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ABSTRACT

In this work, we extend recent results on the Cramér-Rao lower
bound for multidimensional non-uniformly sampled Nuclear
Magnetic Resonance (NMR) signals. The used signal model
is more general than earlier models, allowing for the typically
present variance differences between the direct and the dif-
ferent indirect sampling dimensions. The presented bound is
verified with earlier presented 1-and R-dimensional bounds
as well as with the obtainable estimation accuracy using the
statistically efficient non-linear least squares estimator. Finally,
the usability of the presented bound is illustrated as a mea-
sure of the obtainable accuracy using three different sampling
schemes for a real 1N-HSQC NMR experiment.

Index Terms— NMR spectroscopy, Cramér-Rao lower
bound, Non-uniform sampling

1. INTRODUCTION

In the last decade, powerful methods in Nuclear Magnetic
Resonance (NMR) spectroscopy have been developed to study
protein dynamics involved in increasingly complex biological
phenomena [1H4]]. Dynamic parameters, such as correlation
times and amplitudes of motion, are determined by model
fitting against sets of relaxation rates of specified NMR coher-
ences. With the advent of modern spectrometers, a sufficient
signal-to-noise ratio (SNR) is often reached before all evolu-
tion dimensions have been explored [5]], although, regrettably,
these measurements rely on very time-consuming experimen-
tal acquisition schemes, which are deemed necessary to obtain
robust estimates of the relaxation rates, but also limit the appli-
cations to particularly stable biomolecular systems. Traditional
NMR spectroscopy samples the signals uniformly, such that
the signal power is measured at regular intervals. However,
recent breakthroughs in compressive sensing and non-uniform
sampling (NUS) have shown that one may achieve the same
spectral resolution with a non-uniformly sampled signal, using
only a fraction of the number of samples required in the uni-
form case (see, e.g., [4,6H8]). This amounts to very significant
time savings, which make it possible to, for example, address
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challenging research questions in the context of living cells or
other sensitive systems. In this work, we derive the Cramér-
Rao lower bound (CRLB) for a signal consisting of a set of
non-uniformly sampled damped multidimensional sinusoidal
signalsﬂ a model that has been found to accurately describe
various forms of NMR signals [9,/10]. The CRLB offers a
helpful tool to a priori evaluate the limitations of different
experimental designs, by allowing a measure of the achievable
accuracy for a particular setting and sampling scheme. The
CRLB has previously been derived for a similar harmonic
models, see e.g. [11-14]. These models, however, are either
restricted to situations of low dimensionality such as 1- or
2-D models [|12,/13]], contain a limited number of modes [[15],
or consider only undamped sinusoids [[11}[14]. In particular,
the presented work may be viewed as a generalization of the
results of [12]], where the Fisher information matrix (FIM) is
derived for a 2-D dampened sinusoidal model, with a some-
what stronger model structure than presented here, and [[14]],
where the authors finds an expression for the CRLB of a uni-
formly sampled R-dimensional undamped sinusoidal model.
In order to verify the presented bound, we compare the found
CRLB expression with earlier 1-and R-dimensional bounds,
as well as with the performance of the statistically efficient
non-linear least squares (NLS) estimator. The usability of
the bound is further illustrated by determining the achievable
variance for a measured 2-D NMR signal when using three
different sampling schemes.

2. DATA MODEL

Consider a non-uniformly sampled R-dimensional NMR sig-
nal containing F' modes, such that (see e.g. [[10}/15]])

F R
Tinymaomp = 9 cpe'®l J] eOmstenntem (1)
f=1 r=1

where ,,,m,..mp 1S an entry of the signal tensor, X €
CMixMzx-xMr with cf, ¢f, wyr € R, and 7.y € R™
denoting the amplitude, phase, frequency, and the damping co-
efficient in the 7:th dimension for the f:th mode, respectively.

! An implementation of the herein presented CRLB is publicly available
fromhttp://www.github.com/monopolis/CRLB,


http://www.github.com/monopolis/CRLB
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Fig. 1. The presented CRLB of the frequency parameter fi,
together with the bound presented in [13]] and the estimated
MSE of the NLS-estimator. Clearly, the results coincides; the

bounds and accuracy for the other parameters behave similarly.

