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Introduction 

With the release of Numaris 4 version MR2002B an important new feature has become available for routine ex-

amination: integrated Parallel Acquisition Techniques (iPAT). The general idea behind iPAT is to acquire image 

data simultaneously by two or more receiver coils with different spatial sensitivities. Initially, this technique was 

motivated by the wish to accelerate image acquisition without reducing the spatial resolution of the image. How-

ever, it turned out that iPAT provides several other advantages depending on the application. 

Technical Background 

Acquisition of MR images works by subsequently acquiring phase-encoded lines in k-space. These lines of data 

are finally transformed into the image slice (or slab in the case of 3D acquisitions) by a mathematical process 

called Fourier transform. An important property of data in k-space is that the density or “distance” of the lines in 

k-space corresponds inversely to the field of view (FOV) of the final image whereas the data range in k-space 

corresponds to the spatial resolution of the image. I.e. reducing the line sampling density by a factor of 2 (by not 

acquiring every other line) leads to an image with half the FOV in phase-encoding direction in comparison with 

the original image. In this case, the acquisition time is also reduced by a factor of 2 as is well known from using 

rectangular FOVs. iPAT methods use exactly this effect to accelerate image acquisition, but without decreasing 

the FOV due to a special iPAT image reconstruction. Using the complementary data from the different receiver 

coils, the “missing” lines in k-space can be calculated during image reconstruction. 

There are two groups of iPAT algorithms: algorithms that explicitly calculate missing k-space lines before Fou-

rier transforming the data, and algorithms that first reconstruct images with reduced FOV for all receiver coil 

elements and then merge these different images into one with full FOV. Numaris 4 MR2002B provides both types 

of algorithms: GeneRalized Auto-calibrating Partially Parallel Acquisition (GRAPPA) is an algorithm of the first 

type [1]; it is based on another well-known algorithm of the same class called Simultaneous Acquisition of Spatial 

Harmonics (SMASH) [2]. The best-known algorithm of the second type has been called SENSitivity-Encoded 

(SENSE) MRI [3] and a modified SENSE algorithm called mSENSE is available under MR2002B. It depends on the 

specific application (e.g., on the anatomical region and pulse sequence) which of these two iPAT algorithm will 

yield better image quality. 
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Both GRAPPA and mSENSE algorithm require some additional information about the spatial coil sensitivities, 

i.e. which part of the FOV is covered by each coil element. This information can be acquired as separate extra 

scan with low resolution or, typical for the GRAPPA and mSENSE algorithm, by additionally acquiring some of 

the missing data lines in the center of k-space (so-called reference lines) integrated into the acquisition. Total 

imaging time will be slightly increased due to the read-out of the reference lines and in certain situation it might 

be preferable to use a pulse sequence with external reference scan. 

Generally, the signal-to-noise ratio (SNR) in iPAT images is decreased compared to acquisitions with the full k-

space data. This is the same effect as in conventional imaging with rectangular FOV: acquiring fewer lines in k-

space decreases the SNR of the image. Additionally, iPAT images suffer an SNR loss due to the special recon-

struction scheme: this effect depends on the efficacy of the geometry of coil distribution and is described by the 

so-called “geometry factor” g [3]. 

Advantages and Disadvantages of iPAT 

The obvious advantage of iPAT is the acceleration of imaging due to the reduced number of phase-encoding lines 

to be acquired. With an acceleration factor (or iPAT factor) of 2, i.e. acquisition of only every second line in k-

space, the imaging time is reduced by 40 % to 50 % depending on the number of reference lines. This can be 

used to decrease the overall examination time and thus improve the patient throughput and examination efficacy. 

Alternatively, the spatial image resolution can be improved in an iPAT scan compared to a conventional scan of 

the same duration. Both shorter scan times and higher resolution are especially important in breath-hold imag-

ing: either breath-hold times can be shortened or the spatial resolution can be improved without prolonging the 

breath-hold time. 

Another important iPAT application is dynamic imaging like measurements of perfusion or cardiac function 

because image acceleration allows for a higher temporal resolution. However, as mentioned above the resulting 

SNR will be decreased compared to non-iPAT acquisitions; hence, iPAT is especially useful for high-SNR applica-

tions like contrast-enhanced angiography. 

Using iPAT to acquire more averages in the same total scan time can improve image quality, particularly in 

anatomical areas that are prone to motion artifacts. iPAT imaging is less sensitive to motion, because every single 

acquisition is shorter than in a conventional sequence. By averaging image data, the iPAT-related SNR loss is 

almost compensated and remaining motion artifacts are further reduced. 

