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Introduction

Since the development of the nuclear magnetic resonance 
(NMR) phased array (1) researchers seek to develop the 
optimal coil combination. With the advent of parallel 
imaging, which introduces undersampled acquisitions from 
multiple independent receive coils, such work also addresses 
the consequences of aberrant phase information which is 
due to a unique phase offset in each coil of a receive array. 
As a consequence, any combination or combined analysis of 
such multi-coil datasets may lead to spatially localized phase 
singularities which in magnitude images present as “black 
holes”. For a selection of relevant contributions see (2-8).

The occurrence of a phase singularity is a rare event 
and poorly predictable. In multi-coil magnetic resonance 
imaging (MRI) reconstructions it may result from a direct 
combination of respective datasets or a reduction of physical 
coil elements to virtual channels by means of a principal 
component analysis. In addition, it may also be elicited by 
inverse reconstructions which implicitly combine multi-
coil data by jointly estimating the desired image and all its 
coil sensitivities. Following the observation that unaffected 
phase information may be available from a volumetric body 
coil scan (5), this study describes a simple way to avoid 
phase singularities in MRI reconstructions that lead to a 
nonlinear inverse problem. For example, this applies to 
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model-based reconstructions of parametric maps which 
involve multiple unknowns as well as to anatomical real-
time MRI at high temporal resolution (9). The nonlinearity 
of the latter problem is caused by the fact that body 
movements not only change the anatomical information 
within a series of images, but also the complex sensitivity 
maps of the used receive coils. Moreover, the high degree 
of undersampling precludes a linearization of the task by 
a separate pre-determination of the sensitivity maps as 
typically accomplished for conventional parallel MRI with 
very mild acceleration factors and fully sampled centers of 
k-space. Instead, the desired image and its coil sensitivities 
have to be simultaneously estimated in order to take full 
advantage of the few available data. Further physical and 
mathematical details of the techniques used here have been 
reported for both anatomical real-time MRI (9) and model-
based phase-contrast flow MRI in real-time (10,11).

In this work, it is demonstrated that phase singularities 
or “black holes” may be precluded by “seeding” the 
iterative optimization process with a complex reference 
image acquired with the body coil. Such a scan may be 
obtained—at no extra cost or time—during the usual prep 
scan period of a real-time MRI recording by automatically 
switching between coil conditions, for example, between 
some leading prep scans with the body coil and subsequent 
prep scans with the user-selected receive coils. As all 
radiofrequency excitations are performed by the body 
coil, the choice of a receive coil does not affect the steady-
state longitudinal magnetization prepared during initial 
scanning.

Methods

All MRI measurements were performed on a 3 T MRI 
system (Magnetom Prisma fit, Siemens Healthineers, 
Erlangen, Germany) with use of the standard 64-channel 
head coil or an 18-element thorax coil in conjunction 
with suitable elements of the spine coil array. Apart from 
a large number of trials during technical development, 
the final data for this work was obtained by recruiting  
6 subjects without known illness among the students of 
the local University. Written informed consent, according 
to the recommendations of the local ethics committee, 
was obtained from all subjects prior to MRI. All subjects 
underwent real-time MRI of the head and abdomen as well 
as real-time flow MRI of abdominal vessels.

Anatomical real-time MRI was accomplished using 
highly undersampled radial fast low-angle shot (FLASH) 
acquisitions and image reconstruction by nonlinear 
inversion (NLINV) with temporal regularization to the 
immediately preceding frame (9). Briefly, the method 
benefits from an encoding scheme which consists 
of complementary sets of radial spokes for typically  
5 successive frames. Serial image reconstruction employs 
the iteratively regularized Gauss-Newton method (12) 
for solving the nonlinear inverse optimization problem 
which jointly estimates a complex anatomic image and all 
coil sensitivity maps. The algorithm applies Tikhonov L2 
regularization and enforces the coil sensitivity maps to be 
smooth. Most importantly, the Gauss-Newton method 
downsizes all regularization terms by a factor of two in each 
iterative step in order to ensure predominance of the data 
consistency term and optimize temporal fidelity.

Here, extensions of anatomic real-time MRI to real-
time phase-contrast flow MRI (13,14) further explore a 
model-based reconstruction technique (10,11) which jointly 
computes a common magnitude image and a quantitative 
velocity map (as well as all coil sensitivity maps) directly 
from the two sets of flow-encoded data. Acquisition 
parameters for real-time MRI and real-time flow MRI are 
listed in Table 1.

Online reconstructions of real-time images with up to 
50 frames per second and negligible latency (depending 
on image matrix) are achieved by a highly parallelized 
version of the NLINV algorithm and its implementation 
on a computer (sysGen/TYAN Octuple-GPU, Sysgen, 
Bremen, Germany) with 8 graphical processing units 
(GeForce GTX TITAN, Nvidia, Santa Clara, CA, USA). 
This reconstruction computer is fully integrated into the 

Table 1 Acquisition parameters for anatomical and phase-contrast 
real-time MRI

Parameters Head Abdomen Phase-contrast flow

Field-of-view, mm2 256×256 384×384 384×384

Image matrix 256×256 384×384 256×256

Resolution, mm2 1.0×1.0 1.0×1.0 1.5×1.5

Slice thickness, mm 5 6 6

Repetition time, ms 2.67 2.63 2.79

Echo time, ms 1.76 1.76 2.11

Flip angle, degree 8 8 10

Spokes per frame 15 19 2×9

Acquisition time, ms 40 50 50

MRI, magnetic resonance imaging.
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software architecture of the MRI system as a “user-invisible” 
by-pass system.