Without loss of generality, it is assumed that the frequency
vectors wy = (w1, f,...,wr,¢)" are distinct. Furthermore, let

y=X+¢& 2)

where Y denotes the measurement tensor, and £ the noise
tensor, where each fiber e;,, ., i.e., the column vector
formed by varying the first index while keeping the remaining
indices fixed, is assumed to be an additive circularly symmetric

Gaussian white noise, such that €,,,, . m, ~ CN(0, 03n2...m3)’

where CA denotes the complex-valued Gaussian distribution.

It is worth noting that, in accordance with [12], the noise
variance is allowed to vary over the indirect dimensions.

3. THE CRAMER-RAO LOWER BOUND

Let £(0) = Inp(Y| 6) denote the log-likelihood of (TJ), given
the 2F (R + 1)-dimensional parameter vector €, formed from
all the unknown parameters. Let the data set M, with elements
m = (mq,...,mp), define an R-dimensional grid over the
sampling times ¢, = (t1my, - -, tRmy) " » and

2
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where v, = (V1,p, - - VR,p)- Then, the elements of the FIM
may be formed as (see, e.g., [16])

[ 0°L(8)
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where [F(0)]y¢ denotes the (k, ¢):th element of F'(), and
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Fig. 2. The estimated MSE of the two-dimensional experi-

ment closely follows alongside the computed CRLB for the

parameter f; ;. Clearly, the results coincide; the accuracy for
the other parameters behave similarly.
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It is worth noting that, forall k,p = 1,..., F and m € M,
Skp = Spk> Pk = 0, Yk = 1, 0rp = — @py, and
Yk,p = Vp,k- The CRLB may then be found as the diagonal
elements of the matrix [F(0)]~! (see also [17] for further
details).

4. NON-UNIFORM SAMPLING SCHEMES

Various NUS schemes that may be used to improve both the
performance and the acquisition time of NMR experiments
have been examined in the recent literature (see, e.g., [8L[18])).



The goal of such schemes is to reduce the number of sam-
ples needed, while maintaining most of the information (in
a loose sense) of the signal. Reducing the number of sam-
ples yields a speed-up of the experiment acquisition time,
which is critical in many applications, e.g. in the case of
high-dimensional spectra, where the curse of dimensionality
otherwise makes a high-resolution experiment intractable, or
in situations where either sample or instruments imposes time
constraints and thereby indirectly limits the achievable resolu-
tion (see e.g. [8]]). Here, we apply the CRLB to evaluate the
performance of three sampling schemes in a high-dimensional
setting, namely uniform sampling, an exponential sampling
scheme suggested in [19], which was evaluated for a two-
dimensional case in [[12]] through the use of CRLBs, as well
as a sinusoidal-weighted Poisson gapped sampling scheme
proposed in [20]]. These methods are tailored especially for
signals containing exponential decay in the time-domain. For
signals with other characteristics, these schemes will need
tweaking in order to work as intended. The sampling scheme
of Schmieder et al. [[19]] may be expressed as follows: given
a stopping time 7', a line-width L, and a sample size .J, with
to = 0, then

1 1— —LT
tjs1=—7n (exp{Ltj} - ‘5';1)_{1}) "

for ;5 = 1...J — 1. It should be noted that this sampling
scheme will generally generate off-grid sampleﬂ Proceeding
to the Poisson-based scheme, which given a uniform grid
{0,..., M — 1}, may be formed as follows: with ¢y = 0,

tiv1 =1+ kjy1 +1 ®)

forj =1,...J—1, where k; is arandom variable drawn from
a Poisson process defined by p(k ; A;) = (\ke™7)/(k!) with
a time-dependent average gap length \; = Asin (5 [J%H] )
where the parameter A is tuned so that t; = M — 1. When
applying these schemes to higher dimensional signals, each
of the indirect dimensions are sampled individually using the
NUS-scheme. The direct dimension is throughout sampled
using a uniform scheme.

