signal was at a lower frequency as compared
to the same signal in the reconstructed data set (as is the
case for the signal at 2.5 ppm in rows 2 and 5, see Fig.
3A), the residual plot around the peak at 2.5 ppm shows
(from left to right) first negative values and then positive
values. Oppositely, if the original signal was at a higher
frequency, then the residual spectrum will look as the
mirror image (as is the case for the first residual spec-
trum in Fig. 3A). Fig. 3B shows the corresponding
zoomed-in CMR plot containing the first five rows,
where only the first seven matrix elements of each row
are displayed. In Fig. 3B, one can see that there are some
high negative and some high positive covariance values
displayed in the CMR plot. The values of covariance de-
scribe the relationship of each pair of the residual spec-
tra. For example, in the line representing the first row of
CMR (row 1), each point illustrates the covariance be-

Residuals intensity

tween the first residual spectrum and each of other spec-
tra. Therefore, a negative value at the second point
(indicated with a circle in Fig. 3B) means that there is
a negative relationship between the first and the second

y
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Fig. 4. The CMR plot of the data Sim-eddy-phase (A) with the effect
of first order phase shift; and Sim-eddy-width (B) with the effect of first
order line broadening.

4
No. of spectrum

Fig. 3. Graphical explanation of the diamond shape of CMR from spectral peak and phase shifts. (A) Zoomed-in image of the first five residual
spectra (rows) at around 2.5 ppm; (B) Zoomed-in image of the first five rows of the CMR plot containing seven elements.
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residual spectrum. This can be compared to the corre-
sponding residual spectra in Fig. 3A. Likewise, the posi-
tive value at the fourth point (in row 1) indicates a
positive relationship between the first and the fourth
residual spectrum. It is the positive and negative rela-
tionships of the residual spectra that lead to the dia-
mond shapes appearing in the CMR plot.

4.1.2. Eddy-current artefacts

The CMR plots of Sim-eddy-phase and Sim-eddy-
width are given by Figs. 4A and B, respectively. Fig.
4A clearly contains two kinds of curves: one kind has
broad extrema (local minima or maxima) and the other
kind shows a mirror image of an exponential decay
shape. The structure of the curves in Fig. 4B contains
broad extrema, which is similar to the first kind of struc-
ture in Fig. 4A. Fig. 5 explains these two kinds of struc-
ture in CMR plot using the first and the 18th rows of the
CMR plot in Fig. 4A as examples. Fig. 5A is a plot of
the first residual spectrum, i.e., first row of the residual
matrix. It can be seen that the residual intensity is high-

The 1st residuals spectrum

¢ Residuals at 2.51 ppm
0.2
0
-0.2
-0.4
-0.6 : : :
0 10 20 30 40
No. of spectrum
E 6 ; ‘
The 1st row of CMR
4
2
0
-2
—4
0 10 20 30 40

No. of spectrum

est at 2.51 ppm. The sharp peak around 2.5 ppm in the
residual spectrum is due to the simulated eddy-current
artefacts occurring in the same position of the spectra
in the original DOSY data (Sim-eddy). The plot of the
column of the residual matrix at 2.51 ppm is shown in
Fig. 5C. In this curve the intensity reaches to maximum
and then decreases gradually. As defined [20], the
covariance not only depends on the association between
pairs of residual spectra, but also the intensities of the
residuals. Therefore, if there is a trend in the variables
with high intensity in the residual matrix, then the
CMR plot will show the same structure. Because of
the highest intensity at 2.51 ppm in the first residual
spectrum, the first row of the CMR plot will display
the same structure as that at 2.51 ppm. Fig. SE repre-
sents the first row of the CMR plot and it displays a mir-
ror image (same structure) of that in Fig. 5C, which is
also a curve with an extremum. Similarly, Figs. 5B, D,
and F illustrate the decay curves in the CMR plot.
The 18th row of the CMR plot shows the same structure
as the residual plot at 2.38 ppm because in the 18th

Bo.1

The 18th residuals spectrum

Residuals at 2.38 ppm ‘

0.2

0
-0.2

0 10 20 30 40
No. of spectrum
¥ The 18th row of CMR

1

0

10 20 30 40
No. of spectrum

Fig. 5. Graphical explanation of the CMR structure of the data Sim-eddy-phase. (A) Plot of the first residual spectrum; (B) plot of the 18th residual
spectrum; (C) plot of the residuals at 2.51 ppm; (D) plot of the residual matrix at 2.38 ppm; (E) plot of the first row of CMR; (F) plot of the 18th row

of the CMR.
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residual spectrum (Fig. 5B) there are more intensities
contributing to this structure than in the first residual
spectrum. From Figs. 4 and 5, the decay curves in the
CMR plot become more distinct as the phase distortion
increases.

From Figs. 4A and B, it can be seen that the effect of
eddy currents can produce at least two different struc-
tures in the CMR plot, depending on the relative contri-
butions of phase distortion and line broadening.

