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Abstract

Purpose—Magnetic Resonance Spectroscopy (MRS) typically requires averaging of multiple
acquisitions to achieve adequate signal to noise (SNR). In systems undergoing dynamic changes
this can compromise the temporal resolution of the measurement. One such example is 3P MRS
of exercising skeletal muscle. Spectral Improvement by Fourier Thresholding (SIFT) offers a way
of suppressing noise without averaging. In this study we evaluate the performance of SIFT in
healthy subjects and clinical cases.

Methods—31P MRS of the calf or thigh muscle of subjects (n = 12) was measured continuously
before, during, and after exercise. The data was processed conventionally and with the addition of
SIFT before quantifying peak amplitudes and frequencies. The post-exercise increase in the
amplitude of phosphocreatine was also characterized by fitting with an exponential function to
obtain the recovery time constant.

Results—Substantial reductions in the uncertainty of peak fitting for phosphocreatine (73%) and
inorganic phosphate (60%) were observed when using SIFT relative to conventional processing
alone. SIFT also reduced the phosphocreatine recovery time constant uncertainty by 38%.

Conclusion—SIFT considerably improves SNR, which improved quantification and parameter
estimation. It is suitable for any type of time varying MRS and is both straightforward and fast to

apply.
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Introduction

Magnetic Resonance Spectroscopy (MRS) is a powerful, non-invasive technique which
permits the study of many metabolic processes in vivo. Some of the most interesting
applications of MRS involve perturbing a particular metabolic process while acquiring a
sequence of spectra to observe the temporal response of the system to the perturbation. One
example is the depletion of phosphocreatine (PCr) in exercising muscle tissue, and the
subsequent recovery of the peak.

31p MRS is widely accepted as the “gold standard” method for noninvasive metabolic
measurements in exercising muscle (1,2). During exercise, consumption of Adenosine
TriPhosphate (ATP) is stoichiometrically correlated to the hydrolysis of PCr to creatine and
inorganic phosphate (Pi). Post-exercise, the recovery of PCr reflects ATP synthesis. The
change in PCr peak height and the frequency difference between Pi and PCr directly
measure the intracellular energy status and intracellular pH respectively. This method has
been used to study therapeutic interventions and training-induced metabolic changes in
children and adults as well as in patients with pulmonary, cardiac, and renal disorders (3).
The dynamics of Pi/PCr have been used to evaluate mitochondrial respiration in skeletal
muscle and the rate constant of post-exercise PCr recovery used as an index of mitochondrial
function, i.e. oxidative ATP synthesis (4,5). Recently, 31P MRS has also been used in clinical
trials to evaluate the effect of drug-based intervention on muscle energetics (6-8). 31P MRS
is of particular interest in investigating the underlying mechanisms causing functional
impairment in patients with peripheral artery disease (PAD) (9). PAD is a manifestation of
atherosclerosis that affects more than 7 million adults in the US(10). Studies have shown
reduced PCr recovery rates in PAD (11).

The numerous and diverse applications of 3P MRS depend upon accurate and robust
measurement. Perhaps the most challenging aspect of in vivo 31P MRS is the low
concentration of the observed metabolites and the correspondingly low Signal-to-Noise
Ratio (SNR). This problem is typically addressed by averaging blocks of consecutive
spectra, which improves the SNR by the square root of the number of averaged spectra. In
most protocols this approach involves no loss of information and is only limited by
considerations concerning the total length of the exam. However for a series involving
variations over time, data averaging degrades the temporal resolution of the data and the
averaged spectra will be blurred by the spectral changes across its components.

Goluch et al. recently published details of a new calf muscle coil with a three channel 31p
phased array for localized spectroscopy at 7T (12). Despite the improved coil design, the
spectra they present use five temporal averages per spectrum to achieve acceptable SNR, for
a temporal resolution of one spectrum every 30s. In another report Meyerspeer et al. used a
semi-LASER sequence for localized calf spectroscopy at 7T (13). They were able to
quantify PCr in individual spectra (TR = 6s), but found that for the Pi it was necessary to
average spectra from multiple subjects to obtain a reliable quantification.