5. NUMERICAL RESULTS

We proceed to verify the presented CRLB expression as com-
pared both to earlier presented 1- and R-dimensional bounds
[13L/14], as well as with the mean square error (MSE) of the
statistically efficient NLS estimator. To ensure correct conver-
gence, we here for simplicity initialize the NLS-estimator to
values close to the true parameters by perturbing the values
using a random uniform distribution. The perturbations are
scaled such that each parameter is perturbed at most 0.1% of
its magnitude. Beginning with the 1-D case, Fig.[I]illustrates

2 An analog scheme that generates on-grid samples is presented in [21]].
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Fig. 3. Comparing the CRLB to the bound presented in [|14]]
for f1,1 shows a close agreement at small damping coefficients.
With larger damping coefficients, the bounds grow apart. The
bounds and accuracy for the other parameters behave similarly.

the presented bound for the frequency of the first mode as com-
pared to the bound derived in [13]] and with the MSE of the
NLS-estimator, evaluated using 1000 Monte Carlo simulations.
Here,

p, = (c1,71, f1,01) = (0.9, —0.1, 0.1, 0.11)
Py = (2,72, fo,¥2) = (0.5, —0.1, 0.2, 0.8) 9)
Py = (3,73, f3,03) = (1.3, —0.3, —0.2, 0.4)

and

F
ye = Y _s(py; t) (10)
j=1

with s(c, v, f, ¢; tr) = ce VT2 1 — 0 127, and
where the SNR is defined as (see also [22]])

X 2
SNR = 1!7”1”2 (11)
Hr:l MTae
and where || - || » denotes the Frobenious norm, and with o2

being the variance of the noise tensor. Clearly, the results coin-
cides; the bounds and accuracy for the other parameters behave
similarly. In the second and third experiment, we amend ad-
ditional damping/frequency dimensions to the parameter con-
figuration of (9) with the specifics of the experiments detailed
in [17]]. A 2-D signal is created analogously to (I0) and is eval-
uated over the rectangular grid {0,...,127} x {0,...,31}.
Fig.|2|shows the presented bound for the frequency of the first
mode in the 2-D case as compared with the estimated MSE,
which clearly follows the bound closely. Again, the bound and
accuracy for the other parameters behave similarly. Thirdly, we
compare the presented CRLB with the bound derived in [[14]]
for an undamped multidimensional sinusoidal model. The ex-
periment is performed by scaling the dampening coefficients
of the original experiment (extended to three dimensions). In
Fig 3| we find that for a low dampening (7, ; ~ 1073), the



two bounds are in almost complete agreement. As the dampen-
ing magnitude increases (v, ~ 107!), the two bounds grow
further apart. It should be pointed out that, since our model
contains a larger number of parameters it will invariably have
a larger CRLB. The magnitude of the difference can, how-
ever, as shown, be small in comparison to the actual values
of the CRLBs. Finally, using a measured NMR signal from a
I5N-HSQC experiment of a Histidine sample, with pH 11.14
(25°C), acquired at 600 MHz, we examine the achievable per-
formance of the aforementioned sampling schemes. The data
set consists of 1024 x 512 samples distributed on a uniform
grid. From the measured signal, the 12 most dominant modes
are estimated using the sparse estimation algorithm presented
in [23]]. In order to maintain a correct SNR for the signal gen-
erated from the estimates, the amplitudes of the chosen modes
are scaled such that the periodogram of the estimated signal
is close to the periodogram of the original signal. The correct
noise level is subsequently chosen such that noise floor of the
two periodgrams are close to identical (see also [[17]] for further
details). From the estimated parameters, the CRLBs of the
various schemes are then computed. The sampling schemes
are tuned for a 3x speed-up in terms of acquisition time while
covering the same intervals as the original grid. For the ex-
ponential sampling scheme, we chose L = 0.01. It may be
noted, that the herein presented CRLBs should be viewed as
approximative, as the measured signal in fact also contains
additional modes. The results of this experiment are presented
in Table[I} where one finds the estimated damping parameters
and the corresponding 3o-confidence interval, computed via
the corresponding CRB values. The total number of samples in
all dimensions are for the three sampling schemes 1.048.576,
349.184, and 349.184, respectively. Observing the data, one
finds that it is possible by the usage of a NUS scheme, to
achieve a 3x speed-up at little to no loss in performance. For
the exponential sampling scheme, we note an increase in per-
formance as compared to the uniform sampling scheme. This
is likely due to scheme producing off-grid samples, but also
due to the fact that the scheme samples much sparser at larger
times in the indirect dimension, and thereby maintains a higher
SNR.

