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Abstract

Purpose—Frequency and phase drifts are a common problem in the acquisition of in vivo 

magnetic resonance spectroscopy (MRS) data. If not accounted for, frequency and phase drifts will 

result in artifactual broadening of spectral peaks, distortion of spectral lineshapes, and a reduction 

in signal-to-noise ratio (SNR). We present herein a new method for estimating and correcting 

frequency and phase drifts in in vivo MRS data.

Methods—We used a simple method of fitting each spectral average to a reference scan (often 

the first average in the series) in the time domain through adjustment of frequency and phase 

terms. Due to the similarity with image registration, this method is referred to as “spectral 

registration.” Using simulated data with known frequency and phase drifts, the performance of 

spectral registration was compared with two existing methods at various SNR levels.

Results—Spectral registration performed well in comparison with the other methods tested in 

terms of both frequency and phase drift estimation.

Conclusions—Spectral registration provides an effective method for frequency and phase drift 

correction. It does not involve the collection of navigator echoes, and does not rely on any specific 

resonances, such as residual water or creatine, making it highly versatile.
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INTRODUCTION

In vivo magnetic resonance spectroscopy (MRS) generally involves summation of multiple 

averages to build up the signal-to-noise ratio (SNR) of low-concentration metabolite signals. 

Perfect summation requires temporal stability of the acquired averages, which is difficult or 

impossible to achieve in practice. Specifically, temporal drift in the main (B0) magnetic field 

results in frequency errors, whereas subject motion (both physiological and bulk) results in 

both frequency and phase errors in the acquired signals. If not accounted for, these frequency 

and phase errors (or drifts) give rise to incoherent signal averaging, which leads to artifactual 

line broadening, lineshape distortion, and reduced SNR. Fortunately, these artifacts can be 

largely avoided by measuring and correcting the scan-to-scan frequency and phase errors 

prior to signal averaging.

Several methods of frequency and phase drift estimation and correction have been proposed 

previously. Many of these methods use an unsuppressed or partially suppressed (residual) 

water resonance to estimate the frequency and phase error of each scan (1–5). The main 

drawback of using unsuppressed water for frequency and phase drift correction is that a 

large unsuppressed water signal can give rise to artifacts such as baseline distortions and 

sideband peaks induced by mechanical vibration. Furthermore, the use of a residual water 

peak is not possible in certain applications of MRS (e.g., MRS of X-nuclei). Given an 

unsuppressed or partially suppressed water peak, the frequency can be estimated in a number 

of ways. The simplest method is to identify the frequency at which the modulus of the water 

peak is a maximum (2). Alternatively, the frequency can be estimated by measuring the 

slope of the phase function in the time domain (3) or by deconvolution with a high SNR 

reference scan (6). The spectral phase can be estimated simply by measuring the phase of 

the first point in the time domain (2), or instead, by deconvolution with a high SNR 

reference scan (6). To maintain a residual water peak in individual averages while avoiding a 

large residual water signal in the final spectrum, it is possible to phase-cycle the water 

resonance such that the residual water signal is cancelled upon signal averaging (4). 

Alternatively, frequency and phase errors can be estimated via a separately acquired 

navigator echo (3,6), however, such navigator echoes do not account for very short time-

scale temporal instabilities such as physiological motion or rapid bulk motion, since they are 

not acquired simultaneously with the data itself.

Because the majority of clinical MRS acquisitions require good water suppression and do 

not involve the collection of navigator echoes, there is a need for simple frequency and 

phase drift correction methods that perform well in the absence of residual water signals or 

separately acquired navigator echoes. One such method has been presented previously, and 

is based on fitting the creatine peak to a Lorentzian function, from which the frequency and 

phase are estimated (7). Although this and similar methods have been used successfully 

(8,9), such methods rely on the presence of a known resonance peak with sufficient SNR and 

are therefore not applicable across different types of MRS without some modification.

In this paper, we describe a simple method for estimating frequency and phase drift errors in 

MRS data. The proposed method, which we term “spectral registration,” involves fitting (or 

registering) each spectral average to a reference scan (usually the first average in the series) 

Near et al. Page 2

Magn Reson Med. Author manuscript; available in PMC 2018 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the time domain through adjustment of frequency and phase terms. The proposed method 

does not require the collection of any navigator echoes, and it does not rely on the presence 

of any specific resonances such as residual water or creatine. Using simulated MRS data 

with known frequency and phase drifts, the performance of spectral registration is compared 

against two commonly used frequency and phase drift correction methods, revealing that 

spectral registration performs comparably to these other methods while providing 

advantages in terms of versatility and breadth of applicability. An example of spectral 

registration applied to in vivo data is also given.