The SIFT method (Spectral Improvement by Fourier Thresholding) (14) provides improved
SNR without compromising temporal resolution. SIFT entails: (i) Fourier transforming
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serially acquired spectra along the indirect (as opposed to direct) temporal dimension; (ii)
performing a thresholding operation; and (iii) inverse Fourier transforming the MR data for
the conventional analysis. Figure 1 diagrams the concept and sequence of operations in the
SIFT method. The original SIFT report showed significant improvement for simulated data,
and for a limited set of in vivo canine skeletal muscle 3P MR spectra (14).

In this study, we apply the SIFT method to 3P MRS data acquired from exercising muscle
and evaluate its effectiveness in both healthy volunteers and PAD patients. This broad range
of subjects provides a real-world evaluation of the performance of SIFT, particularly in those
individuals with poor PCr recovery rates.

Two different forms of exercise were performed for this study: plantar flexion exercises
observing the gastrocnemius muscle, and leg lifting exercises observing the quadriceps
muscle. In both cases, healthy volunteers and patients suffering from PAD were scanned. For
the volunteers, care was taken to select a diverse range of ages and physical fitness levels to
provide a realistic evaluation of the methodology. All studies were conducted with the
approval of the Institutional Review Board (IRB).

For the plantar flexion exercises, 5 subjects were scanned: 3 healthy volunteers (ages 21-24,
three females) and 2 PAD patients (ages 77 and 84, both male). Subjects were scanned in a
Siemens Skyra 3T whole-body MR system (Siemens Medical Solutions, Erlangen,
Germany) using a single channel 10-cm diameter 31P tuned (51.8MHz) transmit/receive
surface coil (Mirtech, Boston, MA), fixed to the subject's calf. Subjects lay supine, feet first
with their lower legs resting on the base plate of the plantar exercise device (11). A second
“exercise” plate is attached to the base plate by a hinge. The subject’s feet push against the
upper plate to complete the exercise. Elastic bands are stretched between the two plates to
provide resistance and increase the work-load of the exercise. The subject's legs were
immobilized using a table strap across the ankles to minimize movement and thus changes in
Bg.

For the leg lift exercises, 7 subjects were scanned: 6 healthy volunteers (ages 24-65 years; 5
males, 1 female) and 1 PAD patient (70 year old female). Subjects were scanned in a
Siemens Verio 3T whole-body MR system using a similar single channel 31P tuned transmit/
receive surface coil strapped to the thigh at the vastus medialis muscle of the quadriceps.
The subjects were positioned in the scanner supine on a padded bed with a custom-built
dynamic knee extension apparatus (15). This apparatus has a bar that rests across the shins
of the subjects, which attaches to a lever connected by rope to weights via a pulley. The
subjects extend their knee, pushing up the bar to lift the weights. Maximum work capacity
was determined by a 3 second knee extension with different weights to determine each
subject’s maximum work-load. The load for the exercise was set to 30% of maximum work-
load.

In both types of exercise the same MR protocol was followed. First the transmitter gain of a
500 s hard excitation pulse was adjusted to determine the value giving the highest PCr
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peak. A simple pulse-acquire sequence (TR = 2s, spectral width = 6kHz) was then
performed continuously during an exercise protocol consisting of two minutes of initial rest
(baseline), three minutes of exercise at a rate of approximately one lift every two seconds,
and five minutes of recovery also resting. A total of 300 Free Induction Decays (FIDs), with
4096 complex data points per FID, were acquired per subject. Subjects were given audio
cues for each section of the exercise routine and an investigator would stay with the subject
in the scanner room to provide cues for each lift and to ensure compliance with the exercise.

Data was exported from the Siemens scanner in the raw data format and the individual FIDs
were extracted. Our analysis procedure consisted of three sequential steps. In the first step
standard data processing including phasing and baseline correction was performed using in-
house software written in Python. The SIFT method was then applied to the processed data.
Finally metabolite concentrations were estimated using the AMARES plugin option in
JMRUI (16), and the recovery parameters calculated.