Single-shot pulse sequences like echo-planar imaging (EPI) or half-Fourier acquired single-shot turbo spin 

echo (HASTE) often suffer from image artifacts due to their long echo trains. EPI is especially sensitive to suscep-

tibility artifacts, whereas HASTE images often appear blurred due to the T2-related signal decay during the 

readout of the echo train. Both problems can be reduced by applying iPAT to shorten the length of the echo train 

without loss of spatial resolution. In contrast to other pulse sequences, single-shot methods can even gain SNR 

due to iPAT because late echoes with relatively low signal intensity that are acquired in conventional sequences 

are not contained in the shortened iPAT echo train. 

In conclusion, iPAT can be advantageous in very different applications with very different ways of using iPAT. 

This is demonstrated in the following sections with examples ranging from clinical routine imaging to advanced 

study protocols. Imaging in all presented applications is performed on a 1.5 T MAGNETOM Sonata Maestro Class 

system. Standard Numaris sequences are used in most cases; however, some applications require sequences 

from special “work in progress” (WIP) packages by Siemens Medical Solutions. 

Diffusion Tensor Imaging 

Diffusion tensor imaging (DTI) is an advanced MR imaging technique for measuring the strength, anisotropy, and 

direction of water diffusion in tissue. The term “water diffusion” refers to the property of all water molecules to 

move stochastically due to their thermal energy (Brownian motion). The extent of this motion is restricted by 

tissue properties, particularly by the cellular microstructure and the spatial orientation of cells. Especially in fiber 

structures like muscle tissue or the cerebral white matter, molecular motion is restricted by cell membranes or 

myelin sheaths, and molecules move preferably parallel to the fiber direction whereas diffusion orthogonal to the 

fiber direction is decreased. Thus, the resulting water diffusion is anisotropic. Information about the diffusion 
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strength (apparent diffusion coefficient, ADC), diffusion anisotropy, and diffusion direction are contained in the 

so-called diffusion tensor, a mathematical object (symmetric 3×3 matrix) consisting of 6 independent numbers. 

The most common pulse sequences to measure the diffusion tensor are diffusion-weighted EPI sequences with 

diffusion gradients applied in at least six different directions [4, 5]. Single-shot EPI sequences have the advantage 

that imaging is fast (about 100 ms/image) and thus very insensitive to motion. However, EPI sequences are very 

prone to susceptibility artifacts manifesting as distortions in the frontal brain and the cranial base. This disad-

vantage can be overcome by using iPAT sequences to shorten the length of the EPI gradient echo train. Hence, 

we use a spin echo EPI diffusion sequence with GRAPPA reconstruction, an acceleration factor of 2, and 24 refer-

ence lines for DTI examinations. A dedicated iPAT head coil consisting of 8 surface coil elements (Fig. 1) provides 

the required number of receiver channels. 

 

 

Acquisition with the 8-channel head coil results in images with an improved SNR compared to the standard 

quadrature head coil (Fig. 2). This can be explained by the smaller diameter of the 8-channel head coil (24 cm vs. 

26 cm) and the reduced coil size in cranio-caudal direction. Images were acquired with a 128×128 matrix in 36 

slices, 230×230 mm
2
 FOV, phase-encoding in anterior-posterior direction, a slice thickness of 3.6 mm, 10 averag-

es, and an iPAT factor of 2 (24 reference lines); the echo time was 71 ms and the repeat time 6000 ms. DTI with 

iPAT displays less distortion artifacts than DTI with conventional EPI sequences (Fig. 3). Evaluating the diffusion-

weighted images, parameter maps with the mean ADC, the diffusion anisotropy, and the main direction of diffu-

sion can be calculated (Fig. 4). Although an N/2 artifact in phase-encoding direction (anterior-posterior) is visible 

in some of the original EPI images, this artifact seems not to influence the calculated parameter maps. An addi-

tional advantage of iPAT imaging is the reduced duration of the readout that allows for the acquisition of an in-

creased number of slices within the given repetition time (TR) compared to conventional sequences; e.g., 38 slic-

es without iPAT vs. 50 slices with iPAT given a TR of 6000 ms. 

 

a b 

Figure 2 Comparison of SNR with 

standard head coil (a) and 8-channel head 

coil (b). Both images are acquired with 

identical sequence parameters (diffusion-

weighted EPI sequence, b = 1000 s/mm
2
, 

no averaging) and without iPAT. 

Figure 1 8-channel phased-array head 

coil for acquisition of iPAT data. 8 surface 

coil elements are located cylindrically 

around the AP axis; the inner diameter of 

the coil is 24 cm. 
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d e f 

g h i 

Figure 3 Comparison of spin echo EPI images 

in two slices with (a, c) and without (b, d) iPAT 

(GRAPPA algorithm). Some obvious susceptibil-

ity artifacts are marked with arrows in (b)  

and (d). 

