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In functional magnetic resonance imaging, a rapid method such
as echo-planar (EPI) or spiral is used to collect a dynamic series
of images. These techniques are sensitive to changes in reso-
nance frequency which can arise from respiration and are more
significant at high magnetic fields. To decrease the noise from
respiration-induced phase and frequency fluctuations, a simple
correction of the “dynamic off-resonance in k-space” (DORK)
was developed. The correction uses phase information from the
center of k-space and a navigator echo and is illustrated with
dynamic scans of single-shot and segmented EPI and, for the
first time, spiral imaging of the human brain at 7 T. Image noise
in the respiratory spectrum was measured with an edge oper-
ator. The DORK correction significantly reduced respiration-
induced noise (image shift for EPI, blurring for spiral, ghosting
for segmented acquisition). While spiral imaging was found to
exhibit less noise than EPI before correction, the residual noise
after the DORK correction was comparable. The correction is
simple to apply and can correct for other sources of frequency
drift and fluctuations in dynamic imaging. Magn Reson Med
47:344–353, 2002. © 2002 Wiley-Liss, Inc.
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In functional MRI (fMRI), a time-series of images is col-
lected to monitor changes in the subject’s physiology dur-
ing a challenge, e.g., cognition, exercise, or contrast up-
take. Invariably for such techniques, rapid acquisition
such as echo-planar imaging (EPI) (1) or spiral imaging (2)
is used in order to avoid loss of temporal information and
to suppress artifacts from respiration and cardiac func-
tions that are confounds to the challenge being monitored.
In the case of blood oxygen level-dependant (BOLD) func-
tional neuroimaging (3), which will be the primary focus
of this work, an echo time (TE) comparable toT*2 is used in
order to maximize the sensitivity to small BOLD changes
inT*2. Unfortunately, the relatively long TE also makes the
acquisition sensitive to changes in resonance frequency
and other factors, causing various artifacts.

NMR phase shifts can arise from instrument instability,
bulk motion, or from cardiac and respiratory functions

(4–7). Phase variations between segments cause ghosting
and extra noise in the time-series, which degrades func-
tional data and the resulting maps. Zero-order phase (non-
evolving in time) corrections using navigator echoes (8–
10) or retrospective modeling of cardiac and respiratory
modulations (11–13) have been employed to reduce these
effects.

A major effect from respiration is that the resonance
frequency in the brain region can vary in time even when
the head of the subject is immobile (14–16). These first-
order phase variations (evolving linearly in time) result
from respiration-driven movement of organs in the tho-
racic and abdominal cavities, as well as to changes in the
oxygenation state of the respired gas. The field modula-
tions tend to vary weakly in the inferior–superior direction
in accordance with relative proximity to the chest, al-
though the dominant effect is a global frequency shift in
the whole brain (16,17). In single-shot EPI images, changes
in resonance frequency result in positional voxel shifts
predominantly in the phase encode direction (15), while
in spiral imaging the effect is to cause time-varying blur-
ring, which in either case leads to increased time-series
noise. In segmented acquisitions, frequency shifts also
cause ghosting. For EPI imaging, the pixel shift in the y
(phase encode) direction is �y/p � �fTacq, where p is the
pixel size, �f is the frequency shift and Tacq is the duration
of the k-space readout. For spiral imaging, sidelobes in the
blurring point response function become prominent when
r/p � 2 �fTacq � 1, where r is the radius (9). Geometric
distortion corrections have been developed for static off-
resonance conditions occurring because of local variations
in magnetic susceptibility (18–20) and corrections have
been made using navigator echo phase for magnetic field
drift (5,21). However, to date no corrections have been
reported for respiration-induced dynamic off-resonance
effects.

In the present work we report a simple correction of
“dynamic off-resonance in k-space” (DORK) that reduces
the effects of time varying zero- and first-order phase shifts
for EPI and spiral imaging. The correction assumes that
variations in frequency and phase from respiration (or any
other source of frequency drift or fluctuation) are uniform
across the slice. The DORK correction uses phase informa-
tion from a navigator echo as well as the imaging echo at
the center of k-space to estimate the correction. The con-
cept is an extension of that employed for mitigating effects
of frequency drifts arising from an electric train (17),
where only first-order corrections were required. It is ex-
pected that the effect of frequency variations increases
with magnetic field strength and is inherently different for
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EPI and spiral imaging. Therefore, we studied these effects
on four volunteers at a magnetic field of 7 T and compared
the results of corrections made for both EPI and spiral
imaging.