So far, NLINV reconstructions from multi-coil data were 
accomplished by initializing the iterative optimization, i.e., 
the first Gauss-Newton step of the first image of a serial 
acquisition, by a complex “seed” image and zero for all 
coil sensitivities. This initial guess was obtained from a few 
prep scans with complementary sets of spokes (typically 5). 
The k-space data were taken from the first virtual channel 
of a principal component analysis of the multi-coil data, 
combined into a single k-space, and subjected to a Fourier 
transformation. The resulting complex image was then taken 
as seed for the numerical optimization. In this scenario, 
depending on the actual experimental conditions, the presence 
of phase offsets in individual receive coils may cause phase 
singularities that persist during Gauss-Newton iterations.

To correct for improper phase results under all 
circumstances, it is proposed to acquire body coil data 
which offer volumetric phase information. Such scans are 
implemented as initial part of the prep scan period before 
automatically switching to the user-defined set of receive 
coils. All acquisition parameters are identical for body coil 
and multi-coil data including the degree of undersampling. 
During development it turned out that multi-coil NLINV 
reconstructions without phase singularities can be 
achieved by using the data of a single body coil element. 
The final implementation therefore relies on a body coil 
dataset which represents the combination of, for example,  
5 successive acquisitions in case of a complementary 5-turn 
encoding scheme. The resulting body coil image serves as 
initial guess for the complex image in multi-coil NLINV 
reconstructions. It is only used once for the very first 

iteration of the first serial image. 
In general, the body coil acquisitions take only about a 

few hundred milliseconds (e.g., 5 frames) as leading part of 
the prep scan period which is usually applied to establish 
steady-state conditions. The procedure is insensitive to 
signal changes during the approach to steady-state or to the 
influence of motion as, for example, encountered for free-
breathing abdominal examinations.

Results

Figures 1,2 demonstrate the successful application of a body 
coil reference image for avoiding the development of a 
phase singularity and corresponding black hole in transverse 
sections of the abdomen, head and liver, respectively. The 
selected frames originate from real-time MRI movies which 
were contaminated from the beginning on, i.e., the NLINV 
reconstruction of the very first frame. However, the use 
of the volumetric phase information from the body coil 
reference eliminates the problem by “pushing” the iterative 
optimization (i.e., the joint estimation of the image and all 
coil sensitivities) into a physically meaningful solution. At 
the same time the procedure ensures rapid convergence in 
only a few Gauss-Newton iterations. 

Apart from the occurrence of a singularity in uncorrected 
phase images, it should be noted that affected magnitude 
images not only show a central black hole, but further 
suffer from circular hyperintensities which, depending on 
the local anatomy and MRI appearance, may be mistaken 
as a pathologic alteration. Similarly, singularities impair 
the reliability of information obtained by quantitative 
mapping as, for example, shown in Figure 3 for model-

Figure 1 Nonlinear inverse reconstructions (magnitude and color-coded phase images) of multi-coil real-time MRI data (A,B) without and 
(C,D) with initialization by a body coil reference. Serial transverse images of the abdomen were obtained at 50 ms resolution. For further 
details see Table 1. Arrows indicate the positions of the black hole and corresponding phase singularity before and after removal. MRI, 
magnetic resonance imaging.
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based phase-contrast flow MRI in real-time. While the 
resulting magnitude image reveals the same black hole 
pattern as shown in Figures 1,2, the problem is apparently 
avoided in the corresponding phase-difference velocity map 
(Figure 3B). However, a comparison with the unaffected 
reconstruction achieved by initialization with a body coil 
reference image (Figure 3D) unravels locally degraded image 
quality such as spatial blurring in the uncorrected velocity 
map. This observation hints to incomplete convergence 
of the algorithm due to the presence of a phase singularity 
which obviously is far from the true numerical optimum. 
This observation is further supported by a pronounced 
quantitative underestimation of flow velocities in affected 
maps. For the case shown in Figure 3, the mean peak flow 
velocity in the lower descending aorta (during a 10 s real-
time MRI study) is reduced by 35% from 74.0±5.3 cm/s 
for the corrected reconstruction to 48.6±3.9 cm/s for the 
contaminated reconstruction. The accuracy of real-time 

flow MRI assessments has previously been validated (10-13).
Because the occurrence of a phase singularity is a rare 

event, it precludes a statistical treatment. However, for the 
real-time MRI methods examined here, the use of a body 
coil reference image for iterative reconstruction eliminated 
black holes whenever observed. 

Discussion

The proposed method solves a fundamental problem 
in inverse MRI reconstructions when using data from 
multiple receive coils. It turns out that a single reference 
image obtained by a volumetric body coil is sufficient 
to guide the numerical optimization and avoid phase 
singularities or “black holes”. Removal of such problems 
is of utmost importance as their appearance may resemble 
a disease-related qualitative or quantitative alteration in 
the reconstructed image. The method is simple, easy to 

Figure 2 Nonlinear inverse reconstructions (magnitude images) of multi-coil real-time MRI data (A,B) without and (C,D) with initialization 
by a body coil reference. Serial transverse images of the head and liver were obtained at 40 ms and 50 ms resolution, respectively. For further 
details see Table 1. MRI, magnetic resonance imaging.

Figure 3 Nonlinear inverse model-based reconstructions (magnitude images and phase-difference velocity maps) of multi-coil real-time flow 
MRI data of the descending aorta and inferior vena cava (A,B) without and (C,D) with initialization by a body coil reference. The encoding 
velocity and temporal resolution were 200 cm/s and 50 ms, respectively. For further details see Table 1. MRI, magnetic resonance imaging.
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implement and further improves the robustness of real-time 
MRI studies or other advanced reconstruction techniques 
using arbitrary combinations of application-optimized coil 
arrays.
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