Figure 4 Examples of DTI evalua-

tion from diffusion-weighted iPAT 

images: ADC map (a, d, g) with 

diffusion coefficients from 0 (black) 

to 2.5×10
-3

 mm
2
/s (white); fraction-

al anisotropy (b, e, h) from 0 (black) 

to 1 (white); color-coded main dif-

fusion direction (c, f, i), left-right: 

red, anterior-posterior: green, cra-

nio-caudal (blue). Note especially 

the high anisotropy and left-right 

diffusion direction in the corpus 

callosum. 
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Larynx Imaging 

Magnetic resonance imaging of the larynx is difficult due to tissue motion caused by swallowing and respiration 

[6]. Generally, MR pulse sequences with long acquisition times are more sensitive to motion than fast imaging 

sequences or even single-shot sequences. Therefore, MRI of the larynx at conventional speed often leads to im-

ages with excessive motion artifacts. 

Since moving organs like the larynx can be more clearly visualized by reducing the image acquisition time, 

iPAT sequences can reduce the sensitivity to motion artifacts by accelerating image acquisition while maintaining 

the same image resolution. Thus, we use T1-weighted and T2-weighted iPAT sequences for routine larynx imag-

ing, e.g. in patients suffering from suspected laryngeal carcinoma. A pair of dedicated iPAT surface coil systems 

with 2×6 coil elements is arranged around head and neck of the patient. To compensate for the iPAT intrinsic 

SNR loss, we increase the number of acquisitions to 5 (T1-weighted gradient echo sequence with TR/TE = 

176 ms/4.8 ms, 24 iPAT reference lines) and 3 (T2-weighted TSE sequence with TR/TE = 3970 ms/89 ms, echo 

train length 15, 45 iPAT reference lines). Both sequences have a 512×384 matrix, a FOV of 300×281.3 mm
2
 and a 

slice thickness of 3.5 mm. The GRAPPA algorithm is used for iPAT reconstruction. 

The acquired images show a better delineation of tumor extent and less motion artifacts than MRI using non-

iPAT techniques, thus allowing accurate diagnosis of laryngeal carcinoma (Fig. 5). In our experience, MRI with 

iPAT using a flexible 12-element phased-array coil is suitable for reliable diagnosis when laryngeal carcinoma is 

suspected. Generally, in imaging moving tissue it appears preferable to acquire more averages with reduced im-

aging time using iPAT and thus gain images with identical resolution and comparable SNR but less motion arti-

facts than in conventional non-iPAT imaging. 

 

 

a b 

c d 

Figure 5 Axial MRI scan through 

the supraglottic larynx, all images 

show the same scan position. The 

images demonstrate a large supra-

glottic tumor infiltrating the preep-

iglottic space, the left paraglottic 

space and the left aryepiglottic fold. 

(a) T1-weighted image showing 

muscle-isointense tumor. (b) T1-

weighted image demonstrating 

contrast-enhancement of the tu-

mor. (c) T2-weighted axial image 

showing slightly hyperintense tu-

mor tissue. (d) T1-weighted fatsat 

image demonstrating contrast en-

hancement of the tumor. Spinocel-

lular carcinoma was found at  

surgery. 
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Lung Imaging 

MR Screening of Infiltrates 

Radiological lung screening is typically performed either by conventional x-ray (CXR) examination or by high-

resolution computed tomography (HR-CT) of the thorax and therefore exposes patients to a considerable amount 

of radiation, particularly after repeated examinations. This radiation dose could be reduced by using MRI as 

screening modality instead of x-ray based methods. Unfortunately, MRI of the lung is still a technical challenge 

because of the very low proton density of the lung tissue and the strong variation of susceptibility leading to very 

short T2* relaxation times. Both factors together are the reason for very low MR signal intensities from lung pa-

renchyma and hence for a low SNR. A further difficulty in lung MRI is tissue motion because of respiration and 

cardiac motion. 

The introduction of iPAT opened new possibilities to lung imaging with T2-weighted HASTE sequences. The 

main disadvantage of conventional HASTE sequences is the blurring of images caused by the long echo train and 

the T2-related signal decay during its readout; this effect severely limited the actual maximum image resolution 

[7]. By using iPAT, the echo train can be reduced to half of its original length and thus blurring artifacts are re-

duced. Since late echoes with low signal intensity are not acquired, SNR can even improve compared to non-iPAT 

sequences. Additionally, the image acquisition is accelerated such that more slices can be acquired during one 

breath-hold period. 