MATERIALS AND METHODS

Theory

Full Correction

In accordance with the discussion above, the respiration is
assumed to cause a global frequency shift due to modula-
tion of the magnetic field at the site of the imaging slice, as
well as a global phase shift of the NMR signal. With this
model the phase of an isochromat accumulates linearly
because of the off-resonance condition, and ideally two
measurements at different evolution times are needed to
calculate the initial phase �o and frequency offset � (see
Fig. 1). The phase is monitored by sampling the transverse
magnetization with a nonphase-encoded navigator signal
(a simple FID signal) at time TN and from the imaging echo
signal at the center of k-space at time TE, both of which
sample the signal integrated over the slice. The navigator
signal can also be encoded in the readout direction as long
as the signal at the center of the echo is chosen. In practice,
the locations of the k-space origin for both the navigator
and imaging echoes are found from the maximum signal
modulus in a reference time frame and are kept fixed for all
time frames in the time series under consideration.

Let us first consider single-shot dynamic imaging, in which
many consecutive time frames are acquired. With reference to
Fig. 1, for the nth time frame the phase �n evolves as a function
of time t due to a frequency shift �n (in the absence of imaging
gradients) and phase offset �n

o at t � 0 as:

�n�t� � �n
o � �nt. [1]

However, imaging gradients may cause eddy currents that
result in additional phase accumulation. The phase of the
navigator signal collected at time TN (superscript N) is:

�n
N � �n

o � �nTN � �Ng, [2]

where �Ng represents the phase from eddy currents in-
duced by gradients (possibly from a previous time frame in
the case of a nonphase-encoded navigator). Similarly, the
phase of the signal from the imaging acquisition at the
center of k-space (superscript I) at TE is:

�n
I � �n

o � �nTE � �Ig, [3]

where �Ig represents the phase from eddy currents in-
duced by the imaging gradients. In the case of spiral tra-
jectories, �Ig may be small because the signal is sampled
before the readout gradients begin, although some eddy
current effects from previous time frames may be present.
In the general case the last two terms in Eqs. [2] and [3]
cannot be ignored and two measurements of phase (�n

N and
�n

I ) are not sufficient to determine the unknowns. There-
fore, a convenient solution is to use one of the time frames,
say the Rth one, as a reference to which all other frames are
compared. Then phase differences between the current
time frame and the reference frame do not contain the
gradient term �Ig and are computed to obtain the correc-
tions to the phase and frequency of each time frame.

We have for the navigator phase difference:

��n
N � ��n

N � �R
N� � ��n

o � �R
o� � ��n � �R�TN.

� ��n
o � ��nTN [4]

and similarly for the image phase difference:

��n
I � ��n

o � ��nTE. [5]

Eqs. [4] and [5] are then solved to obtain the changes of
frequency ��n and phase �n

o:

��n � ���n
I � ��n

N�/�TE � TN�

��n
o � �TE��n

N � TN��n
I �/�TE � TN�. [6]

Finally, for the k-space signal obtained during readout of
the nth frame, Sn(t), the corrected signal Sn	(t) is:

S	n�t� � Sn�t�exp
�i���n
o � ��nt��. [7]

The net result is that the corrected signal for all time frames
will have a frame-independent residual error in phase and

FIG. 1. Phase as a function of time during an EPI pulse sequence for
two different time frames, the nth frame (index n) and the reference
frame (denoted with index R). Experimental measurements of the
phase are determined from a navigator signal at t � TN (�n

N and �R
N)

and from the center of the k-space at t � TE (�n
I and �R

I ). The phase
intercepts at t � 0 (�n

o and �R
o ) and corresponding slopes (�n and �R)

are determined for each image according Eq. [6] and used for the
“dynamic off-resonance in k-space” (DORK) correction (Eq. [7]). For
demonstration of experimental data, see Fig. 3.
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frequency equal to that occurring during the reference acqui-
sition, represented by the phase factor exp[i(�R

o  �R
t )]. The

resulting time series of images will therefore have constant
residual artifacts. Since these artifacts do not vary, the time
series will have reduced fluctuations.

In the case of multisegment imaging, each segment is
treated independently, with its own reference maintained.
If desired, the usual zeroth-order phase correction can be
applied so that �o is equalized across segments (8,9).