6. REFERENCES

[1] A.D.Kline, W. Braun, and K. Wiithrich, ‘“Determination
of the Complete Three-dimensional Structure of the a-
Amylase Inhibitor Tendamistat in Aqueous Solution by
Nuclear Magnetic Resonance and Distance Geometry,”
Journal of Molecular Biology, vol. 204, pp. 675-724,
1988.

[2] E. Z. Eisenmesser, D. A. Bosco, M. Akke, and D. Kern,
“Enzyme dynamics during catalysis,” Science, vol. 295,
pp. 1520-1523, 2002.

[3] A. Mittermaier and L. E. Kay, “New Tools Provide New

Table 1. The table displays the approximative 3o-confidence
intervals on the estimated damping parameters with respect to
the three discussed sampling schemes.

Estimand Uniform  Exponential Poisson

411 -0.00343 £ 3.16e—05 2.80e—05 4.67e—05
Yo,1 -0.00800 £  7.31e—05 8.38¢—05 1.05e—04
1,2 -0.00343 £ 3.51e—05 3.11e—05 5.18¢—05
Yo,2 -0.00800 =  8.10e—05 9.29¢—05 1.17e—04
413 -0.00343 £ 559¢—05 4.97e—05 8.26e—05
Yo,3 -0.00784 £ 1.27e—04 1.47e—04 1.81e—04
414 -0.00343 £ 3.78¢—05 3.35¢—05 5.59¢—05
42,4 -0.00800 £ 8.74e—05 1.01e—04 1.26e—04
415 -0.00343 £ 3.78¢—05 3.34e—05 5.58e—05
Yo,5 -0.00800 £  8.73e—05 1.00e—04 1.26e—04
41,6 -0.00343 £ 6.00e—05 5.43e—05 8.96e—05
Yo,6 -0.00713 £ 1.24e—04 1.52e—04 1.80e—04
417 -0.00343 £ 5.05¢—05 4.47e—05 7.47e—05
A7 -0.00800 £ 1.17e—04 1.34e—04 1.68¢—04
A1,8 -0.00343 £ 5.31e—05 4.70e—05 7.85¢—05
Y28 -0.00800 £ 1.23e—04 1.41e—04 1.76e—04
419 -0.00250 £  4.76e—05 4.94e—05 8.26e—05
A2,9 -0.00800 £ 1.41e—04 1.64e—04 2.05¢—04
41,10-0.00250 £  4.81e—05 4.98¢—05 8.34e—05
42,10-0.00800 £  1.42e—04 1.65¢—04 2.07e—04
41,11-0.00250 £ 7.30e—05  7.57e—05 1.27e—04
42,11-0.00800 £  2.16e—04 2.51e—04 3.15¢—04
41,12-0.00250 £ 7.37¢—05  7.64e—05 1.28e—04
42,12-0.00800 £  2.18e—04 2.53e—04 3.17e—04

Insights in NMR Studies of Protein Dynamics,” Science,
vol. 312, pp. 224-228, 2006.

[4] Y. Matsuki, T. Konuma, T. Fujiwara, and K. Sugase,
“Boosting Protein Dynamics Studies Using Quantitative
Nonuniform Sampling NMR Spectroscopy,” J. Phys.
Chem. B, vol. 115, pp. 13740-13745, 2011.

[5] R. Freeman and E. Kupce, “Concepts in Projection-
Reconstruction,” in Novel Sampling Approaches in
Higher Dimensional NMR, Martin Billeter and Vladislav
Orekhov, Eds., Topics in Current Chemistry. Springer
Berlin Heidelberg, 2012.

[6] K. Kazimierczuk, A Zawadzka-Kazimierczuk, and
W. Kozminski, ‘“Non-uniform frequency domain for



(7]

(8]

[9]

(10]

(11]

(12]

(13]

(14]

uniform exploitation of non-uniform sampling,” J. Magn.
Reson., vol. 205, pp. 286.292, 2010.

M. T. Eddy, D. Ruben, R. G. Griffin, and J. Herzfeld,
“Deterministic schedules for robust and reproducible non-
uniform sampling in multidimensional NMR,” J. Magn.
Reson., vol. 214, pp. 296-301, 2012.