To evaluate the use of iPAT HASTE sequences for lung screening, we compared HR-CT and MR images in 

immunosuppressed patients with symptoms of pneumonia but normal or unspecific CXR. After comparing iPAT 

images reconstructed with the GRAPPA and mSENSE algorithm (Fig. 6), we decided to use the GRAPPA algo-

rithm because of the occurrence of reconstruction artifacts in the image center of the mSENSE images. Coronal 

slices of the lung are acquired with a FOV of 400×400 mm
2
 and a resolution of 320×320 pixels; axial slices with a 

FOV of 400×320 mm
2
 and a 320×256 matrix. The slice thickness is 8 mm and the TE is 27 ms in both sequences. 

To reduce the echo train length as far as possible, a Siemens WIP sequence with external iPAT reference scan 

was used; the sequence acquires the reference lines immediately before the actual image acquisition within the 

same breath-hold. Examples of the findings are shown in Fig. 7–10. 

We found that lung MRI with iPAT HASTE sequences is nearly as good as HR-CT for the detection of pulmo-

nary infiltrates with only few false-negative and false-positive cases such that MRI can be recommended especial-

ly as a follow-up tool after initial HR-CT diagnosis. 

 

 

a b 

a b 

Figure 6 iPAT HASTE images of a 

healthy volunteer reconstructed 

with GRAPPA (a) and mSENSE (b) 

algorithm. Note the reconstruction 

artifacts superposing the spine  

in (b). 

Figure 7 Ground glass infiltrate in 

immunosuppressed patient. Multi-

detector HR-CT (a) and iPAT 

HASTE MRI (b). 
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MR Angiography and Perfusion Imaging 

Contrast-enhanced vascular lung MRI requires a good spatial resolution and—especially in the case of perfusion 

imaging—also a good temporal resolution. Both are limited rather by the breath-hold duration for the patient than 

by SNR considerations due to the high-contrast situation in contrast-enhanced MRI. Experiences on MR perfu-

sion imaging of the lung are still limited and various approaches like conventional FLASH and HASTE sequences 

or flow-sensitive inversion recovery techniques are being used [8–10]. However, using iPAT techniques, both 

temporal and spatial resolution can be significantly increased compared with conventional imaging. 

Therefore, we added iPAT FLASH sequences to our protocol for 3D contrast-enhanced MR angiography 

(MRA) and MR perfusion imaging of patients with primary and secondary pulmonary arterial hypertension. Using 

GRAPPA with the dedicated 12-element iPAT coil, a temporal resolution of 1.2 seconds per phase is possible for 

dynamic perfusion imaging, acquiring 25 dynamic phases in 30 seconds; the image resolution is 1.5×3.0×4.0 mm
3
 

acquired with a 256×128 matrix in 24 slices. High resolution angiograms can be acquired with a 512 matrix 

(0.8×1.0×1.6 mm
3
 voxel size) in 20 seconds breath-hold time. For both dynamic perfusion and high-resolution 

angiography, an iPAT acceleration factor of 2 is used with 24 additionally acquired reference lines. 

Image examples of these sequences are shown in Fig. 11 and 12. Using the parallel acquisition technique, ex-

cellent visualization of subsegmental vessels is possible in the angiographic images. Time-resolved perfusion 

imaging allows a reliable detection of small segmental and subsegmental perfusion defects. Using non-iPAT 

methods, visualization of perfusion defects and intravascular thrombi is generally possible as well, although with 

lower temporal and spatial resolution than using iPAT methods. In conclusion, we could substantially improve the 

temporal resolution as well as the spatial resolution by using iPAT. 

a b 

a b 

a b 

Figure 8 Small irregular infil-

trates in immunosuppressed pa-

tient. Multi-detector HR-CT (a) and 

iPAT HASTE MRI (b). 

Figure 9 Discrete atypical infil-

trates in immunosuppressed pa-

tient. Multi-detector HR-CT (a) and 

iPAT HASTE MRI (b). 

Figure 10 Discrete atypical infil-

trates in immunosuppressed pa-

tient. Multi-detector HR-CT (a) and 

iPAT HASTE MRI (b). 
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Figure 11 Dynamic pulmonary perfusion imaging using iPAT to acquire a slab of 24 images each 1.2 seconds. 

Perfusion defects are shown in the left upper lobe and right lower lobe. 
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Functional Cardiac Imaging 

Global and Regional Cardiac Function 

Cardiac magnetic resonance imaging has been extensively used in assessment of global and regional myocardial 

function. There is no doubt that MRI represents the current standard of reference. Although dataset acquisition 

can be performed in virtually any plane, the calculation of functional parameters is most commonly based on a 

stack of slices in double oblique short axis orientation. To allow for high spatial as well as high temporal resolu-

tion, the current sequence techniques acquire a single-slice cine data set each breath-hold. Although innovations 

of recent years allowed for a speed up of techniques, a completion of a standardized functional study still takes 

about 10–15 minutes including patient recovery periods. Real-time imaging techniques using steady-state free 

precession (SSFP) sequences such as TrueFISP, allow for a major speed up in data acquisition due to the comple-

tion of a short axis dataset within a single breath-hold [11, 12]. However, this comes along with a restriction in 

spatial and temporal resolution. And in terms of volumetric accuracy, temporal resolution is by far more crucial 

than spatial resolution as recently shown by Miller and co-workers [13]. The current recommendation for func-

tional cardiac imaging requests a temporal resolution of 50 ms or even better. 

