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Abstract—Prior to the introduction of DSA, time-

resolved X-ray angiography required film changers and 

darkrooms and provided an awkward mechanism for 

interventional radiology. DSA stimulated the development of 

the field of interventional radiology providing greater 

convenience and safety.  Time resolved angiography was 

then extended to MRA using undersampled acquisition 

techniques such as TRICKS and VIPR.  This was followed 

by the development of constrained reconstruction such as 

HYPR which, when combined with VIPR, provided 

undersampling factors of 800 relative to the traditional 

Nyquist requirements. The HYPR concept was subsequently 

applied to a broad range of medical imaging applications 

often offering an order of magnitude improvement in dose 

or acquisition speed. The success of the concepts of 

underampling and constrained reconstruction has led to 

what has been referred to as the Post-Nyquist Era of 

medical imaging. The concept of undersampling has recently 

been extended to DSA which now includes a non–time-

resolved 3D DSA capability using rotational C-arm 

acquisition and cone beam reconstruction. By modifying the 

acquisition to include time-dependent projection 

information, it has been possible to develop 4D DSA which 

provides time-resolved DSA volumes up to 300 times faster 

than with sequential C-arm rotations.  Relative to CTA, 

which requires exposure for each time frame, 4D DSA 

obtains up to 300 time-resolved volumes following a single 

C-arm rotation and a single contrast injection. Using similar 

ideas, 4D Fluoroscopy is under development and will 

provide a new interventional capability by providing views 

previously unobtainable due to C-arm geometrical 

constraints. This promises to increase the speed and safety 

of interventional procedures.  The extension of 

undersampled acquisition and constrained reconstruction 

using iterative reconstruction techniques promises to further 

extend the possibilities for angiographic as well as other 

medical imaging applications. 

 

Keywords— angiography, time-resolved, constrained 

reconstruction, undersampled acquisition, 4D DSA 

INTRODUCTION  

This article will trace the history of the development of 

modern angiographic imaging techniques beginning with 

X-ray DSA then continuing with time resolved MRA and 

then returning to the current version of DSA that now 

provides full 4D capabilities. Many groups have made 

important contributions to this process and we confess in 

advance that this article will be heavily influenced by our 

own recollections and may overemphasize the work with 

which we are most familiar. 

The first angiogram in a human patient was obtained 

by Egas Moniz using a direct needle injection into the 

carotid artery [1]. The isolation of the vasculature was 

greatly improved by the introduction of film subtraction 

angiography by Ziedses des Plantes [2] who quite 

amazingly introduced this concept and the concept of 

tomography in the same PhD dissertation in 1934.  The 

concept of subtraction is one that pervades all future 

developments in MRA and DSA.  An illustration of 

Ziedses des Plantes film subtraction technique is shown 

in Figure 1. 
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Figure 1.  Illustration of Ziedses des Plantes film subtraction 

technique. 

 

Film subtraction angiography was commonly used for 

interventional procedures, which relied on rapid film 

changers, and required devices to be left in the patient 

while films were processed in a darkroom. 

Film subtraction angiography remained the standard  

well into the 1970s where excellent image quality was 

obtained but remained time consuming and ill-suited to 

real time intervention. 

 

 

 

 
 

Figure 2.  Taylor series expansion showing potential imaging 

modalities obtainable using X-rays. 

 

In 1973 we discussed the concept of generalized 

subtraction imaging [3] and described the various 

potential imaging modalities that might be implemented 

using first, second and third order image subtraction 

involving differences in the spatial variables, energy and 

time. The imaging modalities categorized in this way are 

shown in  Figure 2. 

The terms in Figure 2 did not describe how the various 

modalities could be implemented and for example, 

certainly did not describe CT or DSA. However, with our 

recent demonstration of the feasibility of dual energy 4D 

DSA, essentially all of the modalities predicted by the 

terms in Figure 2 have now been implemented. 

During the early 1970s our group at the University of 

Wisconsin was concerned with dual energy imaging (the 

dI/dE term) [4]. We were using quasi-monoenergetic x-

ray spectra, which peaked above and below the k-edge of 

iodine as shown in Figure 3. 