M. W. Maciejewski, M. Mobli, A. D. Schuyler, A. S.
Stern, and J. C. Hoch, “Data Sampling in Multidimen-
sional NMR: Fundamentals and Strategies,” in Novel
Sampling Approaches in Higher Dimensional NMR, Mar-
tin Billeter and Vladislav Orekhov, Eds., vol. 316, pp.
49-77. Springer Berlin Heidelberg, 2012.

A. Bax, “A Simple Description of Two-Dimensional
NMR Spectroscopy,” Bulletin of Magnetic Resonance,
vol. 7, pp. 167-183, 1985.

Y. Li, J. Razavilar, and K. J. R. Liu, “A High-Resolution
Technique for Multidimensional NMR Spectroscopy,”
IEEE Trans. Biomed. Eng., vol. 45, no. 1, pp. 78-86,
1998.

R. Boyer, “Deterministic asymptotic Cramér-Rao bound
for the multidimensional harmonic model,” Signal Pro-
cessing, vol. 88, pp. 2869-2877, 2008.

R.J. Ober, Z. Lin, H. Ye, and E. S. Ward, “Achievable
Accuracy of Parameter Estimation for Multidimensional
NMR Experiments,” J. Magn. Reson., vol. 157, no. 1, pp.
1-16, July 2002.

Y. Yao and S. P. Pandit, “Cramér-Rao Lower Bound
for a Damped Sinusoidal Process,” IEEE Trans. Signal
Process., vol. 43, no. 4, pp. 878-885, April 1995.

J. Liu and X. Liu, “An Eigenvector-Based Approach for
Multidimensional Frequency Estimation With Improved
Identifiability,” IEEE Transactions on Signal Processing,
vol. 54, pp. 4543-4556, 2006.

[15]

[16]

[17]

(18]

[19]

(21]

(22]

(23]

W. Sun and H. C. So, “Accurate and Computationally
Efficient Tensor-Based Subspace Approach for Multi-
dimensional Harmonic Retrieval,” IEEE Trans. Signal
Process., vol. 60, no. 10, pp. 5077-5088, Oct. 2012.

P. Stoica and R. Moses, Spectral Analysis of Signals,
Prentice Hall, Upper Saddle River, N.J., 2005.

A. Mansson, “Multidimensional Cramér-Rao Lower
Bound and Sparse Parameter Estimation for Non-
Uniformly Sampled NMR-Based Signals.,” M. Sc. thesis,
Lund University, 2013.

S. G. Hyberts, H. Arthanari, and G. Wagner, “Appli-
cations of non-uniform sampling and processing,” in
Novel Sampling Approaches in Higher Dimensional
NMR, M. Billeter and V. Orekhov, Eds., vol. 316, pp.
125-148. Springer Berlin Heidelberg, 2012.

P. Schmieder, A. S. Stern, G. Wagner, and J. C. Hoch,
“Application of nonlinear sampling scheme to COSY-
type spectra,” Journal of Biomolecular NMR, vol. 3, pp.
569-576, 1993.

S. G. Hyberts, K. Takeuchi, and G. Wagner, “Poisson-
Gap Sampling and Forward Maximum Entropy Recon-
struction for Enhancing the Resolution and Sensitivity
of Protein NMR Data,” J Am Chem Soc., vol. 132, pp.
21452147, 2010.

J. C. Hoch and A. S. Stern, NMR data processing, Wiley,
New York, 1996.

K. Liu, J. P. C.L. da Costa, H. C. So, and L. Huang,
“Subspace techniques for multidimensional model order

selection in coloured noise,” Signal Processing, vol. 93,
pp. 1976 — 1987, 2013.

S. Sahnoun, E. H. Djermoune, and D. Brie, ‘“Sparse
Modal Estimation of 2-D NMR Signals,” in 38th IEEE
Intern. Conf. on Acoustics, Speech, and Signal Process-
ing, Vancouver, Canada, May 26-31 2013.



	 Introduction
	 Data Model
	 The Cramér-Rao lower bound
	 Non-uniform sampling schemes 
	 Numerical Results
	 References