iPAT allows meeting this criterion when implemented in conjunction with real-time TrueFISP. Compared to 

previous studies performed by Barkhausen and Lee [11, 12], the temporal resolution that can be achieved is in 

the order of 45–50 ms. And as most recently shown, this improvement in temporal resolution now leads to an 

accuracy of results comparable to that of segmented TrueFISP [14] (Fig. 13–16); the iPAT images are acquired 

with an acceleration factor of 2 and 12 reference lines. So iPAT allows for dramatic time savings in cardiac func-

tion analysis without losing accuracy of volumetric results. It even allows for a multiplanar data acquisition within 

a single breath-hold. 

Figure 12 Example of an iPAT 

high-resolution pulmonary MR 

angiography of the same patient as 

in Fig. 11. A significant reduction 

of arterial enhancement can be 

demonstrated in the left upper lobe 

and right lower lobe due to central 

thromboembolic occlusions. 
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a b 

Figure 13 Short axis view of a 

male patient with impaired right 

ventricular function due to pericar-

dial disease. Images acquired with 

a segmented TrueFISP technique 

showing diastole (a) and  

systole (b). 

Figure 14 A single slice of the 

multi-slice iPAT real-time cine data 

set at exactly the same slice posi-

tion as in Fig. 13. Comparable time 

points in (a) diastole and  

(b) systole. 

Figure 15 Patient after myocardi-

al infarction with ischemic dila-

tating cardiomyopathy. Diastolic (a) 

and systolic (b) images acquired 

with segmented TrueFISP show 

almost no change in ventricular 

shape (ejection fraction < 25 %). 
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Based on experiences and comparisons, the GRAPPA reconstruction shows a more robust image quality in 

cardiac MRI than mSENSE [1]. Due to the higher sensitivity of SENSE-related methods to folding artifacts, these 

techniques seem to be less useful in cardiac imaging because of the necessary larger FOV that leads either to an 

additional loss of spatial resolution or to loss of acquisition time when more phase-encoding lines are acquired. 

Apart from the use of iPAT with real-time techniques it also allows for a further improvement of spatial or tem-

poral resolution in segmented single-slice acquisitions compared to standard techniques (Fig. 17). In general, 

when using cine TrueFISP techniques the loss in SNR due to iPAT is almost negligible. 

 

Myocardial Perfusion Imaging 

Myocardial perfusion imaging is a promising and rapidly increasing field in cardiac MRI. The rapid development 

of scanner hardware allows also for an improvement in sequence technologies which has been of a major benefit 

in techniques that require an ultra-fast data acquisition such as myocardial perfusion imaging. MR perfusion im-

aging has intrinsic benefits compared to routinely used techniques of nuclear medicine such as single photon 

emission computed tomography (SPECT) imaging or even positron emission tomography (PET) which represents 

the current gold standard in clinical perfusion imaging. Besides the higher spatial resolution and lack of radiation 

exposure, myocardial MR perfusion imaging has no attenuation problem related to anatomical limitations. 

a b 

a b 

Figure 16 Comparison to Fig. 15 

at identical slice position. iPAT 

real-time TrueFISP shows the same 

marked thinning of the anterior 

wall without change within diastole 

(a) and diastole (b). 

Figure 17 Combination of seg-

mented cine TrueFISP with iPAT. 

In comparison to standard tech-

niques (a; pixel size 1.5×1.5 mm
2
), 

the use of iPAT allows for a marked 

increase of spatial resolution (b; 

pixel size 1×1 mm
2
). 
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However, with the use of magnetization-prepared TurboFLASH techniques (e.g. saturation recovery Turbo-

FLASH) the SNR has come to a limit (Fig. 18). Therefore a combination with iPAT techniques seems to be of less 

benefit, as a further loss in SNR comes along. Newly developed techniques for myocardial perfusion imaging 

based on SSFP techniques are currently under investigation [15]. In comparison with TurboFLASH techniques, 

these sequences (available as Siemens WIP package) show a considerable higher intrinsic SNR therefore allowing 

for a minimal to moderate loss of SNR when combined with iPAT (Fig. 19). 

 

 

Figure 19 Saturation recovery TrueFISP perfusion images combined with iPAT (GRAPPA) and a high in-plane 

resolution of 2.1×2.1 mm
2
. In contrast to saturation recovery TurboFLASH, the spatial resolution is still high 

enough to follow signal dynamics. 