 

 

Figure 3. Formation of quasi-monoenergetic beams using 

filtration.  

 

The idea for dual energy imaging was to perform a 

weighted subtraction of images formed from the two 

spectra in order to cancel bone or tissue and isolate 

iodine. Initially the subtraction was performed using a 

series of two silicon target storage tubes, the first that 

performed a difference image and the second that 

integrated the results [5]. The sensitivity of the 

subtraction apparatus is illustrated in our first subtraction 

experiment that consisted of a periodic insertion of a 

tongue depressor and piece of paper into the imaging 

field. This is illustrated in Figure 4. 
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Figure 4. Enhancement of periodic x-ray contrast using dual 

storage tube apparatus.  Figure 3a shows the apparatus. 3b 

shows the unsubtracted image. 3C shows the integrated 

subtraction result.  

 

The storage tube apparatus was used to image periodic 

contrasts produced by a rotating filter that generated the 

spectra shown in Figure 3 

Although the method was sensitive to small amounts 

of iodine, it required the careful balancing of several 

analog parameters to achieve the correct subtraction 

weighting. Because of this, X-ray exposures had to be 

repeated frequently. 

Just prior to the development of DSA the group at 

Toulouse [6] reported excellent film subtraction results 

using intravenous injections and improved film 

techniques as shown in Figure 5 

 

 
 

Figure 5.  Intravenous film subtraction angiography-Ducos de 

Lahitte et al. 1979. 

 

About the same time Ovitt, Nudelman, Capp and others at 

the University of Arizona [7] and Brennecke and 

Heintzen from the Kiel Kinderklinic [8] reported off-line 

digital processing of angiograms using time subtraction. 

Their early results are shown in Figures 6 and Figure 7. 

 

 

Figure 6. Subtracted pediatric left ventriculogram from 

Brennecke and Heintzen, 1976. 

 

Figure 7.  Offline digital subtraction angiograms showing pre-

injection (upper left), post injection (upper right), subtraction 

lower left) and enhanced subtraction (lower right) From Ovitt et 

al, 1977. 

 

 

 
 

Figure  8.  Real time DSA. University of Wisconsin, 1978. 
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 These results inspired our group to modify our dual 

energy real time digital processor to facilitate 

implementation of time subtraction angiography [9-13]. 

An early result is shown in Figure 8. 

 At the time of the commercial introduction of DSA at 

the Dallas RSNA in 1980, it was hoped that all diagnostic 

angiography could be done using DSA with intravenous 

injections.  Within two years there were thirty companies 

manufacturing DSA equipment. However, it soon became 

evident that due to artery/vein overlap and limited signal 

to noise ratio more consistent results were obtained when 

the real time DSA apparatus was used with arterial 

injections. These injections were now possible with 

smaller catheters and smaller iodine doses than used with 

film angiography. Complication rates rapidly decreased 

using the new DSA technique that greatly facilitated the 

development of interventional radiology [14]. 

  

 

 
 

Figure 9. Comparison of time subtraction DSA and hybrid 

energy/time subtraction DSA 

 

 We briefly considered another generalized image 

subtraction term called hybrid energy/time subtraction  

(d2I/dEdt) and incorrectly reasoned that since the 

temporal subtraction would remove non-vascular 

anatomy, there was no need for energy subtraction.  

However it was recognized by Brody[15] that this method 

could be used as a means of removing soft tissue artifacts 

from DSA exams in which soft tissue swallowing 

artifacts or misregistration due to bowel peristalsis could 

degrade image quality. This mode was subsequently 

introduced commercially but was eventually abandoned 

due to the poor signal to noise ratio obtained with the 

second order subtraction. An example of energy/time 

subtraction is shown in Figure 9. 

 It is interesting to note that with the improved SNR 

provided by the constrained reconstruction techniques as 

well as the arbitrary views permitted by the 4D DSA 

technique that will be described later, the most significant 

problems of these early intravenous techniques have been 

overcome. 