Data Processing

The first five FIDs were discarded to ensure that steady state excitation had been reached.
On initial loading of the data each FID was apodized with a 50Hz Gaussian filter, 50Hz
matching the average Full Width at Half Maximum (FWHM) of the PCr peak.

During initial data exploration it was observed that substantial baseline distortion was
present in the phased data. Such distortion is typically attributable to corruption of the first
few points of the FID, which can be caused by several effects including: probe ringing,
where the residual electrical currents from the excitation pulse introduce distortion in the
first few points of the FID and gating artifacts where the receiver channel is turned off for a
few ms at the start of the acquisition to avoid ringing.

Due to the low SNR of the spectra, fitting a baseline to each spectrum individually actually
increases the deviation between spectra, leading to a noisier time course. To avoid this
problem, the first few points of each FID were set to zero so that the baseline was identical
in every spectrum. The 55 spectra from the pre-exercise period, where no temporal variation
occurred, were averaged to create a high SNR spectrum. This spectrum was then used to
phase the data and determine a universal baseline. These global parameters were then used
to phase and baseline correct each individual spectrum.

The shape of the baseline in the frequency domain may be calculated by performing the
Discrete Fourier Transform (DFT) of the distortion profile in the time domain. The DFT is
defined in Eq. 1.

N-1 )
S (,f) _ Z Cne—27rm
n=0 Eq 1

Where the coefficients ¢, describe the shape of the distortion term. In this case we are
zeroing the first few points of the FID, providing a “top hat” distortion profile where ¢, is 1
for the first M points and O for all other points (Eq. 2.).
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M-1

S (f) — Z 6727””:6
n=0

—mi(p—1)SinTf M
Sinﬂ'f Eq 2

Note that this term is closely related to, but subtly different from, the sinc function obtained
in the continuous case. For our data we found that zeroing the first two points of the FID and
setting M=2 gave the best results.

A measured spectrum may be expressed as a linear combination of contributions from a
basis set comprising the individual spectra of the observable metabolites and the baseline
contribution. If the individual basis spectra are known, the contributions of each to the
measured spectrum can be easily obtained using a linear least squares regression. In this
study the | east sq function from the sci py. opt i ni ze library was applied in the
frequency domain to calculate the magnitude of the baseline and to phase the spectrum.

The metabolite basis spectra can be constructed from Gaussian lineshapes, but the exact
frequencies and linewidths of the peaks will vary slightly from exam to exam, so an
additional iterative optimization must be performed to find the values for these parameters
which best match the measured data. At each iteration the measured spectrum was phased
with the current estimates of zeroth and first order terms, while a new basis set of simulated
metabolite peaks was created based on the current estimates of frequency shift and
linewidth. The calculated baseline spectrum was added to this basis set and leastsq used to
obtain a fit to the phased measured spectrum.

When the root-mean-square difference between measured and simulated spectra reaches the
minimum, the optimal values of the phase parameters and baseline can be extracted. These
phase and baseline values were then used to correct the individual spectra in the exercise and
recovery stages of the exam. Figure 2 shows an example of a pre-exercise composite FID
with baseline distortion and the achieved fit of the simulated basis set, including the baseline
contribution.

The SIFT method applies the Fourier transform to the indirect time dimension of the data,
here denoted the “exercise domain”. Just as the conventional FT in MRS concentrates the
temporal variation of the FID into a few sharp peaks in the spectrum, the FT in the exercise
domain concentrates the time course of the exercise into a small number of significant signal
coefficients, with the rest containing solely noise. By application of a judicious threshold to
suppress the noise while maintaining the signal terms, a significant noise reduction is
achieved when the inverse FT is used to return the data to the time domain (Fig. 1).

In the limit of data with no temporal variation, the entire signal lies in the zeroth coefficient
of the exercise spectrum (the average of all points in the time domain) so that suppressing all
other coefficients is identically equivalent to the standard temporal averaging. However, with
time varying data there will be other coefficients containing signal and a threshold-based
approach must be used to try to distinguish noise from signal.
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Care must be taken when choosing the threshold, as those noise coefficients that exceed it
and are not removed are necessarily the largest. For a random variable X such as the receiver
noise, the expected value E[X]in the spectrum is the first moment of the probability
distribution. For Gaussian noise, this is expressed in Eq. 3.