Liver Imaging 

MR liver imaging is most severely restricted by respiratory movement. Therefore, image quality was considerably 

improved with the introduction of T2-weighted turbo spin echo (TSE) and single-shot sequences. With these 

techniques, breath-hold examinations of the liver became possible, which most authors consider superior to con-

ventional spin echo sequences [16–18]. Generally, a maximum breath-hold time of about 20 seconds, tolerable 

even for patients in bad health condition, is a limiting parameter for all sequences used for liver imaging. 

Respiratory-triggered T2-weighted sequences as an alternative to the breath-hold strategy have been studied 

with contradictory results [16, 19, 20]. An advantage of respiratory-triggered sequences is the possibility to per-

form high-resolution examinations with 5 mm slice thickness which has not been possible with breath-hold se-

quences due to the limited breath-hold time. If one attempts to overcome this limitation of breath-hold imaging 

by examinations with multiple breath-holds such that the liver is examined in several stacks of slices, then parts 

of the liver can be missed if the patient does not meet the same position of the diaphragm in all stacks [19]. 

The development of iPAT allows for a substantial reduction of acquisition time, and thus breath-hold sequenc-

es with improved spatial resolution can be used. 2D navigator-based techniques, as the Prospective Acquisition 

a b 

Figure 18 Images of MR perfu-

sion data sets using a saturation 

recovery TurboFLASH technique. 

Comparison of a non-iPAT Turbo-

FLASH technique (a) with an iPAT 

(GRAPPA) TurboFLASH technique 

(b). There is considerable more 

noise within the iPAT image which 

hampers depiction of perfusion 

abnormalities based on the low 

SNR. 
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Correction (PACE) technique, known from cardiac imaging, can adapt the stacks of slices according to the respir-

atory position by registering the diaphragm position, so that the whole liver can be covered even if the patient 

does not hold his breath at the same position [21]. 

We compared four high-resolution T2-weighted sequences with 5 mm slice thickness and a 320×240–256 ma-

trix for routine liver imaging: a breath-hold TSE sequence with and without iPAT and PACE (echo train length: 

27, TR = 2120 ms, TE = 87 ms, 4 breath-hold cycles, iPAT factor 2, 24 reference lines), and a respiratory-

triggered TSE sequence with and without iPAT (echo train length: 25, min. TR = 2680 ms, TE = 117 ms, iPAT 

factor 2, 24 reference lines). All images were acquired with a 12-element surface coil system dedicated to iPAT 

applications. A respiration belt was used for respiratory triggering. The aim was to demonstrate the feasibility of 

iPAT and PACE for T2-weighted liver imaging and to evaluate image quality of the different sequences. 

Image examples of all sequences are shown in Fig. 20 and 21. In general, imaging with iPAT reduced the ac-

quisition time by about 40 % without visible SNR loss. Comparing breath-hold and respiratory-triggered tech-

niques, the latter turned out to be more robust in patients whereas no difference in image quality was observed in 

volunteers. An explanation for this result is that patients have more difficulties with the breath-hold period of up 

to 20 seconds. In conclusion, iPAT liver examinations with respiratory triggering appear to be the most robust 

approach for clinical routine examinations. 

 

 

a b 

c d 

a b 

c d 

Figure 20 Examples of T2-

weighted liver images: Breath-hold 

sequence without iPAT (a) and with 

iPAT (b), respiratory triggering 

without iPAT (c) and with iPAT (d). 

Note the markedly reduced arti-

facts in the breath-hold sequence 

with iPAT (b) of this subject, who 

had problems holding his breath. 

Respiratory triggering as well  

compensated this problem. 

Figure 21 Examples of T2-

weighted liver images: Breath-hold 

sequence without iPAT (a) and with 

iPAT (b), respiratory triggering 

without iPAT (c) and with iPAT (d). 

Respiratory triggering shows less 

motion artifacts and better delinea-

tion of the diffuse HCC due to  

better T2 contrast. 
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High-Resolution Renal MR Angiography 

Three dimensional gadolinium-enhanced magnetic resonance angiography (3D-Gd-MRA) has gained high popu-

larity as a non-invasive imaging alternative for grading of renal artery stenosis [22]. High accuracies of over 90 % 

have been reported by numerous researchers in the past five years [23]. Nevertheless, the technique is still noto-

riously known for overgrading high-grade renal artery stenoses and missing low-grade lesions, thereby limiting 

its overall clinical acceptance [24]. A recent Dutch multicenter trial presented less encouraging results with over-

all accuracies of only 85 % compared to DSA. In addition, no reliable data on grading of stenoses of the more 

distal main renal artery or segmental arteries exists, yet [25]. 