 The origin of the constrained reconstruction and 

undersampled acquisition techniques that made 4D DSA 

possible were initially developed within the context of 

our studies in MR angiography. 

 MAGNETIC RESONANCE ANGIOGRAPHY 

In 1993 Prince [16] introduced the gadolinium-

enhanced MRA method.  Although excellent 3D images 

could be obtained with intravenous gadolinium injections, 

the timing of the data acquisition was a major problem.  If 

the central portions of k-space were obtained prior to or 

after peak arterial opacification there could be significant 

problems with signal dropout or venous contamination in 

the single image volumes that were typically acquired in a 

time of about 30 seconds. Additionally, the single image 

acquisition techniques did not provide dynamic 

information. 

Several methods were developed to try to time the data 

acquisition. These included the use of test boluses [17], 

region of interest signal detection [18], and the use of 2D 

MR fluoroscopy [19, 20]. Because peak opacification of 

various vessels may occur at different points in time, 

none of these methods were completely satisfactory. 

Attempts to obtain dynamic image series in MRA were 

done using Keyhole imaging [21] in which the central 

portion of k-space was repeatedly acquired and combined 

with high spatial frequency information acquired at the 

end of the examination. While this provided some sense 

of the vascular dynamics, high spatial frequency 

information was prematurely displayed throughout the 

examination. Several investigators had been exploring 

variable rate k-space sampling in non-contrast-enhanced 

MRA applications [22]. We applied these principles to 

MRA in the TRICKS method (time resolved imaging of 

contrast kinetics) in 1996 [23,24]. In this technique, 

during the passage of the contrast material, data from the 

center of k-space were acquired alternately with data from 

the peripheral regions of k-space so that there was a new 

central k-space contrast weighting for each of several 

time frames as in keyhole imaging. However after several 

central k-space samples were obtained there would be a 

new complete sampling of outer k-space.  This resulted in 

an acceleration factor of four relative to the conventional 

static examination and provided central k-space sampling 

throughout the bolus, reducing the need to carefully time 

the acquisition relative to the contrast arrival. 

Figure 10 shows an early TRICKS examination that 

clearly showed the passage of contrast through the 

cerebral vasculature. Although spatial and temporal 

resolution were limited by the use of conventional 

Cartesian acquisition and the time consuming phase 
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encoding process, TRICKS represented a significant 

MRA breakthrough and thirteen years after its 

introduction remains the most widely used technique for 

time resolved MRA. 

In an effort to achieve greater degree of acceleration 

relative to the traditional acquisitions prescribed to obey 

the Nyquist theorem we began to investigate the use of 

radial k-space acquisition, the technique originally used 

by Lauterbur. The radial approach had been abandoned in 

favor of Cartesian acquisition because of gradient 

imperfections that made it difficult to pass through the 

center of k-space on each acquisition and a fifty percent 

increase in the number of acquisitions relative to 

Cartesian acquisition required to satisfy the Nyquist 

theorem. 

 

 
 

Figure 10.  TRICKS examination showing time frames 10, 13 

and 18. On the right frame 18 containing the jugular vein has 

been subtracted for frame 13 to isolate the arterial phase. 

 

 Scheffler and Hennig [25] demonstrated that radial 

acquisition could be used for small field of view imaging 

and demonstrated that in radial acquisition, when angular 

undersampling was done, the point spread function 

maintained high resolution in the central portion but 

showed radial streak artifacts in the peripheral regions.  

The size of the adequately supported small field of view 

decreased with the amount of angular undersampling. 

 In 2000 our laboratory began its study of radially 

acquired MRA. This was motivated by our desire to 

speed up the MRA acquisition by eliminating the time 

consuming phase- encoding process associated with 

Cartesian imaging. Peters [26] investigated the use of 

radial sampling in 2D and found that for the purposes of 

full field-of-view angiography a factor of four 

undersampling could be used with tolerable artifacts.  For 

the same acquisition time as Cartesian a factor of four 

resolution increase was realized in the phase encoding 

direction. 