METHODS

Spectral Registration

Spectral registration uses nonlinear least squares minimization to fit each signal average, 

S(t), to a reference scan, R(t), by adjustment of the frequency, f (in Hz), and phase, φ (in 

degrees), of the signal S(t). In this case, we have chosen the reference signal R(t) to be the 

first average in the series. This minimization operation can be expressed as

[1]

where

[2]

To limit the contribution of noise, which dominates in the later part of the Fourier induction 

decay (FID), or time domain signal, only the first 200 ms of each FID is considered in the 

fitting. The above minimization for spectral registration was implemented in MATLAB 

(MathWorks, Natick, Massachusetts, USA) using the “nlinfit” function, a nonlinear least 

squares regression algorithm and a member of the MATLAB statistics tool-box. To enable 

fitting of complex data while avoiding complex (nonphysical) parameter estimates, the 

vectors R and G were modified prior to minimization by concatenating their real and 

imaginary parts into a single real-valued vector. No other restrictions were placed on either 

of the parameter values (frequency or phase).

Spectral Registration Over a Limited Frequency Range

In some cases, the signal may contain frequency components that are not stable from scan to 

scan. For example, the shape and amplitude of the residual water peak may vary, as scanner 

drift causes the frequency of the water suppression pulse to drift relative to the spectrum. 

Alternately, in the case of phase-cycled data with incomplete localization, certain regions of 

the spectrum may exhibit instabilities across steps of the phase cycle. Such unstable 

frequency components may introduce errors in the spectral registration method described 

above, since the FID contains all frequency components at all time points. To avoid this 
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problem, it is possible to perform the time-domain spectral registration over a limited 

frequency range simply by defining S(t) and R(t) as the inverse Fourier transforms of the 

desired stable frequency range (i.e., excluding the unstable frequencies) of the frequency 

domain spectra.

Evaluation and Comparison of Frequency Drift Correction Methods

Simulated brain proton MRS data were generated with known frequency and phase drift 

errors to evaluate the performance of the proposed method and compare it with previously 

described methods. First, simulated point resolved spectroscopy pulse sequence (PRESS) 

model spectra (echo time [TE] = 80 ms; 2048 points; spectral width = 2000 Hz; B0 = 3T) 

were generated for 22 metabolites, six macromolecule resonances, and a water resonance 

using an in-house MATLAB-based implementation of the density matrix formalism as 

described previously (10). The model spectra were then exponentially line-broadened to a 

linewidth of 6 Hz and combined in approximately physiological concentrations to produce a 

simulated, noise-free MR spectrum. The amplitude of the simulated residual water 

resonance was chosen to be approximately twice the height of the N-acetyl aspartate (NAA) 

resonance. The spectrum was then replicated 128 times to simulate 128 acquired averages, 

and frequency and phase drifts were applied to each average. The frequency error, f, of each 

average, N, was chosen as a linear slope superposed with noise, εf, according to:f (N) = 

(5/128)N + εf Hz, and the phase error, φ, of each average was chosen as a flat slope 

superposed with noise, εφ, according to: φ(N) − (0)N + εφ degrees. The added noise terms, 

εf and εφ, involved the addition of a random value at each point N with mean values of zero 

and standard deviations of 0.2 Hz and 2 degrees, respectively. These terms were used to 

roughly approximate the effects of physiological and bulk noise. Finally, a normally 

distributed random noise seed was added to the each of the simulated averages to achieve the 

desired SNR. To approximate a range of SNR conditions, spectra were generated using per-

average SNR values (measured as the peak NAA amplitude divided by the standard 

deviation of the added noise) of 20, 10, 5, and 2.5. For each SNR value, 10 simulated 

datasets (each with 128 averages) were generated as described above, and a frequency and 

phase drift correction was performed on each dataset using the spectral registration method, 

as well as two existing correction methods; the creatine fitting method (7), and the residual 

water method (2), as described below. To evaluate the various correction methods, the 

frequency estimation error and phase estimation error were quantified for each of the 

correction methods. Specifically, the estimation error was obtained by taking the difference 

between the measured drift and the actual drift and calculating the standard deviation of this 

residual difference across all 128 averages.

Implementation of Previously Described Correction Schemes

Two previously described methods—the creatine fitting method (7) and the residual water 

method (2)—were implemented for comparison against the method of spectral registration. 