Partial Correction

The full correction in Eq. [7] requires acquisition of a
navigator signal from either an FID or a navigator echo. In
some cases it may be desired to implement a correction
without altering the pulse sequence, or to correct existing
data collected without a navigator echo. In such cases, it is
assumed that ��n

o does not vary with time frame n and any
phase variations in �n

I from frame to frame reflect only
frequency shifts that are calculated as:

��n � ��n
I /TE, [8]

so that the correction to the imaging data in this case is:

S	n�t� � Sn�t�exp��i��nt�. [9]

Data Acquisition

A total of four normal subjects (two female, two male) were
enrolled for the study, which was approved by the insti-
tutional review board at the University of Minnesota. All
subjects provided written consent. Both baseline control
(continuous visual stimulation) and block visual stimula-
tion scans were obtained for each subject. For stimulation
of the full visual field, flashing LED goggles (Grass Instru-
ments, Quincy, MA) were used. Continuous 10-Hz flicker
was presented for baseline studies. A block paradigm with
28 s stimulus-on and 32 s stimulus-off (four epochs) was
employed for functional activation studies.

MR imaging of the human visual cortex was performed
on a 7 T / 90 cm horizontal bore magnet (Magnex Scien-
tific, Abingdon, UK) interfaced to a Varian INOVA console
(Varian, Palo Alto, CA). The system is equipped with a
Magnex head gradient set, which is torque-balanced, self-
shielded, and water-cooled (38 cm ID). Driven by a Sie-
mens Harmony/Symphony 800V/300A gradient amplifier
(Siemens, Erlangen, Germany), a maximum gradient
strength of 40 mT/m was achieved with a rise rate of
200 mT/m/ms. For increased SNR, a quadrature 7-cm coil
was used for RF transmit and receive at 300 MHz (22).
Localized shimming was done using FAST(EST)MAP (23),
providing a linewidth of 15–20 Hz in a 6-cm sphere, which
covered most of the visual cortex.

Rapid imaging was performed with EPI and a spiral se-
quence in which the acquisition parameters were matched as
closely as possible to make a comparison between both im-
aging schemes. Two sets of acquisition parameters were cho-
sen: 1) one-segment (single-shot), 64 � 64-matrix, and 2)
four-segment, 128 � 128-matrix (field-of-view 12.8 cm, slice
thickness 6 mm, axial plane through the visual cortex, repe-
tition time per segment 100 ms). The acquisition time for one

series was 4 min 20 s, which corresponded to a total of
2600 (single-shot) or 650 images (four-segment) per series.

Echo Planar Imaging

A blipped EPI sequence was used for acquiring all EPI
data. The sequence was implemented with a readout gra-
dient waveform consisting of alternating trapezoidal lobes.
Nonlinear sampling in time was used on the ramps of each
gradient, providing equidistant sampling in the k-space
along the readout direction. To minimize the Nyquist
ghost, a reference scan was collected and used in conjunc-
tion with the algorithm of Bruder et al. (24) to correct for
discrepancy between the odd and even echoes. This algo-
rithm also reduced to a large extent the distortions caused
by off-resonance, providing a reasonable registration be-
tween the EPI data and the anatomical scans.

In the single-shot case with 2-mm in-plane resolution,
64 phase-encode lines were acquired with a total readout
duration of 45 ms. In the four-segment case with 1-mm
in-plane resolution, 32 phase-encode lines were acquired
in each segment with a readout duration of 42 ms per
segment. The minimum echo time was 27 ms.

Spiral Imaging

The spiral gradient design followed an analytical approach
(25). For fine-tuning of the gradient performance, the k-space
trajectory was measured on phantoms with self-encoding
gradients (26). Gradient onset, gradient asymmetry, k-space
center offset, and zero- and first-order gradients were ad-
justed for each set of parameters (27). The latter was neces-
sary to compensate for imperfections in performance of the
console/gradient system. The measured trajectory was used
for reconstruction with k-space weighting and gridding fol-
lowing a commonly used approach (28). To check for the
necessity of B0 inhomogeneity corrections, phase maps were
calculated from images at multiple echo times. After local-
ized shimming using second-order terms, additional inho-
mogeneity corrections in reconstruction were found to be
unnecessary for image quality. In order to minimize recon-
struction errors that might interfere with the noise character-
istics, no off-resonance correction was used.