2
1 . F
E[X}:Nfo ze /2d1: Eq.3

Zeroing coefficients below a certain threshold changes the lower limit of the integral from 0
to the threshold £ Dividing by the total noise from the unmodified signal we obtain the
fractional magnitude of the residual noise as shown in Eq 4.

[ ze /de /2

[ e /zdx Eq. 4

where tis the threshold in standard deviations of the noise. For example, choosing a
threshold of 2 standard deviations will suppress 95% of the pure noise coefficients, but the
expected noise value decreases by only 86%.

Preliminary testing indicated that a threshold value of 2 standard deviations would be
suitable for our datasets: this value was utilized for all results presented in this study.
Generally, thresholds > 2 cause unacceptable deformation of the time domain trajectory
(signal coefficients are removed with the noise), whilst thresholds that are lower lead to
suboptimal improvements in SNR.

After global phasing and baseline correction, the FID data, both with and without SIFT
filtering, was exported to jMRUI, and the metabolite amplitudes computed using AMARES.
Gaussian lineshapes were used for each metabolite as they were found to give better
agreement with the data than Lorentzian lineshapes. AMARES reports both the fitted
metabolite amplitudes and their standard deviations for each spectrum. These standard
deviations were used to assess whether the SIFT method reduces the fitting uncertainty on a
per spectrum basis. The post-exercise PCr amplitudes of each subject, for both raw and
SIFTed data, were fitted to a monoexponential recovery function A+ Bexp(-#t) using the
curve_fit routine of the sci py. opt i ni ze Python package to determine the recovery
time constant . The cur ve_fi t routine returns both the estimated values of the fitted
parameters and their covariances, from which the standard deviation of the fit was calculated
by taking the square root. This standard deviation was used to assess whether the SIFT
method reduced the fitting uncertainty for the time course
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In both plantar flexion and leg lift exercises depletion of PCr was observed, along with an
increase in Pi and a drop of pH. As expected, the wide range of ages and physical conditions
of the subjects led to a corresponding range of recovery times, which ran from © =21.22 +/
- 2.36s to T =107.76 +/- 11.39s.

Applying the SIFT method to the data removed most of the coefficients in the time domain.
Across the entire spectrum, the average number of coefficients removed by the thresholding
was 279 +/- 6. Within the region of the PCr peak fewer coefficients were removed (265 +/
-9).

Figure 3 shows an example dataset both before and after application of the SIFT method.
The reduction in noise across the frequency range of interest is clearly visible, as well as the
improved smoothness of the time domain trajectory of the peaks. Single spectra from this
dataset are shown in figure 4 to give a clearer idea of the improved spectral quality achieved
by SIFT.

The improved SNR evident in figures 3 and 4 allows more accurate fitting of the metabolite
peaks by AMARES. The standard deviation in the PCr amplitude fit was reduced by an
average of 72.5% +/- 5.82% and that for the Pi resonance was reduced by 60.26% +/

- 9.49%. The mean improvements per subject are shown in columns 1 and 2 of table 1.

The combination of more accurate fitting at each time point with the exercise time domain
smoothing introduced by SIFT improved the fit of the exponential fit to the PCr recovery.
Figure 5 shows time courses for both the PCr and Pi fitted amplitudes from a sample dataset
both before and after SIFT. The spread of amplitudes for both metabolites is considerably
reduced in the SIFT case, but overall the shape of the temporal trajectory is preserved, with
no distortion or smoothing.

For every subject the standard deviation in © for the SIFTed data was reduced relative that
obtained for the uncorrected data (Figure 6). The size of the fitting error is correlated with
the recovery time constant. To allow comparison across the range of values from the
subjects, the standard deviation as a percentage of the mean is used. The mean improvement
in standard deviation was 38.4%. The estimated values and standard deviations for < in the
standard and SIFTed case for each subject are shown in Table 1.