In the creatine fitting method, the spectrum was zero-filled to 8192 points and apodized 

using a 2-Hz exponential filter, and the creatine peak was fit in the frequency domain to a 

Lorentzian function with five free parameters: frequency, phase, amplitude, baseline offset, 

and baseline slope. To ensure only the creatine peak was included in the fit, the spectrum 

was windowed from 2.72 to 3.12 ppm. The fitted frequency and phase parameters were used 
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for frequency and phase error estimation and drift correction. In the residual water method, 

the spectrum was zero-filled to 8192 points and apodized using a 2-Hz exponential filter. 

The frequency was then estimated as the frequency at which the water modulus peak is at a 

maximum, and the phase was estimated using the phase of the first point in the FID.

Demonstration of Spectral Registration over a Limited Frequency Range

To illustrate a situation in which spectral registration over a limited frequency range is 

preferred, a simulated dataset was generated to approximate highly unstable water 

suppression due to drifting of the water suppression pulse. To achieve this, a simulated 

dataset was generated as described above, with 128 averages, but with a total frequency drift 

of 20 Hz and a residual water peak (approximately equal in amplitude to the NAA peak) that 

varies linearly in intensity as a function of frequency drift such that its final intensity is equal 

and opposite in sign to its initial intensity. A drift correction was performed on this “water-

unstable” dataset using both the normal spectral registration and spectral registration over a 

limited frequency range (from 0 to 3.5 ppm). The performance of the two drift correction 

methods was evaluated again using the aforementioned performance metrics.

Demonstration of Frequency and Phase Drift Correction In Vivo Using Spectral 
Registration

In vivo MRS data were acquired in single healthy human volunteers using a 3T 

MAGNETOM Trio system (Siemens, Erlangen, Germany) with a body coil transmitter and a 

32-channel head receiver array coil. Data were acquired from a region of interest in the 

medial prefrontal cortex (15 × 30 × 15 mm3) using the SPECIAL sequence (11) (repetition 

time [TR]/TE = 3200/8.5 ms; spectral width = 4000 Hz; 4096 points; 256 averages; 16 phase 

cycle steps). Six outer volume suppression slabs were applied (one on each side of the cubic 

voxel) to suppress outer volume signals due to imperfect localization and to minimize ISIS 

subtraction artifacts. Following data acquisition, the interleaved inversion-on and inversion-

off scans were subtracted, resulting in 128 fully localized spectra. Spectral registration was 

then performed using a frequency range of −2 ppm to 4.2 ppm, to include only the part of 

the spectrum upfield of water. Because the true frequency and phase drift of this in vivo 

dataset are not known, the performance of the registration was assessed simply by inspection 

of the estimated frequency and phase drift curves, and by visual assessment of the alignment 

of the averages before and after correction.

RESULTS

An example of a simulated spectrum with frequency and phase drift and an SNR of 20 is 

shown in Figure 1a. Figure 1b shows the same spectrum, following frequency and phase 

drift correction using spectral registration. Figure 1c and 1d show the actual frequency and 

phase errors (solid black lines), respectively, of the simulated dataset, as well as the 

estimated frequency and phase errors (solid gray lines), respectively, as determined by the 

spectral registration algorithm.

Figure 2a and 2b show the frequency and phase estimation errors, respectively, of the three 

methods tested at four SNR levels. Each bar represents the average across 10 simulated 
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datasets. For simulated datasets with SNRs of 20, 10, 5, and 2.5, respectively, the frequency 

estimation errors were 0.17, 0.36, 0.77, and 3.27 Hz for the creatine fitting method; 0.10, 

0.18, 0.35, and 0.66 Hz for the residual water method; and 0.04, 0.12, 0.40, and 1.38 Hz for 

the spectral registration method. The corresponding phase estimation errors were 2.82, 5.90, 

11.97, and 28.39 degrees for the creatine fitting method; 0.95, 1.96, 4.00, and 8.21 degrees 

for the residual water method; and 0.44, 1.09, 2.97, and 9.09 degrees for the spectral 

registration method.

Figure 3a shows the water-unstable dataset that was generated by varying the intensity of the 

residual water peak across averages. Figure 3b and 3c show the results of frequency drift 

correction on the water-unstable data-set using spectral registration and spectral registration 

over a limited frequency range, respectively. The frequency and phase drift correction were 

noticeably improved when using spectral registration over a limited frequency range. Figure 

3d and 3e show the actual frequency and phase errors, respectively, of the simulated dataset 

as well as the corresponding frequency and phase error estimates from the spectral 

registration method and the method of spectral registration over a limited frequency range. 