In the single-shot case with 2-mm in-plane resolution, a
64 � 64-matrix was acquired with a total readout duration
of 28 ms (200 kHz sampling rate). In the four-segment case
with 1-mm in-plane resolution, four spiral interleaves
with 16 turns were acquired with a readout duration of
20 ms per interleave. The center of the spiral k-space (i.e.,
the nominal echo time) was set to 15 ms, corresponding to
an effective echo time being slightly larger. Fat suppres-
sion or the use of spatial chemical-shift selective excita-
tion pulses (29) was not found to be necessary due to
shortenedT*2 at higher magnetic field strength.

Data Analysis

The reconstructed EPI and spiral imaging series were an-
alyzed with routines developed in PV-Wave (Visual Nu-
merics, Boulder, CO) and MATLAB (MathWorks, Natick,
MA). According to the introductory discussion, it was
expected that the effects of off-resonance would be most
prominent near the edges of image features. To demon-
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strate this, difference images were made of the EPI and
spiral time series before and after the DORK correction
(Fig. 2c,f). The difference images revealed that the correc-
tion is largest for image region where intensity changes are
discernible, as near edges, fissures, and vessels. In the EPI
case, image ghosts were also strongly influenced (Fig. 2c).
These observations provided the rationale for generating
the following objective metric to assess respiration-in-
duced noise in either EPI or spiral time series images,
which is independent of threshold and does not require a
user-dependent region-of-interest.

To create the metric mask, an edge operator was applied
to the images In in the time series, given by:

�n � ���In/�x�2 � ��In/�y�2, [10]

where a three-point polynomial interpolation was used for
the numerical derivative. By definition, this operator re-
vealed the spatial changes in image intensity (Fig. 2b,e). As
seen in Fig. 2, the �-maps (Fig. 2b,e) compare well with the
difference maps (Fig. 2c,f) for the EPI and spiral images. To
generate a normalized mask reflecting voxels likely to be
affected by respiration or other off-resonance conditions,
the �n-maps were averaged for the whole time course, then
multiplied with the average image intensity map, and
squared and normalized as

� � � � �I� � �� �2/ �
voxels

�I� � �� �2. [11]

This �.�-mask function thereby provides a suitable
weighting function that emphasizes the edge structures in
the image without the need for thresholds or subjective
intervention. With this �.�-mask a characteristic time se-
ries and a power spectrum series were calculated.

Time Series Analysis

To create a typical time series reflecting the physiologi-
cally induced changes in the imaging series, for each im-
age in the series a weighted average in the time domain
was calculated using the metric �.�-mask as weighting
function. After detrending with a second-order polyno-
mial, the normalized standard deviation (SD) of the time
series �time and �time

corr before and after DORK correction was
determined for all series and expressed as a percentage of
the mean image intensity after detrending.

Time Series Analysis of Functional Data

To create characteristic time courses for the functional
data sets, a weighted average in the time domain was
calculated using the metric �.�-mask multiplied with the

FIG. 2. To reveal structures in the T *2-weighted EPI (top) and spiral images (bottom), a grad-operator was applied to the images to create
the �-maps in b, e. Furthermore, difference maps before/after the DORK correction are depicted in c, f. When comparing these difference
maps with the �-maps, a good spatial correlation is found, which provides evidence that the �-maps can be used for a threshold and
user-independent metric. The complete metric is described in Data Analysis.
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cross-correlation map as weighting function. The correla-
tion map was generated using a boxcar reference function
convolved with a standard hemodynamic response model.

Power Spectrum Analysis

To assess the fluctuations in selected spectral bands, a
power spectrum analysis was used. It also has the advan-
tage over the averaging in the time domain that the pro-
cessing is insensitive to phase information. It is expected
that the fluctuations in the time domain have different
phase in different voxels and do not sum coherently. With
EPI, for example, when the image shifts some voxels will
exhibit signal increase while others will have decreased
intensity. The spatial averaging in the time series analysis
above would thereby underestimate the total variance.

The power spectrum analysis was performed for each
voxel and a weighted average of the power spectra of all
voxels was calculated using the metric �.�-mask as
weighting function. The normalized standard deviations
�resp, �card, and �total were then calculated for the spectral
bands of the respiration (�0.33 � 0.1 Hz), the cardiac
(�1.0 � 0.1 Hz), and for the total spectrum. These values
were compared for the uncorrected and the DORK-cor-
rected image series and were expressed as a percentage of
the mean image intensity after detrending.

To compare across different runs and studies, the global
frequency shift �� was determined according Eq. [6] and
its standard deviation ��� was calculated after detrending.
For the interstudy mean and standard error (SE), �resp and
�total were then normalized by ���.