 We then realized that if undersampling were 

performed in a 3D acquisition, the artifacts would have a 

full 3D angular range in which to disperse. We 

implemented a technique called VIPR [27] (vastly 

undersampled imaging with projections) and found that 

excellent MR angiograms could be achieved with a factor 

of about 30 violation of the Nyquist theorem. Figure 11 

shows the VIPR k-space acquisition consisting of radial 

projections all passing through the center of k-space and 

an early VIPR examination using a phase contrast pulse 

sequence (PC VIPR). Note the absence of significant 

artifacts. 

 PC VIPR permits voxel sizes an order of magnitude 

smaller than can be achieved in the same time as with 

Cartesian acquisition. This has permitted the 

measurement of pressure gradients using the Navier-

Stokes equations, estimates of wall shear stress and, when 

implemented with cardiac gating, has provided dynamic 

flow information that can be viewed from arbitrary angles 

greatly simplifying applications such as those used 

pediatric cardiology [28-32]. 

 

 

Figure 11.  VIPR k-space trajectory and an early PC VIPR 

examination using an undersampling factor of 36. 

 

 Another significant advance in connection with 

accelerated MRA was the application of constrained 

reconstruction techniques to reduce undersampling 

artifacts and to increase SNR.  Constrained reconstruction 

had been reported in MR by Lauterbur’s group as early in 

1993 [33]. This and the more recent KT-Blast and KT-

Sense techniques [34] used the idea of a training image to 

constrain the reconstruction of time frames. While at the 

2006 ISMRM meeting, during the process of thinking 

about training images we heard a plenary lecture by 

Jeurgen Hennig in which he reminded us that if the vessel 

configuration were known in advance and the vessel 

filling proceeded according to a well defined contrast 

curve, a complete 4D angiographic reconstruction could 

be performed by acquiring a single k-space point or single 

projection for each time frame. 

 We began to wonder how many projections would be 

required if the situation were not quite the same as in the 

Hennig example.  We began to imagine a training image 

depicting the eligible vascular voxels and single 

projection information being backprojected and deposited 

only in the predefined vascular space. This constrained 

back projection was significantly different from 
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conventional filtered back projection used for CT 

reconstruction. We found that a surprisingly small 

number of projections were required to obtain highly 

accelerated dynamic MRA sequences.  This approach was 

called HYPR for “highly constrained back projection” 

[35]. 

 An improved version of HYPR that limits the 

deposition of information to the local region in which it 

belongs is called HYPR-LR [36]. In this method a 

composite constraining image is formed from a series of 

undersampled time frame acquisitions in which the 

projection angles are interleaved. For a long acquisition 

this results in a fairly well sampled composite image that 

can be used to constrain the reconstruction of individual 

time frames.  The individual time frame data are 

convolved to provide a series of temporal weighting 

images. These are multiplied by the constraining image 

resulting in a time frame having nearly the same SNR as 

the constraining image and nearly the full resolution of 

the constraining image even though the resolution and 

SNR associated with the acquired time frame data would 

be limited. This sort of approach woud have provided 

adequate SNR for the old hybrid X-ray time/energy 

approach shown in Figure 9. 

 Figure 12 shows time resolved MRA frames acquired 

using a 2D Stack of Stars geometry in which radial 

imaging is used in-plane and one dimension of phase 

encoding is used in the slice direction. These are 

compared to conventional filtered back projection. In 

spite of an acceleration factor of 50, the HYPR images 

are far cleaner. Sixteen projections instead of the Nyquist 

designated 800 projections were used. 

 The combination of VIPR and HYPR have led to 

acceleration factors as large as 800 [37] as illustrated in 

Figure 13. In this application called Hybrid HYPR/VIPR 

MRA the composite image is formed in a separately 

acquired examination, typically lasting a few minutes. In 

Figure 13 the composite was formed with PC VIPR and 

was used to constrain the reonstruction of highly 

undersampled VIPR time frames. Again, the SNR and 

spatial resolution of the composite image is transferred to 

the time frames. This approach greatly reduces the 

traditional tradeoff between spatial and temporal 

resolution. 