One major limiting factor is spatial resolution. For standard breath-hold acquisitions with bolus administration 

of extracellular, non-intravascular gadolinium chelates, the maximum achievable spatial resolution represents a 

compromise between scan time, anatomic coverage and SNR. Current imaging protocols usually obtain images 

with a maximum of 1.5 mm
3
 isotropic resolution which still represents 5 to 7 fold less than that of digital subtrac-

tion angiography (DSA). In a renal artery with a diameter of 7–8 mm, an isotropic voxel size of at least 1 mm
3
 is 

required for accurate depiction of a 90 % reduction in lumen diameter. 

Parallel acquisition techniques allow for improvement of spatial resolution without prolonging data acquisition 

and are well suited for images with a high SNR such as 3D-Gd-MRA. Based on previous calculations, it is ex-

pected that voxel sizes of less than 1 mm
3
 are substantially limited by SNR constraints [26]. Therefore, it was our 

aim to increase spatial resolution to maximum values within this range. The iPAT strategy was applied on an 8-

channel Magnetom Sonata Maestro Class System in combination with a fast 3D FLASH sequence (TR = 3.79, TE = 

1.3, Bandwidth = 350 Hz/pixel, flip angle = 25°). Nearly isotropic data sets with a spatial resolution of 

0.8×0.8×1 mm
3
 could be acquired within 23 seconds [27]. For signal reception the dedicated 12-element array 

coil system was used. An acceleration factor of 2 was used with 24 reference lines for auto-calibration of the coils. 

For data acquisition and reconstruction, the GRAPPA and SENSE algorithms were compared in terms of artifacts. 

To improve the contrast-to-noise ratio, the one-molar contrast agent gadobutrol (Gadovist®, Schering AG, Ger-

many) was administered at a dose of 1.25 mmol/kg body weight with an injection rate of 2 ml/s. 

In the iPAT images, SNR decreased by a factor of about 1.5 compared to the data without iPAT. This decrease 

in SNR could be visually noticed in the source images, however the intravascular signal was still acceptable. In 

the MIP images, the overall decrease in SNR was hardly detected. 

The high-resolution renal 3D-Gd-MRA data sets were compared to selective x-ray angiography in more than 

20 patients with renal artery stenosis ranging from 20 % luminal narrowing to occlusion. Image analysis of the 

isotropic data sets consisted of multiplanar reformats along the vessel axis to assess the degree of diameter re-

duction. In addition, reformats perpendicular to the vessel axis were performed to assess the degree of reduction 

of vessel area. Using multiplanar reformats the degree of stenosis was correctly assessed in 18 of 20 patients. In 2 

cases, the degree of stenosis was overestimated. However, when reformats were performed in the isotropic data 

sets perpendicular to the vessel axis all stenoses could be correctly identified compared to x-ray angiography 

(Fig. 22 and 23). 

One limitation is the propagation of aliasing artifacts into the center of the image. These artifacts could be 

theoretically avoided by extending the FOV in the left- right direction so that no aliasing occurs at all. In clinical 

practice however, this would mean a substantial increase in scan time, in particular in large patients. In addition, 

not all patients are able to put their arms over the head. Therefore some degree of aliasing into the margins of the 

FOV has to be accepted. Using the GRAPPA algorithm, artifacts propagating from tissue outside the FOV into the 

center of the image were kept at a minimum. Only slight ring-like artifacts occurred, which did not affect the im-

age interpretation. However, when the mSENSE technique was alternatively used, these artifacts were more se-

vere (Fig. 24). 

In conclusion, high-resolution renal 3D-Gd-MRA using iPAT allows for substantial improvement of spatial res-

olution, thereby increasing diagnostic accuracy compared to digital subtraction angiography. Using the GRAPPA 

based algorithm, artifacts propagating into the center of the FOV can be kept at a minimum. 
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a 

b 

Figure 22 Multiplanar reformats of a high-

resolution 3D-Gd-MRA. In the cross-sectional 

reformats of the vessel (lower image series) 

even the area of the stenotic lumen can be clear-

ly demonstrated due to the isotropic spatial  

resolution. 

Figure 23 Coronal MIP image of 

high-resolution MRA with iPAT (a) 

reveals excellent agreement to DSA 

(b). Both high-grade renal artery 

stenoses are seen including the 

residual vessel lumen. Note the 

absence of any major aliasing arti-

facts in the center of the image. 
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Whole-Body Imaging/Screening 

Because of the recent improvements in hardware and software and the lack of ionizing radiation, magnetic reso-

nance imaging has become a candidate for screening imaging [28]. We developed an MR examination which 

combines well established components including functional cardiac imaging together with myocardial perfusion 

imaging, imaging of the lung, brain, an overall view of liver, kidneys, spleen, and pancreas, as well as the arterial 

system. 