RESULTS

In the measured time series at 7 T, respiration was a
dominant source of physiologically induced fluctuations,
which has been demonstrated recently (16). When com-
paring the respiratory recording using a pneumatic belt
around the abdomen (Fig. 3a) to the MR-recorded image
phase evolutions �I(t) (Fig. 3b), a strong correlation was
found with a cross-correlation coefficient of 0.84. The MR
phase changes �I(t) and �N(t) followed the breathing of the
subject in frequency, phase, and amplitude.

To calculate the dynamic off-resonance, two phase mea-
surements at time TE and TN were used (Fig. 3b,c), taken
from the center of the image k-space and from a separate
navigator signal. According to Eq. [6], zero phase and

frequency evolutions ��n
o and ��n were deduced (Fig.

3d,e). The magnitude spectrum of the frequency evolution
F{��n} in Fig. 3f shows dominant spectral intensities
around 0.33 Hz, which are attributed to respiratory-in-
duced fluctuations. In addition, increased spectral compo-

FIG. 3. Time courses from the pneumatic respiration belt (a) and
the phase signals �I(t), �N(t) (b,c) acquired at the time of the center
of the image k-space, TE, and at the time of the additional navigator
echo, TN, respectively. The phase changes recorded by NMR
closely follow the breathing of the subject in frequency, phase, and
amplitude when compared to the respiratory recording. Zero phase
shift, ��o and frequency shift, �� (d,e) were calculated from the
navigator phases �N(t), �I(t) according to Eq. [6] and subsequently
used to correct the dynamic off-resonance in k-space (DORK) ac-
cording to Eq. [7]. The magnitude spectrum of the frequency shift
F{��} in f shows dominant frequency bands around 0.33 Hz and
1 Hz that are attributed to physiological fluctuations of respiratory
and cardiac origin, respectively.
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nents at 1 Hz show fluctuations of cardiac origin. Remark-
ably, the frequency evolution ��n is highly correlated to
the image phase evolutions �I(t), which is consistent with
the zero phase shift ��n

o being very small (SD � 0.6 deg).
The effect of the DORK correction is demonstrated in

Fig. 4 for EPI data (Subject 1). The time series analysis with
the metric �.�-mask showed significant reduction of fluc-
tuations comparing the time course before correction (Fig.
4a) with the time course after the partial and the full DORK
correction (one and two phase signals, Fig. 4b,c). The
corresponding SDs of the time series �time decreased from
1.85% to 1.14% and 1.11%, respectively. The power spec-
trum analysis (Fig. 4d–f) provided similar results, but
proved to exhibit higher fluctuations than the time series
analysis because the latter underestimated the phase-inco-
herent noise. Spectral intensities, especially in the respi-
ratory band (�0.33 � 0.1 Hz), decreased with the partial
and the full DORK correction. The SDs �resp of the respi-
ratory band decreased from 1.89% to 0.43% and 0.41%,
and the corresponding relative spectral energy of respira-
tion decreased from 56% to 13% and 12%. In the time
series analysis, the phase of the fluctuations was incoher-
ently averaged and diluted across voxels, which was not
the case in the power spectrum analysis, where the spatial
averaging was performed after the power spectrum calcu-

lation. The total SD �total of 3.4% was therefore larger than
calculated from the time series (�time � 1.9%).

Detailed results acquired from Subject 1 in a single
session are summarized in Table 1, which lists single-shot
and four-segment data from EPI and spiral imaging. Nor-
malized SDs are shown before and after the DORK correc-
tion using continuous (“control”) and blockwise (“stim”)
visual stimulation. When comparing the SD before and
after DORK correction, in all cases a significant improve-
ment of �time, �total, and �resp is discernible; �card, how-
ever, was not significantly changed. This points to the fact
that the source of the dynamic off-resonance is mainly
induced by respiration on a global level, i.e., across the
entire image FOV.

When Subject 1 was asked to breathe deeply throughout
several scans, the SD of the global frequency shift ���

increased from the normal range of 0.7–0.9 Hz to 2.8–3.5
Hz, a more than threefold increase. This demonstrates that,
in addition to the geometry of the subject’s breathing ap-
paratus, the breathing habits also play an important role. A
single deep breath could change the dynamic off-reso-
nance fluctuation from 2 Hz to 8 Hz peak-to-peak (Fig. 3e).
With an increased ��� caused by deeper breathing, �total,
�resp, and �time were increased, whereas �card was similar
(Table 1).