 Compressed sensing can add modest acceleration 

factors by removing streaks in undersampled acquisitions 

and can be used in conjunction with more highly 

accelerated techniques like Hybrid HYPR VIPR. Parallel 

imaging has been used to accelerate the TRICKS 

techniques and the use of 2D parallel imaging has been 

used to facilitate accelerations on the order of 40 in the 

Cartesian CAPR technique [38]. 

 

 

Figure 12.  Comparison of conventional filtered back 

projection and HYPR reconstuction using a factor of 50 fewer 

than the Nyquist requirement. (Courtesu of Oliver Wieben). 

 
 

Figure 13.  Hybrid HYPR VIPR MRA rotating time frames 

using an acceleration factor of 800 relative to conventional 3D 

radial Nyquist acquisition. 
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 Figure 14 summarizes the MRA acceleration methods 

that have occurred since TRICKS. 

 
 

Figure 14.  Acceleration Methods for Dynamic MRA 

 Ultimately, the optimal combination of all available 

techniques will move us closer to the Hennig limit of 

obtaining images with almost no data at all. 

4D DSA 

 Commercial DSA systems have evolved from the 

original single plane projection systems to rotating C-arm 

systems that provide what is essentially a 3D CTA 

reconstruction of the vasculature providing a 3D DSA 

image which statically represents the average 

opacification of the vessels during the C-arm rotation 

[39,40].  The rotational 3D DSA image is traditionally 

acquired in an equilibrium phase in which all vessels are 

well opacified in all projections. This provides the 

optimal 3D reconstruction. However, we discovered that 

if inflow is permitted in the early stages of rotation, the 

3D reconstruction can provide an adequate constraining 

image that can be used to help reconstruct time dependent 

information provided by each of the projections obtained 

during the rotation [41[. This ultimately provides 3D 

volumes at the projection frame rate, typically 15-30 fps.  

Assuming a ten second gantry rotation, this provides 300 

rather than one 3D volume during the passage of the 

contrast. The result is a 4D DSA display in which 

arbitrary view angles can be used at any point in time and 

a time series that can be observed at any chosen angle. 

This greatly reduces the vascular overlap problems that 

were experienced in the earlty attempts to do intravenous 

DSA. 

 The basic idea is illustrated in Figure 15. 

 As indicated in Figure 15, once the 4D volumes have 

been reconstructed, any time frame can be viewed from 

arbitrary angles. This provides considerable flexibility in 

the study of the vasculature by providing views that may 

not be normally obtainable with the C-arm. 

 

 

Figure 15.  Schematic representation of 4D DSA 

 

 Figure 16 illustrates the effect of the constrained 

reconstruction on the SNR of the 4D DSA images.  The 

image on the left is one of the acquired projections. This 

is compared with a corresponding 4D DSA frame 

(middle) and the 3D DSA constraining image (right). 

 

Figure 17 shows MIPS through a series of 3D volumes in 

the case of an AVM.   In this case each voxel has been 

colored to indicate the time of arrival of the contrast 

material. In addition to the temporal variations in the 

contrast intensity the color-coding provides quantitative 

information. It should be realized that although just two 

views are shown, any arbitrary view angle is available 

without additional gantry rotation. The view on the right 

represents a view in which the X-rays would have had to 

traverse from head to foot, a view not practical in a single 

2D projection acquisition. 

 

 

Figure 16.  SNR comparison. Most of the SNR of the 

constraining image is transferred to the individual 4D DSA time 

frames so relative to the acquired projections, 4D DSA provides 

significantly higher SNR at all angles. 
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Figure 17.  Time series of color coded 4D DSA time frames. 

The time series on the right is not obtainable using standard 2D 

acquisition techniques. 

 

 Figure 18 illustrates the simplification provided by 

4D DSA in the evaluation of vessels following 

intravenous contrast injection. The 3D DSA volume 

(upper left) is complex and contains areteries and veins. 