 

 

The whole-body examination is performed in two parts. In the first part, the patient is in a head first position; 

the spine array, two body arrays, and a head array are used as receiver coils. In the second part, the patient is in a 

feet first position; the spine array, the large FOV adapter, one or two body arrays (depending to the height of the 

patient), and the peripheral angio array are used as receiver coils. iPAT with an acceleration factor of two is ap-

plied for most scans of the examination including real-time TrueFISP imaging of the heart (Fig. 25), high-

resolution imaging of the lung (Fig. 26) as well as dynamic cardiac perfusion MRI with TrueFISP. In addition, 

b 
Figure 24 Comparison of propa-

gated aliasing artifacts in the same 

patient using the mSENSE (a) and 

GRAPPA (b) algorithm. The field of 

view was on purpose set to only 

32 cm to enforce aliasing of the 

arms. In the mSENSE images se-

vere artifacts occur in the center of 

the image (arrows) while these 

artifacts are virtually absent on the 

GRAPPA images. 

Figure 25 Single breath-hold 

evaluation of global cardiac func-

tion with real-time iPAT TrueFISP. 

Figure 26 Imaging of the brain, 

lungs, and abdomen as part of the 

whole-body screening examination. 
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iPAT of 3D-Gd-MRA in combination with the large FOV adapter is per-

formed for all studies allowing a total scan time of only 62 seconds to cover 

the area from the thoracic aorta down to the toes at a spatial resolution of 

less than 1.4×1.0×1.5 mm
3
 (Fig. 27). 

By applying the GRAPPA algorithm with its integrated auto-calibration 

scan, it is possible to use flexible combinations of receiver coils with a flexi-

ble choice of iPAT directions and to move the patient table for different iPAT 

acquisitions. The advantage of iPAT in this kind of exam is the coverage of a 

large anatomic region and gain of time so that a whole-body scan can be 

done within 90 minutes without loss of image quality. 

In the last two months twenty individuals sent by their referring physi-

cian while participating in a manager healthcare program underwent the 

whole-body scan in our department. All twenty individuals tolerated the MR 

examination well. Compared to the conventional examination techniques 

like ultrasound and ECG we have established a more comprehensive exam 

within reasonable scan time. First results of pathologic findings (scar in 

lung, aortic stenosis, renal artery stenosis) show good correlation with the 

gold standard examinations. 

Conclusion 

This overview on applications and ongoing studies in different areas of the 

body supports the current trend to use parallel imaging in the majority of 

clinical scan protocols. The general advantages of parallel imaging are now 

well established. This includes the possibility for higher spatial resolution 

for 3D-Gd-MRA with shorter breath-holds which improves the accuracy of 

this technique for grading of renal artery stenosis. The combination of time-

resolved and high-resolution 3D-Gd-MRA improves the detection and differ-

entiation of pulmonary hypertension. The use of shorter echo trains for sin-

gle shot HASTE or echo planar imaging results in less image distortion and 

less signal decay. Initial results show benefits for EPI diffusion tensor imag-

ing in the brain as well as detection of early infiltrates in the lung with 

HASTE imaging. Imaging with multiple averages in shorter acquisition times 

improves detection of tumors in areas with increased motion such as the 

larynx. Higher temporal resolution improves the accuracy of cardiac real-

time techniques using SSFP sequences to measure global cardiac function 

within a single breath-hold. 

In addition to the general benefits of parallel imaging, the iPAT methods 

GRAPPA and mSENSE feature some unique advantages. Artifacts in the 

center of coronal images resulting from aliasing of tissue outside the FOV 

are substantial suppressed using the GRAPPA algorithm. The iPAT algo-

rithms with auto-calibration integrated into the individual scan are less sen-

sitive to patient motion as other parallel imaging techniques with a single 

measurement of the coil sensitivity profiles at the start of the examination. 

In addition, the integrated auto-calibration allows a flexible combination of 

multiple receiver coil systems. Therefore, large anatomic coverage with 

various receiver coils and a flexible choice of the iPAT directions is possible. 

This is particularly helpful for whole-body imaging where multiple receiver 

coil systems are combined to scan the entire body with parallel imaging 

techniques. Scan time for a complete cardiovascular exam is substantially 

reduced while spatial and temporal resolution of the individual scans are 

preserved. 

Figure 27 Example of gadolin-

ium-enhanced MR angiography 

as part of the whole-body 

screening examination. Note the 

excellent visualization of vessel 

segments down to the pedal 

arch. No stenoses are present. 
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In conclusion, iPAT can be used to improve most clinical protocols for comprehensive morphologic and func-

tional imaging. Depending on the specific application its main advantages are a decrease in imaging artifacts or 

an increase in speed, spatial, or temporal resolution. 
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