FIG. 4. Time courses and power spectra of a baseline study demonstrating the effect of the DORK correction on physiologically induced
fluctuations. Using the partial correction (b,e), the fluctuations were decreased dramatically and were improved when applying the full
DORK correction (c,f). The partial DORK correction uses only a single navigator phase (Eq. [9]), whereas the full zero- and first-order
correction uses two navigator phases (Eq. [7]). In a–c the voxel-averaged time courses are shown with no, with partial, and with full
correction. Corresponding SDs of the time series �time were 1.85%, 1.14%, and 1.11%, respectively. Similarly, in d–f the voxel-averaged
power spectra are shown with no, with partial, and with full correction. Corresponding SDs �resp of the respiratory band (0.33 � 0.1 Hz) were
1.89%, 0.43%, and 0.41%, and the relative spectral energy of the respiration band decreased from 56% to 13% and 12%, respectively.
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Data from all studies are summarized in Table 2: ���,
�total, �resp, and �resp

corr for the series of EPI and spiral imag-
ing. With the DORK correction, the SD of the respiration
and thereby the total SD of fluctuations were significantly
improved in all series: P � 10-5 for single-shot, and P �
10-4 (EPI), P � 2 � 10-3 (SPIRAL) for four-segment (paired
t-test �resp vs. �resp

corr). Cardiac noise was not improved: P �
0.2 (paired t-test �card vs. �card

corr ). Before correction, spiral
imaging showed less fluctuation than EPI: P � 2 � 10-5 for
single-shot and P � 2 � 10-4 for four-segment (paired t-test
�total

EPI vs. �total
SPIRAL). However, after the DORK correction

both EPI and spiral imaging had similar residual noise: P �
0.02 for single-shot and P � 0.3 for four-segment (paired
t-test �resp

corr, EPI vs. �resp
corr, SPIRAL). Therefore, the correction of

the global dynamic off-resonance fluctuations reduced sig-
nificantly for both EPI and spiral imaging.

To demonstrate utility of the DORK correction in func-
tional imaging, high-resolution (1 � 1 mm2) functional
activation maps were derived for Subject 1 (Study 1-2)
with a four-segmented acquisition (Fig. 5). The EPI (Fig.
5a) and spiral imaging (Fig. 5b) activation maps were sim-
ilar. An increased number of activated voxels (colored in
blue) was found after the DORK correction. At a cross-
correlation threshold larger than 0.2, 91 additional voxels
out of 809 were found for EPI (11%) and 44 additional
voxels out of 870 were found for spiral (5%). A substan-
tial reduction in the noise was demonstrated in the time
courses after correction for both EPI (Fig. 6a,b) and spiral
imaging (Fig. 6c,d).

DISCUSSION

In the present work, a simple correction of physiologically
induced global off-resonance was developed. In addition,
the first functional spiral imaging data of human brain at
7 T was presented. EPI and spiral imaging, single-shot and
four-segment, were used to assess the noise characteristic
of dynamic image series of the human brain. The measure-
ments were obtained at very high magnetic field, where
respiration-induced effects are expected to be large and
more significant than at lower fields (11). The results dem-
onstrated that 1) the DORK correction reduced noise sig-
nificantly for both imaging trajectories, spiral and EPI; 2)
spiral imaging was found to exhibit less noise than EPI
before correction; and 3) after the DORK correction both
EPI and spiral imaging exhibited a similar residual noise.

The DORK correction assumes that frequency offsets are
constant across the imaging slice, so that phase information
can be obtained from the center of k-space and from an
additional navigator signal. It is an extension of the method
employed for mitigating effects of frequency drifts arising
from an electric train (17), where only first-order corrections
were used. In addition to changes of frequency ��n, the
method also assesses and corrects changes of the zero-order
phase ��n

o. Because the major source of global physiological
effects on frequency is the respiration, the DORK correction
affected noise mainly in the respiration band. Cardiac noise
was not significantly reduced by the DORK correction be-
cause these artifacts do not arise from global frequency shifts,

Table 1
Normalized SDs of the Global Off-Resonance, the Time Series, and Power Spectra Bands Acquired From Subject 1