4.1.3. Time-dependent temperature variation artefacts
For certain components, a typical characteristic of a
data set under the time-dependent temperature variation

A 1
0.8
0.6f
2
2 041
2o
E
x 02
=
9
ol
“o2l Y
|
-0.4f
06 . ) . . . .
0 5 10 15 20 25 30 35
No. of spectrum
B
10%} 1
=
k7
f=4
2
£
>
o
-
10'} 1
Gradlent levels (g szz) x10'°
Cos
0.6f
2
@ 041
L
k=
© 02f
©
=3
h=]
3 of
i
—02l
—0.4}
-0.6
0 10 15 20 25 35

No. of spectrum

Fig. 6. (A) The CMR plot of the data Sim-temp; (B) plots of the
logarithm of the original values (stars “*”’) and the calculated values
(lines) at 2.51 ppm; (C) plot of the residuals at 2.51 ppm.

is time-dependent peak shifts. The CMR plot in Fig. 6A,
obtained from data set Sim-temp, can be used to diag-
nose the time-dependent peak shifts. Figs. 6B and C ex-
plains the shape displayed in Fig. 6A under the effect of
the time-dependent peak shifts. Fig. 6B shows the origi-
nal values and the calculated values at 2.51 ppm in the
logarithm coordinate and Fig. 6C shows plots of the
residuals at 2.51 ppm. Due to the time-dependent peak
shifts starting from the 11th spectrum, the highest peaks
in the CMR plot (Fig. 6A) can be regarded as a big dia-
mond shape resulting from global random shifts. Then
the intensities at 2.51 ppm from 11th spectrum become
smaller gradually and hence deviate from linearity.
Therefore, curvature is created from the 11th spectrum
in Sim-temp, which leads to the structure of the corre-
sponding residual plot with a high peak in the beginning
and a small parabolic shape in the following (see Fig.
6C). As a result, the CMR plot also shows the same
pattern.

4.1.4. Baseline artefacts

In Fig. 7A, the CMR plot obtained from Sim-base-
line shows a series of curves with decay tendency. This
indicates there is a bias in the original data. In Fig.
7B, the original data and the reconstructed data at
4.81 ppm are plotted. It is difficult to see the difference
between the two curves. However, because baseline dis-
tortion occurs in the original data while it is minimised
or eliminated in the reconstructed data, there is a bias
between the original data and the reconstructed data.
As a result, the residual plot shows a trend of an inverse
decay curve, as shown in Fig. 7C. Therefore, this trend is
also displayed in the CMR plot.

4.1.5. Inhomogeneity of the magnetic field

The CMR plot of Sim-field is given in Fig. 8A. As
can be seen, a parabolic shape is present at the begin-
ning of the CMR plot. When the change of the line-
widths in Sim-field is getting stable, the curves become
flat. This structure of CMR plot can be considered as
an indication of inhomogeneity of the magnetic field
varying during the data acquisition. This is explained
by Figs. 8B and C. In Fig. 8B, the original values and
the corresponding fitting curve at 5.03 ppm of Sim-field
are plotted. Due to the systematic line broadening ef-
fects caused by inhomogeneity of the magnetic field,
the attenuation of the original values deviates from pure
exponential decay. In this simulation the original values
have a systematic change crossing the fitting curve for
the first part and then the deviation of the pure expo-
nential decay becomes more stable. Thus, this results
in a CMR plot with a shape shown in Fig. 8C, in which
the parabolic shape indicates the first part due to the
systematic change of the exponential decay while the
curve becomes flat as the signals follow pure exponen-
tial decay better.
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Fig. 7. (A) The CMR plot of the data Sim-baseline; (B) plots of the
original values (stars “*”) and the calculated values (line) at 4.81 ppm;
and (C) plot of the residuals at 4.81 ppm.

4.2. Experimental data

To illustrate the performance of the CMR plots in
real data, experimental data recorded with and without
introducing deliberate artefacts are obtained, similar to
the computer-simulated data mentioned above. Fig.
9A shows the DOSY NMR data of a mixture containing
water, acetone, and DSS. The pure spectra of the com-
pounds are given in Fig. 9B. Four data sets are acquired,
including one without any deliberate artefacts (Exp-no-
artefact), one with time-dependent temperature varia-
tion effects (Exp-temp), one with baseline artefacts
(Exp-baseline), and finally one recorded with a time-de-
pendent decrease of the optimal shim setting (Exp-field).
The effect of eddy currents is not analysed because it ap-
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Fig. 8. (A) The CMR plot of the data Sim-field; (B) plots of the
original values (stars “*””) and the calculated values (line) at 5.03 ppm;
(C) plot of the residuals at 5.03 ppm.

peared difficult to introduce obvious eddy currents in a
controlled way during the DOSY experiment with the
equipment and the available gradient strength. In addi-
tion, the pulse sequence used for the experiments is de-
signed to reduce eddy currents as much as possible [21].

The CMR plots obtained from the data set Exp-no-
artefact before and after spectral shifts correction are
displayed in Figs. 10A and B, respectively. As can be
seen, the CMR plot in Fig. 10A shows diamond shapes,
which relates to the presence of spectral shifts. After the
original data are corrected, the corresponding CMR
plot shows random structure and the values of residuals
are lowered with a considerable amount, as showed in
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Fig. 10. The CMR plots of the data Exp-no-artefacts. (A) Before correction; (B) after spectral shifts correction.