The evaluation of any new processing method must consider whether a bias or systematic
error is introduced relative to the original data. One method for visually evaluating the
differences between the results from two methods is the Bland-Altman plot, shown in figure
7. This plots the mean value of the two methods against the difference between them for
each subject. The mean shift in T from applying SIFT to the data is only —0.16s, showing
that no bias is introduced, SIFT does not systematically lengthen or shorten ©. The points are
also uniformly distributed either side of the mean for all values of <, indicating that SIFT
performs equally well across a wide range of recovery times.
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Discussion

Across a diverse range of clinical scenarios, MR spectroscopy is a widely used tool in the
study of time varying systems. However, the technique’s SNR is limited by (i) low
concentrations of target molecules (particularly when observing spins other than protons)
and (ii) its inability to apply the temporal averaging method used in static MRS.

The results demonstrate that SIFT substantially reduces measurement uncertainties in
dynamic studies of healthy and PAD subjects. Both fast and slow PCr recovery curves can
be equally improved by applying SIFT to the data. One of the strengths of the SIFT method
is that it is independent of the shape of the temporal trajectory it is fitting. Although in this
study it only quantified the monoexponential recovery for PCr, it qualitatively reduced the
temporal noise throughout the entire exercise time domain for both PCr and Pi. SIFT should
be applicable with non- exponential time courses.

SIFT is a very straightforward and fast operation to perform on even a large dataset. The
method comprises only a Fourier transform in the exercise domain, thresholding of the
coefficients and the inverse Fourier transform. In our implementation this takes less than a
second for 295 spectra.

One characteristic of SIFT is that the noise suppression varies with spectral frequency,
depending on the degree of temporal variation in the exercise time domain. Although the
quantification algorithm used in AMARES is not itself sensitive to such variations in the
character of the noise, the estimation of concentration uncertainties using the Cramer-Rao
lower bound does depend on the noise level, which is normally assessed from a region of the
spectrum far from the peak regions. If the noise level varies across the spectrum then this
might affect the uncertainty estimates. In order to investigate this issue, the degree of noise
suppression as a function of frequency was calculated.

Across the spectrum SIFT thresholding suppressed an average of 279 out of the 295 exercise
frequency domain coefficients. A threshold of two standard deviations includes 95% of the
pure noise coefficients. Therefore, the mean total number of pure noise coefficients should
be 279 /0.95 = 294. This is the expected value for a time invariant signal, which describes
most of the spectrum. In this case the signal in the exercise frequency domain is
concentrated in the first coefficient while the remaining 294 contain only noise. As noted in
the methods section, although thresholding suppresses 95% of the noise coefficients the
remaining 5% of coefficients contain 14% of the noise energy. Thus, SIFT only removes
86% of the noise energy.

For the 100 spectral points making up the PCr peak an average of 265 exercise frequency
domain coefficients were suppressed. Since the mean total number of pure noise coefficients
is estimated at 279 (265 / 0.95), PCr has 16 signal coefficients in the exercise frequency
domain. The mean residual noise energy in this region is approximately 19%, calculated as
(14% x 279 + 100% x 16) / 295 ~ 19%. While the noise energy is higher in the PCr peak
region, it is only ~ 5 % above the theoretical optimum found elsewhere in the spectrum. We
therefore feel that this relatively small variation in noise level across the spectrum will not
significantly impact the quantification process.
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The degree to which SIFT is able to remove noise is dependent on the sparseness of the
temporal trajectory’s representation in the exercise frequency domain. We chose to use SIFT
in this case because of its simplicity and the previously reported effectiveness of the method,
and our results show that for data of this kind, the signal is indeed sparse and SIFT is an
effective denoising method. However for some alternative dynamic MRS studies, the
temporal trajectory of the metabolite peaks might have a different form so that the indirect
spectral domain has a larger number of signal coefficients, which would have a negative
impact on the efficacy of SIFT. In such cases it would be interesting to explore other
transforms that might improve sparsity in these cases, or alternate denoising techniques such
as wavelet denoising or methods based on singular value decomposition.