EPI
Single-shot Four-segment

Controld Stim Control Stim Deep Deep

���, Hza 0.75 0.90 0.85 0.71 2.8 3.0
�time, %b 1.2 1.7 1.9 1.8 6.3 4.9
�time

corr , % 0.53 1.2 1.1 1.2 1.8 1.7
�total, %c 2.6 3.2 3.4 3.4 9.7 8.3
�total

corr , % 1.5 2.3 2.5 2.6 3.4 4.2
�card, % 0.40 0.48 0.54 0.65 0.47 0.60
�card

corr , % 0.36 0.52 0.54 0.64 0.40 0.51
�resp, % 1.9 1.8 1.9 1.8 9.4 7.5
�resp

corr , % 0.33 0.42 0.41 0.40 2.7 2.8

SPIRAL
Single-shot Four-segment

Control Stim Control Stim Deep Deep

���, Hz 0.80 0.76 0.76 0.70 3.4 3.5
�time, % 0.85 1.1 0.85 1.2 1.5 1.4
�time

corr , % 0.50 0.85 0.83 1.2 1.4 0.96
�total, % 1.9 2.1 2.4 2.5 3.8 3.5
�total

corr , % 1.2 1.6 2.2 2.4 2.9 2.4
�card, % 0.25 0.39 0.52 0.66 0.10 0.13
�card

corr , % 0.27 0.41 0.53 0.66 0.10 0.12
�resp, % 1.4 1.2 0.76 0.49 3.3 3.1
�resp

corr , % 0.31 0.26 0.38 0.29 2.1 1.8
a���: SD of the global frequency shift �� calculated by Eq. [6].
b�time: SD calculated by time series analysis before and after the DORK correction. Weighted averaging metric was based on a � � �-mask
(see Data Analysis).
c�total, �card, �resp: SDs of the image series calculated by power spectrum analysis before and after the DORK correction. Depicted are the
SDs based on the total spectrum, the respiration band (�0.33 � 0.1 Hz), and the cardiac band (�1.0 � 0.1 Hz).
dData were acquired with continuous visual stimulation (control) and with blockwise stimulus-on/stimulus-off (stim). For two runs the subject
was asked to breath deeper than usual (deep).
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but are more local in nature, e.g., cardiac pulsation in CSF
and areas close to large blood vessels. Since the metric was
tailored to detect changes of edges, the contribution of car-
diac noise �card is certainly underestimated in Table
1. Quantification of �card was not the point of this study and
is only reported for completeness.

The partial correction, which does not require a navigator
signal other than the k � 0 data and therefore can be imple-
mented with no change to existing pulse sequences, per-
formed nearly as well as the full correction (Fig. 4). Using the
full correction, the fluctuations of the zero phase were found
to be small, which correlates with the good performance
observed when using only the image phase signal in the
partial correction. Zeroth-order phase shifts may arise from
bulk motion of the head or other motions induced by phys-
iological functions. We have found that with suitable re-
straint of the head and/or the use of a bite bar, these fluctu-
ations are generally small. Gradient moment compensation
in the slice direction (not used here) may also be beneficial.
The full correction, however, provides a further practical
advantage: it is more robust and less sensitive to the exact
value of the sequence timing TE, since only the difference
time (TE–TN) is needed to calculate the frequency shift.

A key feature of the correction is its minimal computa-
tional effort and its robustness against low SNR, because
the phase is calculated from the signal integral over the
whole image. Therefore, it is recommended to be a part of
routine EPI and spiral image reconstruction. For most ap-
plications, particularly at higher magnetic field, the dom-
inant effects of physiologically induced noise are reduced.

Previously published retrospective corrections in k-space
and image-space, e.g., PhysioFix (11) and RETROICOR
(12,13), can be used alternatively or in addition to correct for
local sources of noise like cardiac fluctuations. A preliminary
comparison of PhysioFix and the DORK correction indicated
that PhysioFix did not correct respiratory noise as well as the
DORK correction, but improved on the cardiac noise. For
example, �resp of Study 1-1 was decreased from 1.89% to
0.82% with PhysioFix and 0.41% with DORK; �card was
decreased from 0.54% to 0.32% with PhysioFix, but was
unaltered with DORK. While PhysioFix is less restrictive in
its assumptions about the nature of the noise, it relies on
good S/N and in practice may not work as well for respira-
tion. In addition, in its present implementation, cycle-to-
cycle amplitude changes in respiration were not accounted
for. It has been shown recently that respiration-induced B0

fluctuations are spatially distributed and increase along the
Z-axis towards the lungs (16). Supported by these experi-
mental results, it can be well assumed that, in the current
axial imaging plane, the frequency offset is approximately
spatially uniform. Vice versa, from the fact that the DORK
correction performed very well, it can be concluded that
most of the frequency shift is well characterized by a global
frequency average. The DORK correction may not work as
well for sagittal and coronal images when the off-resonance is
more spatially varying. For these cases, the method can be
easily extended to incorporate a spatial dependence, e.g., by
using navigators after the readout as well as before or by
utilizing phase information of the voxels in the image do-
main. For cardiac noise, the noise is not appropriately de-
scribed by a global off-resonance shift, and therefore the
DORK algorithm provided no significant correction. In thisTa
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case, a correction with a retrospective technique in image-
space is expected to perform better.