Fig. 10B. One can see that there are still some sharp
peaks in the CMR plot obtained from the data after cor-
rection. This can be caused from the global random
shifts of the peaks that are not amendable by using
the preprocessing correction method. This example illus-
trates that spectral shifts as well as the global shifts are
very common in a DOSY data set even without any in-
tended artefacts. Therefore, it is recommended to cor-
rect DOSY NMR data for the spectral shifts before it
is analysed by MCR-NLR. The CMR plots of the fol-
lowing data are all obtained from the data corrected
for spectral shifts.

In the second experimental data, Exp-temp, time-de-
pendent peak shifts can be expected. In Fig. 11A the
expanded peaks of water are shown. Only minor time-
dependent frequency shifts are observed in the first five
spectra and then the shifts increase in the following spec-
tra as the temperature become more unstable with time.
The CMR plot, shown in Fig. 11B, is comparable to the
one shown in Fig. 6A. In addition, the CMR plot indi-
cates the presence of global random shifts.

To illustrate the effects of baseline artefacts in data
set Exp-baseline, the expanded first spectrum of the ori-
ginal data and that of the reconstructed data are pre-
sented in Fig. 12A. One can see the baseline distortion
in the original data set, whereas it is eliminated in the
reconstructed data. The corresponding CMR plot,
resembling a decay curve, is given in Fig. 12B. The decay
curve of the CMR plot can be compared to the CMR
plot in Fig. 7A, obtained from the data Sim-baseline
with baseline distortion. The CMR plot with a decay
trend indicates there is a bias existing in the original
data, which is caused by baseline distortion.

To investigate the effect of a varying inhomogeneity
of the magnetic field during the experiment, the CMR
plots obtained from the data Exp-field are depicted in
Fig. 13A. Because the random shifts also exist in the
data, it is difficult to see the specific structure of CMR
resulting from the imperfection of Z1-shim only. For a
comprehensive visualisation of the CMR structure, the
first five rows of the CMR are also plotted in Fig.
13B. If compared with Fig. 8A, it can be seen that the
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plot in Fig. 13A shows a similar structure that is related
to the line broadening artefacts. This structure is more
clearly visible in Fig. 13B. According to Fig. 13B, the
data Exp-field may have various lineshape broadening
trends throughout the whole data. The lineshape or line-
width of the first 18 spectra (except the 9th spectrum)
seems to be broadened steadily according to the para-
bolic trend appearing in the first 18 elements in the
CMR. After spectrum 18 the effect of the broadening be-
comes less intense. This is similar to the way that is used
to simulate a data set with line broadening effects de-
scribed above (Sim-field).

5. Conclusion

Artefacts are very commonly present in experimental
DOSY data sets, even with “optimal” experimental set-
tings. Diagnosis of the experimental artefacts is essen-
tial for successfully resolving and interpreting DOSY
NMR data. The CMR plot provides a visual tool to
diagnose artefacts in DOSY data because it summarises
the covariance of the residual spectra in a residual ma-
trix. Different shapes of the CMR plot reveal common
suboptimal experimental conditions. A CMR plot with
a random structure indicates the original data are com-
pletely resolved and contains no significant experimen-
tal artefacts. If a CMR plot shows a structure of
diamond shapes, it suggests that the original data set
contains random peak and phase shifts (spectral shifts
or global shifts). The diamond shapes are present in
most of the experimental data, implying that the global
random shifts, e.g., caused by unwanted echoes are al-
ways present even with the best experimental settings.
Eddy currents can cause line broadening, which can
lead to curves with a broad extremum in the CMR plot.
In addition, phase distortion may be caused. This leads
to decay-like curves as well as curves with a broad
extremum displaying in the CMR plot simultaneously.
If a big diamond shape appears in the beginning of a
CMR plot and then a parabolic-like shape appears in
the following, it reveals that time-dependent peak shifts
are present in the data and suggests that measures
should be employed to control the sample temperature.
If a CMR plot shows a trend of decay curves, then it
can be the result of unbalanced echo times, or other
sources of initial-phase errors. In this case, one needs
to look into the possible causes of eddy currents as well
as the quality of the baselines in the data. On the other
hand, if a CMR plot displays a structure of first para-
bolic shape and the curves becoming more horizontal,
line broadening and lineshape effects can be present in
the data because the shimming has changed during
experiment. In practice, various experimental artefacts
often exist in a data set simultaneously. This can make
it difficult to see one kind of shapes in the CMR plots.

Plotting a part of the CMR (e.g., the first five rows) can
allow visualising the CMR structure more easily. In
case there is more than one kind of artefacts in a data
set, the CMR plot will be mixed with several structures
and will generally show the structure corresponding to
the main effect. We would recommend implementing
CMR in (commercial) DOSY software packages in or-
der to provide the spectroscopist feedback on experi-
mental artefacts and on appropriate data
preprocessing.
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