In this study SIFT was applied to 3P MR muscle data. The method is, however, generally
applicable to any MRS study acquiring time series spectra. A possible application would be
improving 3P MR SNR obtained from localized sequences that isolate signal from specific
muscles (30, 31). A typical 3P surface coil may have a total sensitive volume of around 300
cm3, while a localized muscle voxel might be only 30 cm3. In a typical localized study, the
use of a PRESS echo sequence rather than a simple pulse acquire introduces T, decay losses
that also reduce SNR.

Serial spectra following labeled molecules e.g. 13C and 170 through metabolism would
benefit from improved temporal resolution or improved SNR by making use of SIFT. For
example, in dynamic 13C MR studies that track the transfer of labeled 13C from injected
glucose or acetate to glutamate and glutamine through the TCA cycle by serial acquisition of
spectra with a TR=1 sec for more than 2 hours (17). Due to the low SNR, a sliding window
of 20 min (1200 acquisitions) was used to adequately measure the time course of the 13C
metabolites (18). More recently, 1H MRS has also been used for dynamic measures of
lactate, gamma-amino butyric acid and glutamate in functional tasks such as visual
stimulation (19,20), pain (21,22), and cognitive tests (23,24), which also utilize serial
acquisitions of spectra. These would also benefit from SIFT.

Conclusion

This study shows that the SIFT method produces a significant improvement in the SNR of
time varying spectroscopy acquisitions, without compromising the temporal resolution in a
realistic evaluation of healthy and diseased subjects. This improvement in the SNR translates
to more precise quantification of peak amplitudes, with an average reduction in fit standard
deviation of 73% for PCr. Better metabolite quantification leads to a reduced error in the
fitting of the recovery curves. In this case a reduction in the standard deviation of 62% was
observed. No evidence of bias in the SIFTed recovery curves relative to the original data was
found.
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Figurel.
A diagram of the concept and components steps in the SIFT method, illustrated for a single

spectral frequency. Panel A) the exercise time domain signal (red) is affected by white
Gaussian noise (blue). Panel B) taking the Fourier transform of this noisy signal shows that
the majority of the signal is concentrated in a small number of components. Panel C)
removing all components below the threshold (dashed line) removes most of the noise but
retains the signal components. Panel D) after the inverse Fourier transform, the exercise time
domain signal is much less noisy (green).
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Figure 2.

Typical composite (55 averages from pre-exercise period) 31P MR spectrum (black) showing
baseline distortion produced by coil ringing; the fit including the additional corrective basis
vector (red). The residual from the fitting (blue) is shown offset below the spectrum. The
labelled resonances are: phosphomonoesters (PME), inorganic phosphate (Pi),
phosphodiesters (PDE), phosphocreatine (PCr), and the 3 resonances of ATP.
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Figure 3.

Stack plots of 300 muscle 3P MR spectra from the entire exercise protocol. Panel (a)
displays the data processed with the standard methods and, panel (b) the same data with the
SIFT method applied. There is a great improvement in the SNR and the temporal trajectories
of the peaks are much smoother in the SIFTed data.
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exercise

25

Example spectra with standard processing (a, b) and, with the SIFT process (c, d). Spectra a)
and c) are from the pre-exercise period, while b) and d) were acquired mid-exercise,
showing depleted PCr and elevated Pi.
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Time course of (a) PCr and (b) Pi amplitudes for both standard (black circles) and SIFTed
data (red circles). The SIFTed data shows a reduced level of noise while following the same
shape as the original data. The period of exercise is shaded.
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Figure 6.
Difference in = fitting accuracy between standard and SIFTed data for each subject. In every

case the error, here reported as the standard deviation (o) of the © (as a percentage) is
reduced with SIFT, the largest improvements mostly occur for the subjects with the highest
error in the standard case.
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Figure7.
Bland-Altman plot showing difference in T between standard and SIFTed results as a

function of <. Points are uniformly distributed on either side of zero and there are no
apparent trends in the distribution showing that SIFT does not introduce any systematic bias.
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