During deep breathing, in addition to the phase and
frequency noise, severe changes in the amplitude corre-
lated with respiration were observed that remained uncor-
rected (not shown). As described previously (11), a possi-
ble source of this amplitude change might have been phys-
ical through-plane motion of the slice induced by
breathing. In event-related fMRI experiments the ampli-
tude changes caused by respiration could be mistaken for
functional activation and vice versa. Since the DORK cor-
rection only changes phase and frequency information,

amplitude fluctuations are not corrected. It was found that
at high magnetic field, proper training of the volunteers
can appreciably reduce the respiration fluctuations by
prompting them to breath relatively shallowly and by
avoiding single, occasionally deep breaths during the
study. This is supported by the data shown in Table 1,
where the SD of the frequency change in the same subject
increased more than threefold with deep breathing.

In multisegment and multislice imaging the effect of
respiration-induced fluctuation and thereby image arti-
facts is often the most prominent, as shown in the tables.
For multisegment EPI, severe segmentation artifacts and

FIG. 6. Time courses of a functional BOLD study demonstrating the effect of the DORK correction on physiologically induced fluctuations.
Relative signal fluctuations are shown before and after the DORK correction for EPI (a,b) and spiral imaging (c,d), which demonstrate a
significant noise decrease after correction. To create the characteristic time courses for the functional datasets, an average was calculated
using the cross-correlation map multiplied with the metric �.�-mask as weighting function.

FIG. 5. Functional BOLD activation maps acquired by EPI (a) and spiral imaging (b) with four-segments and 1-mm spatial resolution.
Cross-correlation coefficients range from 0.2 (red) to � 0.4 (yellow). With the DORK correction, the number of activated voxels increased
by 11% (EPI) and 5% (spiral). Additional voxels after correction are colored blue.
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ghosting is expected, which can be significantly improved
by applying the DORK correction. It was noticed that, in
the multisegment case, the total noise upon a large dy-
namic off-resonance (deep breathing) was much larger for
EPI (�total � 8–10%) than for spiral imaging (�total � 4%).

The difference in the noise characteristics between EPI and
spiral imaging is caused by the fact that frequency variations
have different effects on the EPI and spiral images. Whereas
off-resonance causes voxel displacement, distortion, and mis-
registration in EPI images, it results in blurring and decreased
effective image resolution, but leaves the registration intact in
spiral images. Using the metric based on identifying voxels near
edges with a mask operator, image blurring in the spiral case is
less noisy than a linear voxel displacement in the case of EPI. In
addition, a segmented spiral acquisition benefits from a redun-
dant oversampling at the k-space origin and from its insensitiv-
ity to motion due to compensated gradient moments (12). Spiral
imaging also allows a much shorter minimum echo time and
k-space can be more efficiently sampled, which reduces the
total acquisition time and sensitivity to off-resonance effects.
Although both image acquisition schemes show different effects
upon off-resonance, they consistently exhibit a similar residual
noise after the correction is applied.

Application of the DORK correction is not limited to
respiration-induced fluctuations, as it can be used for cor-
rection of any other source of global frequency change in a
dynamic imaging series, such as magnetic field drift. This
may be very significant for some scanners, which exhibit
field drifts due to heating of the passive or resistive shims
(30) or the gradient coils from extended periods of rapid
imaging common in fMRI.

In summary, the significance of the DORK correction lies
in its efficiency and simplicity and its usefulness for many
kinds of time-series imaging studies. Functional imaging and
other difference and phase imaging techniques, e.g., arterial
spin labeling for blood flow measurements, can benefit
greatly from its use. The DORK correction significantly re-
duces the noise in single-shot imaging and reduces ghosting
and segmentation artifacts in multisegmented imaging. Fi-
nally, although not quantified rigorously, the partial correc-
tion provides most of the benefits of the full correction and
requires no change to the pulse sequence.
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