Spectral registration over a limited frequency range provided improved estimates of both 

frequency and phase when the residual water resonance was highly unstable. The frequency 

and phase estimation errors for the spectral registration method were 5.62 Hz and 8.93 

degrees, respectively, whereas the frequency and phase estimation errors for the method of 

spectral registration over a limited frequency range were greatly improved (0.14 Hz and 1.72 

degrees, respectively).

Figure 4a shows the in vivo short echo-time MRS data that were collected from the medial 

prefrontal cortex of a healthy human volunteer following the subtraction of partial ISIS 

inversion-on/inversion-off scans but prior to signal averaging. The SNR of each localized 

volume (2 averages per volume due to partial ISIS localization) was ~40. Figure 4b shows 

the same spectrum following frequency drift correction using spectral registration over a 

limited frequency range. On visual inspection, the alignment of the averages was greatly 

improved following spectral registration. Figure 4c and 4d show the frequency and phase 

drifts, respectively, as estimated by the spectral registration method. The total frequency drift 

over the duration of the scan was approximately 6 Hz, whereas the phase drift was 

approximately flat with a standard deviation of 2.8 degrees. Figure 4e shows the final 

averaged spectrum both before and after drift correction. The use of drift correction resulted 

in a reduction in the full width at half-maximum of the residual water peak from 8.2 Hz 

(before drift correction) to 5.6 Hz (after drift correction).

DISCUSSION

Our results suggest that spectral registration accurately estimates and corrects frequency and 

phase drift in MRS data acquired over multiple signal averages.

We compared spectral registration against two existing methods: the creatine fitting method 

and the residual water method. Specifically, we assessed the ability of each of these methods 

to accurately estimate frequency and phase drift in simulated MRS datasets in which the 

drifts are known, and at various SNR levels. Spectral registration outperformed the creatine 
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fitting method by a factor of >2 at all SNR levels tested. At high SNR levels (≥10 per 

average), spectral registration also outperformed the residual water method. At low SNR 

levels (≤5 per average), the performance of spectral registration was comparable to that of 

the residual water method, except in the lowest SNR case (SNR = 2.5), in which the residual 

water method outperformed the spectral registration method by a factor of two in terms of 

frequency drift estimation only.

Based on these results, spectral registration performs comparably to both of the other 

methods tested. The performance of spectral registration (and other methods) is limited 

when the per-average SNR is reduced to ≤2.5. This is not surprising, because no method can 

accurately estimate frequency and phase errors in data that are dominated by noise. In cases 

where the SNR is too low for frequency and phase to be estimated from the data itself, the 

previously described navigator-based methods (3,5,6,12) are preferable.

Performance notwithstanding, spectral registration provides a distinct advantage in terms of 

versatility. Spectral registration uses the initial part of the time domain signal, which is 

almost guaranteed to have useful information with which to estimate frequency and phase, 

regardless of the type of MRS data in question. Therefore, the spectral registration method 

can be applied exactly as presented here with little or no modification, to almost any kind of 

MRS data, provided that SNR is sufficient and that the averages can be stored separately. On 

the other hand, the use of the creatine fitting method is limited to spectra containing a 

creatine peak, such as proton MR spectra of the brain, and use of the residual water method 

is limited to spectra containing a residual water peak.

The creatine fitting method is versatile enough to be applied to other resonances, but this 

requires modification of the initial fit parameters, and it assumes prior knowledge of an 

isolated resonance besides creatine that can be used for frequency and phase estimation. 

Furthermore, the results of this study show that the creatine fitting method performs 

relatively poorly compared with the other two methods.

Use of the residual water method requires the presence of a residual water peak. This 

automatically excludes all types of X-nuclei spectroscopy. Furthermore, it is not applicable 

to MRS data in which the water suppression is very good, as is the case in many types of 

clinical MR spectroscopy. It should also be noted that it is not possible to estimate the 

spectral phase using the first point in the FID if the signal at the first point in the FID is close 

to zero, or equivalently, if the net area in the frequency domain is close to zero. This 

situation can arise if there are both upright and inverted peaks in the spectrum, such as a 

normal spectrum with an oversuppressed water peak, or a Mescher-Garwood spectral editing 

method–PRESS (13) edited gamma-aminobutyric acid spectrum, which consists of a large 

inverted NAA peak and several smaller upright peaks. In such a situation where the net area 

in the frequency domain is close to zero, the first point in the FID is primarily noise, and 

does not contain useful phase information. To avoid this problem, one could estimate phase 

using the time domain signal point with the maximum complex magnitude or by taking the 

average phase across multiple time domain points.
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It was shown that spectral registration may fail to correctly estimate the spectral frequency 

and phase if there are unstable frequency components in the spectrum. This was illustrated 

using a spectrum with a large residual water peak that varies in intensity across averages. In 

this case, the registration method fails because the FIDs being registered are intrinsically 

unalike, and cannot be made alike using frequency and phase adjustment. However, by 

restricting the frequency range of the spectral registration to between 0 ppm and 3.5 ppm, 

the region where the signals are stable across averages, the performance of the method was 

restored.