The vessels of interest are easily seen in one of the 

arterial phase 4D DSA time frames (lower left). Twenty 

minutes were spent trying to see the vessels of interest by 

looking at cut planes (right) through the 3D DSA volume. 

The process was cumbursome and not very sucessful due 

to the fact that the vessels do not stay in discrete planes. 

 Figure 19 compares the temporal and spatial 

resolution of competing methods for time-resolved 

angiography.  Conventional DSA has excellent temporal 

resolution but the voxel size is very large since displayed 

information is a projection through the whole volume. 

This has been demonstrated to produce lower contrast in 

small vessels compared with the MIP projections that can 

be used with 4D DSA. 

 Current MRA tehniques have significantly lower 

temporal resolution than 4D DSA although HYPR MRA 

does provide frame rates of 2-3 per second with sub-

millimeter isotropic resolution. 

 CTA can provide frame rates of 2-3 per second with 

voxel sizes of about 0.1 mm3. This is an order of 

magnitude slower than 4D DSA when images are 

constructed at 30 fps. 

 When 4D DSA volumes are reconstructed at 5123 

spatial resolution is comparable to CTA. However, the 

flat panel detectors used for 4D DSA have higher 

resolution than discrete CT detectors and can in principle 

support reconstrution at 10242, potentially providing an 

order of magnitude increase in spatial resolution relative 

to CTA. 

 

 
 

Figure 18.  Comparison of vessel identifacation in 3D vs 4D 

DSA. 

 

 

Figure 19.  Spatial and temporal characteristics of competing 

time-resolved angiographic modalities, 

 Another significant difference beteeen CTA and 4D 

DSA, not shown in Figure 19, concerns the X-ray dose 

required for a dynamic series. In the case of 4D DSA all 

temporal frames are acquired with a single C-Arm 

rotation using a single X-ray dose. For a CTA time series 

containing 30 time frames, the dose would have to be 

repeated 30 times. Although the CTA data could 

eventually be subjected to something like HYPR 

processing which has been reported to reduce time 

resolved CT dose by perhaps 5, there remains an order of 

magnitude difference in the required dose for a time 

resolved 4D DSA exam and a time-resolved CTA exam. 
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 So far 4D DSA has primarily been applied for 

neuroangiography where motion is minimal.  For 

abdominal imaging, as was realized in the early days of 

DSA, there is a high probability of soft tissue artifacts. 

This was the motivation for the implementation of the 

hybrid energy/time method listed in Figure 2.  We have 

simulated the expected image quality that would be 

generated by the third order tomographic energy/time 

term  (d3I/dEdtdz) which we call dual energy 4D DSA. 

 In the absence of energy switching capabilities on our 

C-arm system we performed two nearly identical 

injections and performed C-arm rotational acquisitions at 

60 and 125 kVp. The projections from these two 

acquisitions were given weightings corresponding to soft 

tissue subtraction and were reconstructed using the 

standard 4D DSA algorithm. The results of this 

simulation are shown in Figure 20. Shown are the 4D 

DSA results at 60 kVp and 125 kVp, the tissue subtracted 

dual energy 4D DSA result and a series of selected 4D 

DSA time frames.  The simulation does not test the tissue 

subtraction capabilities since there was no motion in the 

head. However, the SNR that remains after the 

tomographic energy/time subtraction is displayed in the 

time frames and appears to be adequate and certainly a 

large improvement over the SNR in Figure 9. 

4D FLUOROSCOPY 

 

Figure 20.  Simulation of dual energy 4D DSA. 

 During interventional procedures it is important to 

have an adequate view of the pathology and its 

relationship to the various interventional devices being 

employed. Even with bi-plane fluoroscopy it is 

sometimes not possible to acquire adequate views and the 

procedure is aborted and the patient is sent to surgery. 

 Using principles similar to those of 4D DSA we have 

been able to embed a 4D representation of the 

interventional device in the 3D space of the rotational 

DSA reconstruction and to view the device from arbitrary 

angles, including those normally unavailable, without 

gantry motion. So far this has been done retrospectively 

but will soon be available in real time. There is much 

validation that must still be done in terms of the accuracy 

of the representation of the device and means for dealing 

with potential motion. There is also additional algorithm 

development in progress to accommodate the many 

situations that arise during interventions such as the 

insertion of a coil into an aneursym already a containing a 

significant amount of coil. 

 The general idea of 4D fluoroscopy is shown in 

figure 21 where a coil is being inserted into an aneurysm. 

Shown are several points in time with one fixed angle and 

another rotating view. In practice the clinician could 

choose the optimal view angle from the 3D DSA study 

and then view the reconstructed 4D fluoro images at that 

angle. An endoscopic viewing mode is being developed 

and should assist with device placement when one of 

multiple intravascular openings must be chosen for device 

insertion.  

DISCUSSION AND CONCLUSIONS 

 The evolution of DSA from the traditional method 

introduced in 1980 to the 4D version presented here has 

taken more thn 30 years. It has benefitted from the work 

done on the development of 3D DSA rotational 

angiography and the undersampled acquisition and 

constrained reonstruction principles learned in the course 

of developing accelerated MRA. 

 During our development of undersampled and 

constrained MRA tehniques there was much skepticism 

because our methods were consider intuitive, ad hoc and 

without mathematical justification.  The extreme 

violations of the Nyquist theorem were a cause for 

considerable concern.  However, shortly after our 

development of VIPR, Emmanuel Candes and colleagues 

from Cal Tech published what we consider to be a new 

Nyquist theorem [44,43] that proves that in the case of 

sparse data sets such as we have in angiography a good 

reconstruction of a image matrix with n3 elements does 

not require n3 data samples. Instead the required number 

is significantly less and depends on the number of non-

zero voxels in the image volume. This theorem provides 

some insight into why the methods we had developed 

were successful.  
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Figure 21. Demonstration of 4D fluoroscopy using 

retrospective processing of two bi-plane fluoroscopic views. 

 

 The use of undersampling and constrained 

reconstruction are likely to have implications in a broad 

range of medical imaging applications. The use of VIPR 

has enabled the development of ultrashort echo time 

imaging that provides a new means of imaging short T2* 

behavior [43] and has led to practical flow imaging in 

pediatric cardiology and other applications. Significant 

increases in SNR, reduced radiation dose and accelerated 

acquisition have been reported using HYPR processing in 

time-resolved CT [45-47], Photacoustic tomography [48], 

time resolved PET imaging [49,50], MR spectroscopy 

[51], and diffusion tensor imaging [52] There are now 

more advanced techniques than HYPR which incorporate 

iterative reconstruction and the methods generally 

associated with compressed sensing [53,54] These may 

provide some increase in the accelerations reported here. 

 The development of 4D DSA is an example of why it 

is useful to reexamine old techniques in view of new 

technology that has arisen.  It is also important to look at 

advances in all imaging areas in order to seek tools that 

might be useful for any contemplated advance in any 

particular area.  The development of 4D DSA made use 

of advances in CTA, MRA, and the general principles of 

undersampled acquisition and constrained imaging 

learned in the course of the development of ultrafast time-

resolved MRA. 

 We would like to emphasize again that this arricle 

reflects the developments with which the author is most 

familiar. Any major advance in imaging depends heavily 

on the excellent body of work done by other 

investigators. In the case of DSA the introduction of 

digital electronic technology was a key factor. For the 

ultimate development of ultrafast time-resolved MRA, the 

introduction of gadolinium techniques [16], the 

development of techniques leading to the generation of 

high quality non-time-resolved scans [19,20], and prior 

work on constrained reconstruction [33,34] were 

important developments. Significant advances in MR 

hardware were contributed by industry. The development 

of 4D DSA relied heavily on the development of cone 

beam C-arm angiographic reconstruction [39,40]. 

 It has been a privelege to work in the field of medical 

imaging for the past four decades.  We believe that in the 

future medical imaging will continue to be an exciting 

and productive area of research. 
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