In addition to the demonstration of spectral registration on simulated data, the method was 

also demonstrated to substantially reduce frequency and phase errors in in vivo MRS data 

acquired from the medial pre-frontal cortex of a healthy human volunteer. For brevity, only 

one example of in vivo registration has been given here; however, this method has been 

tested extensively and has been used to successfully remove frequency and phase drift from 

hundreds of datasets of various types of MRS data (10,14–17).

Although we presented spectral registration in the time domain, it may also be possible to 

perform spectral registration in the frequency domain. We expect that spectral registration in 

the frequency domain may improve frequency (not phase) estimation in spectra consisting of 

primarily broad, short T2 signals, since these signals have limited extent in the time domain. 

However, performing the method in the frequency domain may require the use of weighted 

registrations to minimize the influence of noisy parts of the spectrum.

In this paper, we have only described the use of spectral registration for retrospective drift 

correction. However, spectral registration may also prove to be a useful method for 

prospective frequency drift correction. This would provide the additional benefit of enabling 

the real-time adjustment of transmitter frequencies, thus preventing the degradation of water 

suppression or editing pulse efficiency, for example. Currently, most prospective frequency 

drift correction methods require either a separately acquired navigator echo or intentionally 

weak water suppression (3,4). Spectral registration may be an attractive alternative for 

prospective frequency correction, as it can provide rapid estimation of frequency offsets 

using the normally acquired data by itself, with no requirement for navigator echoes or weak 

water suppression.

CONCLUSIONS

Spectral registration provides an effective and versatile means of estimating and correcting 

frequency and phase drifts in MRS data.
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FIG. 1. 
Frequency and phase drift correction using spectral registration. a: Simulated PRESS MRS 

data (TE = 80 ms) consisting of 128 averages with a total frequency drift of 5 Hz, a random 

phase error, and a per-average SNR of 20. b: The same spectrum following frequency and 

phase drift correction using spectral registration. c: Actual (black line) and estimated (gray 

line) frequency drift as a function of scan number. d: Actual (black line) and estimated (gray 

line) phase drift as a function of scan number.
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FIG. 2. 
Comparison of spectral registration with existing drift correction methods. a: Bar graph 

showing the standard deviation of the residual frequency estimation error (in Hz) of the 

creatine fitting method (CRE), the residual water method (H2O), and the spectral 

registration method (SR). b: Bar graph showing the standard deviation of the residual phase 

estimation error (in degrees) of the same three methods. The four bars in each group 

represent the four different SNR levels tested. Bar heights and error bars represent the 

average and standard deviation, respectively, across 10 simulated datasets.
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FIG. 3. 
Illustration of spectral registration over a limited frequency range. a: Simulated PRESS 

MRS data (TE = 80 ms) consisting of 128 averages, with a large unstable residual water 

peak and a total frequency drift of 20 Hz and random phase error. b: The same spectrum 

following frequency and phase drift correction using spectral registration. Note the visibly 

poor alignment of the averages. c: The same spectrum following frequency and phase drift 

correction using spectral registration over a limited frequency range (0–3.5 ppm). Note the 

improved alignment of the averages. d: The actual frequency drift (solid black line) is shown 

with the drift estimates using spectral registration (SR, solid gray line), and spectral 

registration over a limited frequency range (SRF, dotted gray line). e: The actual phase drift 

(solid black line) is shown with the drift estimates using SR (solid gray line), and SRF 

(dotted gray line).
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FIG. 4. 
Frequency and phase drift correction on in vivo data. a: In vivo SPECIAL MRS data 

(TR/TE = 3200/8.5 ms) acquired from the medial prefrontal cortex of a healthy volunteer. 

Data are shown following subtraction of the partial ISIS inversion-on/inversion-off scans. 

The voxel position is shown in the top left. b: Same spectrum as above, following frequency 

and phase drift correction using spectral registration over a limited frequency range (from −2 

to 4.2 ppm). Note the improved alignment of the averages. c: The measured frequency drift. 

d: The measured phase drift. e: The final averaged spectrum before (red line) and after 

(black line) drift correction. Note that both peak intensity and lineshape are improved 

following drift correction.
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